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ABSTRACT 

This doctoral dissertation demonstrates the versatile application of reversible addition-

fragmentation chain transfer (RAFT) polymerization in synthesizing polymers with desired 

properties and architectures.  

Chapter 1 presents a general literature review on reversible-deactivation radical 

polymerization (RDRP), focusing on the RAFT method and its photoinduced variant, PI-

RAFT. This review also underscores the broad applications of the RAFT technique across 

diverse fields, including drug delivery systems and materials science. 

 The results and discussion sections focus on three significant challenges in the field 

of RAFT polymerization: synthesizing thermoresponsive diglyceride-based polymers, 

achieving controlled polymerization of N-vinylformamide, and enhancing the synthesis of 

(meth)acrylic ABA triblock copolymers. Chapter 2 delves into the synthesis and 

characterization of diglyceride-based polymers. The synthesis of novel chain transfer agents 

(CTAs) and monomers is outlined initially. Their application in RAFT polymerization 

facilitates the successful creation of homopolymers and block copolymers, which contain 

one or several diglyceride molecules in their structure and thermoresponsive blocks based 

on poly(N-isopropylacrylamide) (PNIPAAm) or poly(N-vinylcaprolactam) (PNVCL). 

Chapter 3 describes the preparation of thermoresponsive polymeric nanoparticles based on 

homopolymers or copolymers incorporating diglyceride moieties. The study examines the 

properties of these nanoparticles, including thermosensitivity, size, shape, and potential as 

drug carriers. A significant part of the research is devoted to studying photoiniferter RAFT 

polymerization (PI-RAFT). Chapter 4 evaluates the polymerization of N-vinylformamide 

(NVF) using the PI-RAFT technique. This approach demonstrates control over 

polymerization, facilitating the synthesis of well-defined homopolymers and block 

copolymers. The study also explores the hydrolysis of the poly(N-vinylformamide) (PNVF) 

segment, paving the way for future applications of the corresponding polyvinylamine 

(PVAm). Chapter 5 addresses the synthesis of high molar mass homopolymers based on 

poly(n-butyl acrylate) (PnBA) or poly(methyl methacrylate) (PMMA) and the development 

of their corresponding (meth)acrylic ABA triblock copolymers using the PI-RAFT 

technique. The study outlines the influence of variable factors such as light wavelength, 

monomer concentration, and light intensity on the polymerization process.  

The discussion of results culminates in a section dedicated to conclusions and future 

perspectives, followed by a summary in bullet points. 

The experimental part presents the methods used to identify and characterize the 

obtained materials (Chapter 6), with subsequent descriptions of synthetic protocols (Chapter 

7).  
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CHAPTER 1. LITERATURE REVIEW  

1.1.  Radical polymerization and reversible-deactivation radical polymerization (RDRP) 

Radical polymerization (RP) is a chain growth process in which the active centers are 

radicals possessing an unpaired valence electron. RP is a highly versatile technique widely 

employed in both laboratory-scale and industry settings for producing polymers with high 

molar masses.1 Approximately 40–45% of all industrial polymers are obtained through 

conventional RP methods, owing to their relatively low cost, ease of implementation, and 

scalability for industrial production.2 One of RP's key advantages is its ability to effectively 

polymerize various types of vinyl monomers with the tolerance of radicals towards various 

functional groups (e.g., acidic, hydroxy, and amino groups), thus eliminating the need for 

protecting group chemistry.3,4 Moreover, radical polymerization is resilient to impurities and 

exhibits tolerance towards different reaction conditions. It can be conducted under various 

temperatures (typically room temperature to 100 °C) and pressures, using different 

polymerization techniques such as bulk, emulsion, solution, dispersion, or suspension.4  

A conventional RP process has four main elementary steps: initiation, propagation, 

termination, and transfer (Scheme 1).4,5  

 

Scheme 1. Mechanism of radical polymerization. 
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During the initiation stage, two distinct reactions take place. First, primary initiating 

radicals (I•) are produced. These radicals then react with monomer molecules (M), forming 

a new active radical (P1
•). The propagation of the polymer chain proceeds through the 

repetitive addition of multiple monomer units to the active radical center. When two 

propagating polymer radicals encounter each other, termination occurs either through 

combination (ktc) (favorable for less hindered monomers like acrylates or styrene) or 

disproportionation (ktd) (favorable for more hindered monomers like methacrylates). The 

combination is essentially the simple coupling of two radicals. In contrast, during 

disproportionation, a hydrogen atom adjacent to the radical center is abstracted, resulting in 

a polymer chain with a saturated end-group and unsaturated macromonomer. Finally, 

polymer radicals can undergo a chain transfer process toward monomer, polymer (Px), 

solvent (S), or specific transfer agents (TAs). The occurrence of unavoidable and irreversible 

chain transfer/termination reactions leads to polymers with a lack of control over the molar 

mass and high dispersity (Đ < 1.5–2.0).6,7 Despite many benefits, this is a notable drawback 

of conventional radical polymerization. Moreover, there is little scope for constructing the 

complex polymer architectures demanded by many modern applications.6 

In polymer chemistry, achieving precise control over macromolecular composition, 

topology, and polymer chain length is crucial for tailoring materials with specific properties 

and applications. Significant advancements in the field occurred with the introduction of the 

concept of living polymerization, which was discovered by Szwarc and his coworkers in 

1956 during the anionic polymerization of styrene.8,9 The living ionic polymerization 

technique eliminates termination and transfer reactions, ensuring equal growth probability 

for all polymer chains. Macromolecules obtained through ionic polymerization remain active 

("living"), allowing polymerization to continue until all the monomer is consumed. The 

subsequent addition of other monomers leads to the formation of different structures, such 

as block copolymers. In general, ionic polymerization enables excellent control over the 

molar mass distribution and copolymer architectures, making the products highly desirable 

due to their physicochemical properties and potential applications. However, the industrial-

scale application of ionic polymerization proves challenging due to demanding synthesis 

conditions such as the high purity of monomers and solvents and the need to eliminate 

moisture and oxygen to prevent undesired termination reactions. Moreover, ionic 

polymerization is incompatible with a wide range of functional vinyl monomers.10  

The versatility of radical polymerization, including a broader range of monomers and 

scalable reaction conditions, has fueled interest in developing effective strategies for 
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incorporating living characteristics into this process. The breakthrough came during the 

1990s with the discovery of new methods for radical polymerization that allowed 

synthesizing polymer materials with precise molar mass, low dispersity, and diverse 

structures. These innovative techniques have in common that the propagating species are 

radicals, and they establish an equilibrium between active (radical) species and dormant 

species, allowing for the simultaneous growth of all polymer chains with a narrow molar 

mass distribution.6,11 While these systems were often referred to as living radical 

polymerization, controlled radical polymerization, or controlled/living radical 

polymerization (CLRP), in 2010, the International Union of Pure and Applied Chemistry 

(IUPAC) recommended the adoption of the term reversible-deactivation radical 

polymerization (RDRP) to more accurately describe polymerizations that involve 

equilibrium between the active and dormant species. The term "living" should only be used 

for polymerization in which chain termination and irreversible chain transfer are absent. 

Despite the IUPAC recommendation, the terms "living" and "controlled" are still widely 

used in the literature.12  

RDRP encompasses several techniques, including stable radical-mediated 

polymerization (SRMP), nitroxide-mediated polymerization (NMP), atom transfer radical 

polymerization (ATRP), iodine transfer polymerization (ITP), reversible addition-

fragmentation chain transfer (RAFT) polymerization and organometallic-mediated radical 

polymerization (OMRP).  

Establishing a dynamic equilibrium between propagating radicals and various dormant 

species is a fundamental aspect of all RDRP systems (Scheme 2). Radicals can engage in 

two mechanisms: the persistent radical effect (PRE) or participating in a degenerative 

transfer process (DT).13,14  

As depicted in Scheme 3, the persistent radical effect involves a trapping mechanism 

in which the propagating radicals (Pn
•) undergo the activation-deactivation process 

facilitated by species X, typically a stable radical or organometallic compound. The dormant 

species (Pn-X) can be activated (with an activation rate constant, kact) either 

spontaneously/thermally, in the presence of light, or with an appropriate catalyst (as in 

ATRP) to reform the growing centers. Radicals can propagate (kp) or terminate (kt). 

However, persistent radicals (X) cannot terminate with each other but can only reversibly 

cross-couple with the growing species (kdeact). As a result, every instance of radical-radical 

termination leads to the irreversible accumulation of persistent radicals. Consequently, the 

concentration of radicals and the probability of termination decrease with time. Systems 



22 | 

 

based on PRE, such as nitroxide-mediated polymerization (NMP), require a stoichiometric 

amount of mediated species. Atom transfer radical polymerization (ATRP) also operates via 

the PRE, but less than the stoichiometric amount of transition metal catalyst can be used.14 

 

Scheme 2. Activation-deactivation mechanism in RDRP. 

 

Scheme 3. Persistent radical effect. 

On the other hand, methods based on degenerative transfer operate by 

thermodynamically neutral activity exchange between active and dormant species 

originating from the chain transfer agent (Scheme 4).  

 

Scheme 4. Degenerative transfer. 
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This exchange occurs via a reversible chain transfer mechanism and leads to the 

formation of new radical centers.15 It can proceed through atom transfer (iodine transfer 

polymerization (ITP), group transfer (TERP, SBRP, or BIRP), and addition-fragmentation 

chemistry with thiocarbonylthio group (RAFT). In systems employing degenerative transfer, 

a constant concentration of growing radicals is achieved through initiation and termination 

processes, similar to conventional RP. Control over molar mass and dispersity is achieved 

by using appropriate transfer agents (Pm-X or Pn-X) that exchange a group/atom X among 

all growing chains at a faster rate compared to propagation (kex > kp). Additionally, it is 

important to ensure a high concentration ratio of chain transfer agent to the radical initiator.14 

Several variations of the RDRP technique have been developed, each distinguished by 

its unique reaction mechanisms, reagents, and operating conditions. Each of these techniques 

offers specific advantages, including the range of monomers it can polymerize, the level of 

control it offers over the kinetics of polymerization, and the diversity of structures it can 

produce.14 In this study, the RAFT method is the fundamental technique for synthesizing 

polymers with well-defined properties. Therefore, the following section provides a detailed 

description of this method.  

1.2. Reversible addition-fragmentation chain transfer (RAFT) polymerization 

RAFT polymerization finds its roots in radical addition reactions in the 1970s, which 

involved deoxygenating secondary alcohols through their corresponding dithiocarbonates 

(xanthates).16,17 The first reports of the direct use of addition-fragmentation transfer agents 

to control radical polymerization appeared in the 1980s.18,19 Later, in 1995, it was reported 

that polymerizations of methacrylic monomers in the presence of methacrylic 

macromonomers exhibited some properties of living polymerization.20 In 1998, the 

Commonwealth Scientific and Industrial Research Organization (CSIRO) discovered that 

the use of thiocarbonylthio groups resulted in the production of polymers with controlled 

molar masses and low dispersities.21 This technique was named reversible addition-

fragmentation chain transfer (RAFT) polymerization. That same year, Rhodia patented  

a method for producing polymers with controlled/living characteristics using 

dithiocarbonates.22 The technique, called MADIX (macromolecular design via interchange 

of xanthates), can be viewed as a specific case of RAFT polymerization. Since then, there 

has been a huge development in RAFT polymerization. Presently, a pioneering paper 
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authored by Chiefari et al. has exceeded 4,500 citations, making it the most cited article in 

the history of Macromolecules.21 

1.2.1. Mechanism of RAFT polymerization 

RAFT polymerization involves three key components: a chain transfer agent (CTA), 

an initiator, and a monomer. The CTA plays a crucial role in controlling the process by 

allowing for the reversible fragmentation of the growing polymer chains. Meanwhile, the 

initiator activates the CTA, triggering the polymerization process and initiating a chain 

reaction, wherein the monomer continuously adds to the growing polymer chain until the 

reaction is terminated. The mechanism of RAFT polymerization is depicted in Scheme 5. 

The generated initiator radical (I•) reacts with monomer molecules, resulting in the formation 

of propagating oligomeric radicals Pn
• (step 1). Subsequently, these radicals (Pn

•) react with 

A (chain transfer agent) and add to the C=S group, forming an intermediate radical B (step 

2). The presence of the intermediate radical (B) prevents the irreversible termination reaction 

between the propagating and intermediate radicals, allowing for two types of fragmentation 

facilitated by the activity of the C=S group. The intermediate radical (B) can return to its 

initial state to produce a propagating radical (Pn
•) and a RAFT agent. At the same time, it 

may also fragment into a new radical (R•) and a dormant chain (C). These newly formed 

radicals then reinitiate the polymerization process with the monomer, forming new 

propagating chains Pm
• (step 3). Consequently, a dynamic equilibrium is established between 

the dormant species (C) and the active propagating radicals Pn
• and Pm

• (step 4). This 

equilibrium ensures an equal chance of growth for all chains with equal probability and 

speed, leading to products with a similar degree of polymerization (DP) and low dispersities. 

However, due to the high chemical reactivity of radicals, the termination reaction (step 5) is 

often inevitable. This process happens through either combination or disproportionation. The 

number of dead polymer chains is determined by the number of active radicals generated 

from the initiator.23,24 This is advantageous, as it allows for easy optimization of the 

livingness of the polymer by adjusting the initial initiator concentration. Nevertheless, the 

mode of termination must also be taken into account. Once the RAFT polymerization is 

complete, the majority of the chains remain living and possess a thiocarbonylthio group at 

the chain-end. The resulting polymer can serve as a macro-CTA and be extended by adding 

a new monomer portion. 
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Scheme 5. Mechanism of reversible addition-fragmentation chain transfer (RAFT) 

polymerization.23,25,26 

RAFT polymerization provides several benefits, such as its versatility under varied 

conditions. This method can be applied in bulk,27,28 solution,29,30 emulsion,31,32 

dispersion,33,34 and suspension35,36. Furthermore, RAFT polymerization can occur within  

a broad range of temperatures23,37 and pressures38,39. Homogeneous RAFT polymerization 

in bulk or solution follows conditions similar to those for conventional radical 

polymerization. A CTA, which is soluble in the reaction medium, is added to a mixture 

containing an initiator, a monomer, and optionally a solvent. Polymerization can be 

conducted in various organic solvents,37 water,40 and other media, such as ionic liquids41 or 

supercritical carbon dioxide42. While RAFT polymerization offers an array of benefits, it is 

not without limitations. Like other radical polymerization techniques, RAFT cannot fully 

eliminate transfer and termination reactions, which can stop the growth of the chain and 

produce dead chains without CTA-end groups. Moreover, RAFT can sometimes be time-

consuming and may not maintain control over dispersity for polymers with high molar 

masses (with an average molar mass (Mn) higher than 105).23,43,44  
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Several factors influence the appropriate course of the polymerization process, 

including the source of radicals, the type and activity of the chain transfer agent, and the type 

and activity of the monomer. 

1.2.2. Monomers 

The RAFT method provides control over the polymerization of most monomers that 

can be polymerized by radical polymerization. Exceptions include monomers that react with 

chain transfer agents, such as primary and secondary amines, which cause the decomposition 

of the thiocarbonylthio function.23,45 RAFT agents exhibit tolerance toward a wide range of 

functional monomers spanning both hydrophilic and hydrophobic characteristics, containing 

carboxylic acids, hydroxyl, amide, and tertiary amines or quaternary ammonium groups.46   

The monomers compatible with the RAFT process can be categorized into two main 

groups. The first group, known as "more activated" monomers (MAMs), contains 

compounds in which a double bond is conjugated to an aromatic ring, a carbonyl group, or 

a nitrile. Examples of MAMs include styrene, vinylpyridines, methyl methacrylate, methyl 

acrylate, acrylamide, and acrylonitrile. The presence of a conjugated double bond stabilizes 

the propagating radical, leading to an increase in the propagation rate. The second group, 

called "less activated" monomers (LAMs), contains compounds with a double bond adjacent 

to saturated carbon, an oxygen or nitrogen lone pair, or the heteroatom of a heteroaromatic 

ring. Examples of LAMs include vinyl acetate, N-vinylpyrrolidone, and N-vinylcarbazole.47 

The presence of an electron-rich double bond in the polymer chain destabilizes the 

propagating radical, increasing its reactivity and rendering it susceptible to various side 

reactions during the polymerization process. These side reactions may include termination 

by disproportionation or hydrogen abstraction. Therefore, the controlled polymerization of 

LAMs is more challenging than MAMs.48 

1.2.3. Source of radicals 

The generation of radicals is crucial to the RAFT process. As mentioned above, the 

initial number of radicals determines the number of dead chains in the system but also 

impacts the polymerization rate. Several factors influence the requisite number of radicals 

in the polymerization process, including the nature of the monomer, the overall 

concentration of the monomer, the solvent properties, and the characteristics of the CTA.45 

Any source of free radicals can trigger the initiation of RAFT polymerization. The most 
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common thermal initiators are azo compounds, for example, 2,2′-azobis(2-

methylpropionitrile) (AIBN) and 4,4’-azobis(4-cyanovaleric acid) (ACVA). Nevertheless, 

the radical can be generated by using various approaches. As a result, RAFT polymerization 

can be fueled by diverse alternative methods, including gamma radiation,49 ultrasounds,50–52 

metals,53–56 acids,57–59 enzymes,60–62 electrochemical initiation,63–65 or light-induced 

activation. Photopolymerization will be discussed in more detail in the next section of this 

dissertation. 

1.2.4. Chain transfer agents 

The thiocarbonylthio group in the CTA is crucial to achieving control over the molar 

mass in RAFT polymerization. The right choice of CTA enables the adjustment of the 

polymerization rate, monomer reactivity, and the level of initiating species.66 The CTA has 

two main functionalities: the R group, which should be a good leaving group and allow 

efficient reinitiation of polymerization, and the Z group, which activates the carbon-sulfur 

double bond for radical addition and has a stabilizing or destabilizing effect on the 

intermediate radical. The general structure of the chain transfer agent is shown in Figure 1. 

Depending on group Z, the main classes of RAFT agents that can be distinguished are 

trithiocarbonates, dithioesters, dithiocarbonates, and dithiocarbamates.  

 

Figure 1. General chemical structure of RAFT chain transfer agents. 

The effectiveness of RAFT agents is strongly dependent on the nature of the stabilizing 

Z group and the leaving group R. A key factor in achieving successful RAFT polymerization 

is ensuring that the C=S bond is more reactive to radical addition than the C=C bond in the 
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monomer. The correlation between CTA structures and polymerization control has been 

thoroughly studied in recent years.23,26,47,67 

The Z group controls the reactivity of the carbon-sulfur double bond toward free 

radical addition and the stability of intermediate radicals (Scheme 5).23 The reactivity of 

RAFT agents generally decreases in the order of dithiobenzoates > trithiocarbonates  

≈ dithioalkanoates > dithiocarbonates > dithiocarbamates.68 The choice of RAFT agent 

typically depends on the monomers undergoing polymerization. The more active RAFT 

agents, such as the dithiobenzoates and trithiocarbonates, have strong stabilizing groups and, 

therefore, increase the reactivity of C=S toward radical addition. Consequently, they are 

more effective in controlling the polymerization of MAMs, which produce relatively more 

stabilized radicals and require a Z group to help stabilize them. In turn, LAMs are poor 

homolytic groups due to their high reactivity. To facilitate the fragmentation of the 

propagating radical, they require intermediate radicals that are less stable, for example, 

dithiocarbonates (Z = O-alkyl) or dithiocarbamates (Z = N-alkyl) (a compound with the 

electron-withdrawing group). The lone pair of electrons on oxygen in dithiocarbonates or 

nitrogen in dithiocarbamates is delocalized in the thiocarbonyl group, deactivating the C=S 

bond toward radical addition and destabilizing the radical intermediate.23 In the case of 

LAMs, the use of more active RAFT agents can result in slow fragmentation, inhibition, or 

retardation, as they can act as radical traps and limit polymerization.47 The general guidelines 

for the selection of Z groups are presented in Scheme 6a. 

The R group, on the other hand, must be a good leaving group compared to the growing 

polymeric chain. Moreover, it must also act as a good reinitiating species to sustain the 

polymerization process. The R groups with electron-withdrawing moieties produce a more 

stable radical upon fragmentation. The general guidelines for the selection of R groups are 

presented in Scheme 6b.  

Until recently, the commercial availability of RAFT transfer agents was limited, but 

now a wide array of these agents (including trithiocarbonates, dithiocarbamates, 

dithiobenzoates, and macro-RAFT agents) is readily accessible for research purposes. 

However, it is important to note that the synthesis of most RAFT agents (especially 

dithiocarbonates) is not complicated.23 They can be produced with moderate or very good 

yields using methods described in the literature.47 As an illustration, the simplest methyl  

2-((ethoxycarbonothioyl)thio)propanoate (Rhodixan A1, used by Solvay for the industrial 

production of block copolymers) can be obtained almost quantitatively through  
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a nucleophilic substitution reaction of a bromo derivative with ethyl-potassium 

dithiocarbonate.  

 

Abbreviations: AAm, acrylamide; AN, acrylonitrile; HPMAAm, N-(2-hydroxypropyl)methacryl 
amide; MA, methyl acrylate; MMA, methyl methacrylate; NVC, N-vinylcarbazole; NVP,  

N-vinylpyrrolidone; St, styrene; VAc, vinyl acetate. 

Scheme 6. General guidelines for the selection of the a) Z group and b) R groups. A dashed line 

represents partial control (control of molar mass but poor control over dispersity or substantial 

retardation in the case of VAc, NVC, or NVP.23,47 

1.2.5. Modification of the end-groups 

Polymers obtained by RAFT polymerization contain an R group from the starting CTA 

at one end of the chain and a Z thiocarbonylthio (–C(S)S–) group at the other end. In many 

industrial applications, the presence of –C(S)S– groups at the ends of polymer chains is 

undesirable. These groups can alter the color of the product and are susceptible to 

degradation over time, leading to the release of potentially toxic, low molecular weight sulfur 

compounds with an unpleasant odor.69 It is also known that the thiocarbonylthio group 

quenches fluorescence, which is a problem in some optoelectronic applications.70 Hence, 
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there is considerable interest in the straightforward elimination or alteration of the CTA 

species through diverse modifications, as shown in Scheme 7. One of the most well-

established approaches to removing RAFT end-groups is the reaction with various 

nucleophiles, such as amines71 or hydroxide72. In this method, a nucleophile attacks the 

thiocarbonyl group, forming a thiol group (–SH) at the polymer chain-end. The resulting 

terminal –SH group presents opportunities for further chemical modifications (e.g., the 

attachment of fluorescent moieties), yielding diverse molecules. Alternatively, –C(S)S–

groups can be readily eliminated by replacing them with a hydrogen atom through radical 

reduction.73,74 Another method to complete the removal of end-groups involves thermal 

elimination. To prevent thermal degradation, the polymer and any functionality must be 

stable at temperatures between 120 to 200 °C.75 The effectiveness of this method varies 

depending on the nature of the polymer and the type of the RAFT end-group.70 The 

thiocarbonyl end-group can also react with dienes by Diels-Alder chemistry.76,77 

Furthermore, the –C(S)S– group can be modified with nitroxide to produce alkoxyamine 

chain-ends, making them suitable for use in NMP. In addition, thiocarbonylthio compounds 

can be used as initiators in ATRP.70 

 

Scheme 7. Processes for RAFT end-group modifications (R′•, radical; [H], hydrogen donor;  

M, monomer).70 
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1.3. Photoinduced RAFT polymerization 

In recent years, various approaches to RAFT polymerization have rapidly developed. 

One of the fascinating methods is the use of light to initiate polymerization. By employing 

light, the need for traditional radical initiators, such as azo compounds, can be significantly 

reduced. Notably, these compounds are unstable and must be kept in the dark at low 

temperatures to prevent decomposition, thus avoiding the risk of accidental explosion.78 

Moreover, photo-RAFT offers several advantages, including mild reaction conditions, 

oxygen tolerance under specific conditions, and precise spatial and temporal control. 

Furthermore, for example, visible light is an energetically mild and environmentally friendly 

energy source, supporting greener and more sustainable chemistry. There are typically two 

strategies for inducing RAFT polymerization with light. The first approach, called 

photoiniferter reversible addition-fragmentation chain transfer polymerization (PI-RAFT), 

relies on the direct photodissociation of the chain transfer agent (CTA) to generate the 

initiating radical. The CTA serves three concurrent roles: initiator, transfer agent, and 

termination agent, hence the term "ini-fer-ter".79 The second method, introduced in 2014 by 

Boyer and coworkers, is called photoinduced electron/energy transfer reversible addition-

fragmentation chain transfer polymerization (PET-RAFT). This technique employs  

a photocatalyst that captures light and transfers an electron or energy to a CTA, triggering 

its fragmentation and production of radicals.43,80 This dissertation primarily addresses the 

PI-RAFT strategy, so the PET-RAFT method will not be discussed here. Nevertheless, there 

are numerous comprehensive reviews dedicated to the PET-RAFT topic.43,81–83 

The photoiniferter (PI) process was first introduced to the scientific community by 

Otsu and coworkers in 1982.79,84 They explored the polymerization of methyl methacrylate 

(MMA) and styrene (St) in the presence of tetraethylthiuram disulfide using thermal 

activation, and more importantly, in this context, with UV light. However, activating CTA 

directly under ultraviolet (UV) light presents challenges, notably the loss of end-group 

fidelity from CTA photolysis. Also, many organic molecules absorb UV light, which raises 

the potential for unintended side reactions or the degradation of reagents, limiting the yield 

of the desired product.85 As a result, researchers shifted their focus toward using radiation 

with higher wavelengths (lower energy) from the visible spectrum to minimize side 

reactions. In 2015, as a validation of this approach, Boyer,86 Qiao,87 and coworkers 

independently demonstrated successful RAFT polymerization using blue (435 nm) or green 

(530 nm) light irradiation. It is worth noting that high energy γ-radiation was also used to 

activate the chain transfer agents for polymer synthesis. However, this approach faced 
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challenges related to long reaction times, low conversions, and the potential generation of 

radicals not only from CTA but also from solvent or monomer.45,88,89  

Most chain transfer agents that possess a thiocarbonylthio group, such as 

dithiobenzoates, trithiocarbonates, dithiocarbonates, and dithiocarbamates, undergo 

photolysis and produce radicals when irradiated. Undoubtedly, the most popular 

photoiniferters are dithiocarbonates and trithiocarbonates, which enable PI-RAFT 

polymerization across both the ultraviolet (UV) and visible regions of the light 

spectrum.45,90,91 The electronic transitions responsible for C−S bond photolysis are the π → 

π* and n → π* electronic transitions (Figure 2a). The energy gap for the π → π* transition 

is notably larger than that for the n → π* transition. Thus, the π → π* transition is observed 

in the shorter, higher-energy wavelengths of the UV spectrum, whereas the n → π* transition 

is seen in the longer wavelengths, which have lower energies.90 

 

Figure 2. a) The electronic transitions responsible for C−S bond photolysis.87 b) UV-Vis spectrum of 

dithiocarbonate (methyl 2-((ethoxycarbonothioyl)thio)propanoate), c) UV-Vis spectrum of 

trithiocarbonate (bis-(2-methylpropanenitrile)trithiocarbonate). 

Although the band related to the spin forbidden n → π* transition is much weaker, it 

facilitates efficient excitation and photolysis required to start polymerization.45,90 The 

position of the n → π* band strongly depends on the type of CTA. Dithiocarbonates (Figure 

2b) possess absorption based on the n → π* transition in the UV light spectrum ranging from 

330–420 nm, while in trithiocarbonates (Figure 2c), the n → π* band is located in the visible 
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range of the spectrum (⁓400–560 nm). It is important to note that the irradiation wavelength 

should overlap with the absorption profile of the chain transfer agent. Therefore, 

dithiocarbonates can be activated under UV, purple, or blue visible light, whereas 

trithiocarbonates can be activated, for example, with blue or green visible light. In recent 

years, there has been significant development of the PI-RAFT method. Various RAFT 

agents, monomers, solvents, and light sources have been employed to synthesize polymers 

with diverse properties. Selected examples of polymerizations, with particular emphasis on 

using di- and trithiocarbonates as CTAs and visible light as irradiation sources, are shown in 

Table 1.  

The mechanism of PI-RAFT is illustrated in Scheme 8. The chain transfer agent 

directly absorbs light, causing an electron in the C=S bond to be excited to a higher energy 

state. This transition is followed by cleavage of the C–S bond by β-scission, leading to the 

formation of an initiating/propagating carbon-centered radical and a persistent 

thiocarbonylthio radical.45,90 The propagating radicals (Pn
•) are then engaged in degenerative 

chain transfer, a pivotal process in RAFT polymerization. In turn, thiocarbonylthio radicals 

are less reactive and can reversibly deactivate growing polymer chains, as in the case of 

NMP or ATRP.45,83,90  

 

Scheme 8. Mechanism of PI-RAFT.83 

Incorporating light as an external control mechanism in PI-RAFT offers a dynamic 

and precise tool for modulating the polymerization process. Light is an easily adjustable 

parameter. Altering parameters such as intensity, wavelength, or duration of irradiation 

allows fine-tuning of the polymerization rate and pausing or restarting the process.85 As  

a result, this dynamic control provides the means to produce polymers with desired 

properties suitable for a wide range of applications. PI-RAFT has been successfully applied 

in 3D printing,92,93 production of well-defined nanostructures,94,95 surface 

functionalization,96,97 the synthesis of ultrahigh molar mass polymers (UHMM)98,99, and 

multiblock copolymers100 synthesis. Further insights on PI-RAFT can be found in recent 

review papers authored by Hartlieb45 and by Kwon and coworkers83. 
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Table 1. Overview of chain transfer agents, irradiation wavelengths, and monomers in PI-RAFT 

polymerization.  

Chain transfer agent 
Irradiation 

wavelength 
Monomer Reference 

 

blue (460–470 nm) VAc 101 

 

purple (390 nm) 

nBA 

102 tBA 

NIPAAm 

 

purple (390 nm) 

VAc 

103 
MA 

nBA 

NIPAAm 

 

blue (465 nm) 
nBA 

104 

VP 

purple (391 nm) 

nBA 

VP 

MA 

St 

 

blue (460 nm) OEGA 105 

 

purple (405 nm) PEGDA 92 

green (530 nm) 

MMA 

86 
GMA 

DMAEMA 

HEMA 

 

blue (460 nm) AN 106 

 

blue (460 nm) 

PPEGA  

107 

NIPAAm 

Abbreviations: AN, Acrylonitrile; nBA, n-butyl acrylate; tBA, tert-butyl acrylate; DMAEMA, N,N-

dimethylaminoethyl methacrylate; GMA, glycidyl methacrylate; HEMA, 2-hydroxyethyl methacrylate; 

OEGA, oligo(ethylene glycol)methylether acrylate; MA, methyl acrylate; MMA, methyl methacrylate; 

NIPAAm, N-isopropylacrylamide; PEGDA, poly(ethylene glycol) diacrylate; PPEGA, poly(poly(ethylene 

glycol)methyl ether acrylate); St, styrene; VAc, vinyl acetate. 
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1.4. Application of RAFT polymerization in selected fields 

RAFT polymerization has emerged as a highly versatile method that facilitates the 

synthesis of polymers with controlled molar mass, narrow dispersity, and tailored  

end-groups functionality. Precise control over the molar mass and polymerization rate can 

be achieved by adjusting reaction conditions and the RAFT agent and monomer 

concentrations. RAFT polymerization enables the synthesis of polymers with complex 

architectures, such as block copolymers, star polymers, graft copolymers, and comb-like 

structures (Figure 3). This architectural control allows the design of materials with specific 

functionalities, self-assembly behavior, and mechanical properties. This section highlights 

the diverse applications of RAFT polymerization in selected fields, including drug delivery 

systems, the synthesis of well-defined poly(N-vinylamides), and the synthesis of ABA 

triblock copolymers.  

 

Figure 3. Complex architectures accessible through the RAFT process. 

1.4.1. Importance of RAFT polymerization in drug delivery systems 

In modern medicine, ensuring the effective and safe administration of therapeutic 

agents remains of utmost importance. Although conventional therapies have achieved 

significant milestones, they often suffer from overdosing, leading to potentially undesirable 

side effects and poorer therapeutic outcomes.108 The main reason is the poor water solubility 
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of many therapeutic agents, which compromises their bioavailability. Consequently, there is 

growing interest in the development and use of more precise smart drug delivery systems 

(SDDS). SDDS are intelligent platforms that facilitate the targeted and controlled release of 

therapeutic agents in response to specific physiological or environmental triggers, for 

example, pH, temperature, enzymes, light, or magnetic field.109 Temperature is one of the 

most extensively studied stimuli for drug delivery because it can be easily applied and 

monitored externally, which will be shown later in this work. SDDS are designed to 

incorporate therapeutic agents, effectively enhancing their solubility and prolonging their 

circulation time. They allow the delivery of the appropriate dose of the drug at the precise 

time and location in the body, maximizing therapeutic effects and minimizing potential 

adverse reactions. In essence, the goal of SDDS is to improve the efficacy of drugs while 

ensuring patient safety.110,111  

Numerous nanomaterials, including liposomes,112,113 metallic nanoparticles 

(NPs),114,115 silica-based materials,116–118 and carbon-based materials,119,120 have found 

applications as drug delivery systems. Among these, polymer-based materials have drawn 

considerable interest due to their versatility and the potential to fine-tune their properties. 

There are various types of polymeric nanocarriers, such as polymeric nanoparticles, 

polymeric micelles, polymer conjugates, dendrimers, polymersomes, polyplexes, nanogels, 

and lipomers.110,111,121–123 Examples of such systems are presented in Table 2, which 

illustrates various polymeric nanocarriers developed specifically through RAFT 

polymerization. The diversity of drug delivery vehicles, their responsiveness to stimuli, 

versatility in cargo, and a range of therapeutic applications highlight the importance of 

RAFT polymerization in the realm of drug delivery. This technique permits precise control 

over the properties of polymers, enhancing their suitability for drug delivery applications. 

Polymers can be designed to respond to various stimuli, such as pH, temperature, light, and 

enzymatic activity. The derived polymers might be tailored to encapsulate diverse cargos, 

from conventional drugs such as doxorubicin (DOX) and gemcitabine (GEM) to bioactive 

molecules like DNA and siRNA. Moreover, such polymers can be fine-tuned in terms of 

size, charge, and molar mass, offering a broad spectrum of applications ranging from 

combating bacterial infections to anticancer therapies and delivering genes.  

The behavior of nanocarriers in complex biological environments, including 

circulation time, clearance, selective tissue distribution, and intracellular fate, depends on 

many factors, such as size, shape, charge, and stability. A significant challenge for their 

distribution is to overcome various biological barriers between organs and surrounding 
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fluids, e.g., the blood-brain barrier (BBB). The size of nanocarriers has emerged as a critical 

parameter that influences their behavior in biological systems. Particles smaller than 10 nm 

in diameter are prone to rapid elimination by the kidneys. On the contrary, those with  

a diameter greater than 200 nm could activate the body's immune system, leading to their 

rapid removal from the bloodstream.124 Therefore, it can be concluded that 10–200 nm is the 

ideal size range for drug carriers.125 It should be noted that in cancer therapy, particles with 

diameters within the range of sub-100 nm tend to accumulate effectively at the target sites 

due to the enhanced permeability and retention effect (EPR).126,127 This effect capitalizes on 

abnormal vasculature in tumor tissues and inflamed regions with pore sizes larger than 

normal blood vessels.128 The surface charge of nanocarriers, represented by the zeta  

(ζ) potential, is another design feature that can be tailored to prolong circulation lifetimes 

and selectively enhance accumulation at specific sites. Cationic NPs are generally cleared 

more rapidly, whereas neutral and slightly negative particles (having ζ potential of -10 to 

+10 mV) have a prolonged half-life in circulation.118,127,129 Positively charged particles 

generally have a higher affinity for negatively charged cell membranes, which can lead to 

increased cellular uptake. However, this can also increase nonspecific interactions with 

various nontarget cells and proteins. Strongly positively charged particles can damage the 

cell membrane, causing other toxic side effects in normal cells.127 It is worth noting that 

introducing a drug into a carrier can affect its size and zeta potential. The shape of the carrier 

also impacts the cellular interactions and uptake, but this relationship remains more complex. 

While some research suggests that spherical particles have better uptake in non-phagocytic 

cells than non-spherical particles, other studies show the contrary.127,130 The optimal size, 

shape, and charge of carriers may differ depending on the specific disease, its stage, and 

location. Thus, understanding these intricacies is paramount to harnessing the full potential 

of nanomaterials for therapeutic purposes. 
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Table 2. Polymeric nanocarriers developed through the RAFT polymerization.  

Polymer Stimuli Cargo 
Mn  

(kg mol-1) /Ð 

ζ potential of 

carrier (mV) 

ζ potential with  

cargo (mV) 

Size of  

carrier (nm) 

Size with  

cargo (nm) 
Application Ref. 

Polymeric nanoparticles  

POEGMA-b-PVBA pH GEN, NO 13.7/1.13 - - - 15.0 
antibacterial 

activity 
131 

    pH 5.5/7.4    

antibacterial 
activity 

 

PnBMA-b-PDMAEMA-r-PEGMA 

pH BA, CPX 

24.1/1.42 3.2/0.2 
- 
 

149.4 

- 132 PnBMA-r-PDMAEMA-b-PEGMA 22.5/1.40 8.6/0.1 135.0 

PnBMA-r-PDMAEMA-r-PEGMA 23.7/1.39 2.5/-0.7 167.2 

PAA50-b-PnBA300 temperature DOX 45.0/1.20 -65.0 - 
130.0  
100.0e 

140.0  cancer therapy 133 

chol-PNIPAAm 

temperature DOX 

26.4/1.10 -6.8 

 
- 

 

21.8  24.1  

cancer therapy 134 
chol-PNIPAAm-b-PAcacP 29.5/1.07 -5.5 99.7  42.6 

chol-PNIPAAm-s-PAcacP 32.1/1.04 -3.7 81.9  86.4 

chol-PAcacP-b-PNIPAAm 26.6/1.30 -4.9 30.1  41.6  

Polymeric micelles 

PSAMA-b-PNIPAAm temperature CBZ 

9.3/1.10 

- 

 

- 
 

27.0 

42.0 cancer therapy 135 11.4/1.15 28.0 

11.4/1.15 31.0 

PEG-b-PSMF-CCL 
light ICG 11.0/- - - 

100 
- 

ROS–based 
drug delivery 

136 
PEG-b-PSMF 150 

PMPC-b-PDEMA-co-SS-PGEM-
co-PTPMA 

redox, pH GEM 17.8/- 14.7 (pH 5) - 42.9 53.4 cancer therapy 137 

PEG-PDMAEMA-PONBA pH/light CUR 11.8/1.04 - - 100.0 140.0 cancer therapy 138 

PDPA-b-PNIPAAm-co-PDMAAm 
pH 

temperature 
DOX 

19.0/1.38 
0 to 6.0  

(pH 5–7.5) 
- 

50.0a 

700.0b 
- cancer therapy 139 

PnBMA-b-PNIPAAm-co-
PDMAAm 

16.8/1.35 
-3.0 

(pH 5–7.5) 
50.0a 
600.0b 
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Polymersomes 

PDMAAm-b-PONBA light DOX, NR 20.5/1.25 - - 
200.0  
150.0e 

- cancer therapy 140 

PMVCL58-PVP65 
temperature DOX 

9.9/1.14 
- - 

370.0 
- cancer therapy 141 

PMVCL58-PVP98 10.1/1.17 220.0  

PEG-b-PDEAEM 
pH, 
light 

GNR, DOX 
21.0–28.0/ 
1.11–1.22 

0.5 to 25.0  
(pH = 7.4) 

- 200.0 - cancer therapy 142  

PEG45-b-PCSSMA15 
redox, 
light 

DOX,  
TR-dextran 

10.9/1.22 

- - 

220.0 

- 

treatment of 

various 
diseases 

143  PEG45-b-PCSSMA22 13.9/1.18 400.0 

PEG45-b-PCSSMA30 17.7.1.13 440.0 

Polymer-drug conjugates 

DA-POEGMA-b-PABMA-co-
PAMA@imine-DNR 

pH DNR - - 
-22.1 to 17.4 
(pH 11–1) 

137.0  
115.0e  

- cancer therapy 144 

mPEG-b-PC7-b-PCA pH CA 9.6/1.69 - 
4.0 to 9.0  

(pH 7.4–6.25) 
- 

200.0–450.0 

(pH 7.4–6.5) 
cancer therapy 145 

PDHPMA-DOX pH DOX 95.0/- -3.8 - - 21 cancer therapy 146 

Dendrimers  

PHPMAAm-GEM enzyme GEM 168.0/2.24 -1.4 - - 
45.0–50.0f 
55.0–85.0g 

cancer therapy 147 

bisMPA dendrimer/ PHPMAAm-
co-PBMHH-Prg 

pH DOX 

268.0/1.10 -1.7  -3.3  20.5  28.5  

cancer therapy 148 
bisMPA dendron/ PHPMAAM-co-

PBMHH-TT 
354.0/1.20 -0.3  -2.6  23.9  35.4  

PAMAM/ PHPMAAm-co-
PBMHH-TT 

456.0/1.30 -2.0  -0.7  27.1  40.4  

Polyplexes 

POEGMA-b-PDIPAEMA pH, temperature DNA 

33.3/1.21 

- 

-30.0 to -13.0 

- - gene delivery 149 48.6/1.19 -25.0 to -7.0 

35.1/1.24 -23.0 to -4.0 
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PNIPAAm-PEG-PDMAEMA temperature DNA 52.0/1.8 7.7  - 150.0 - gene delivery 150 

PVAm-b-PNIPAAm 

temperature DNA 

5.6/1.3 
5.5c 

45.1d 
-23.0c 
-32.0d 

7.8c 
122.0d 

156c  
223d 
545c 

gene delivery 151 

PVAm-b-PALysOH 13.7/1.5 
10.6c 
13.3d 

-37.0c 
415.1c 
335.8d 

PEGMA-b-PDPA-b-PDMA pH siRNA - -0.7  9  - 60e gene delivery 152 

mPEG-b-PAMA-b-PD5A/PDEA pH siRNA 12.6/1.7 - 32 - 44 gene delivery 153 

Nanogels 

PDEGMA-co-PEGMA-co-
PHODMA-co-PNPCD 

temperature, 
redox 

BSA, LS 31.7/1.1 - -22.1 - 320.1 
protein 
delivery 

154 

PmTEGMA-b-PPFPMA pH 
IMDQ 

12.0/1.3 
-4.0 - 56.3 59.7 

nanovaccines 155 
IMDQ, OVA -4.0 -9.5 56.3 57.3 

Notes: ameasured at 37 °C, bmeasured at 42 °C, cmeasured at 25 °C, dmeasured at 50 °C, emeasured by TEM, fmeasured in PBS, gmeasured in FBS. 

Abbreviations: BA, baicalein; bisMPA- 2,2-bis(hydroxymethyl)propionic acid; BSA, bovine serum albumin; CA, cinnamaldehyde; CBZ, carbamazepine; CCL, core-cross-
linked; chol, cholesterol; CPX, ciprofloxacin; CUR, curcumin; DA, 2,3-dimethylmaleic anhydride; DNR, daunorubicin; DOX, doxorubicin; FBS, fetal bovine serum; GEM, 

gemcitabine; GEN, gentamicin; GNR, gold nanorods; ICG, indocyanine green; IMDQ, agonist 1-(4-(aminomethyl)benzyl)-2-butyl-1H-imidazo[4,5-c]quinolin-4-amine; LS, 

Lysozyme; NO, nitric oxide; NR; Nile Red; OVA, ovalbumin; PAA, poly(acrylic acid); PABMA, poly(4-azidobenzyl methacrylate); PAcaP, poly(10-(acryloyloxy)decyl-3-

oxobutanoate); PALysOH, poly(N-acryloyl-l-lysine); PAMA, poly(2-aminoethyl methacrylate hydrochloride); PAMAM, polyamidoamine, PBMHH, poly(N-(tert-

butoxycarbonyl)-N'-(6-methacryloylaminohexanoyl)hydrazine); PC7, poly(2-hexamethyleneiminoethanol); PCA, polycinnamaldehyde; PCSSMA, poly(coumarin-based 

disulfide-containing monomer); PD5A, poly(2-diamylamineethyl methacrylate); PDEAEM, poly(N,N-diethylamineethyl methacrylate); PDEGMA, poly(di(ethylene 

glycol)methyl ether methacrylate; PDEMA, poly(N,N-dibutylethanolamine); PDIPAEMA, poly(2-[diisopropylamino]ethyl methacrylate); PDMA, poly(2-(dimethylamino)ethyl 

methacrylate); PDMAAm, poly(N,N-dimethylacrylamide); PDMAEMA, poly(N,N-dimethylaminoethyl methacrylate); PDPA, poly(2-(diisopropylamino)ethyl methacrylate); 

PEG, poly(ethylene glycol); PEGMA, poly(ethylene glycol)methyl ether methacrylate;) PFPMA, poly(pentafluorophenyl methacrylate); PGEM, polygemcitabine; PHODMA, 

poly(2-(2-(2-hydroxyethyl)disulfanyl)ethyl methacrylate); PHPMAAm, poly(N-(1,3-dihydroxypropan-2-yl))methacrylamide; PMPC, poly(2-methacryloyloxyethyl 

phosphorylcholine); PMVCL, poly(3-methyl-N-vinylcaprolactam); PnBA, poly(n-butyl acrylate); PnBMA, poly(n-butyl methacrylate); PNIPAAm, poly(N-
isopropylacrylamide); PNPCD, poly(2-(2-(2-((4-nitrophenoxy)carbonyloxy)ethyl)disulfanyl)ethyl methacrylate); POEGMA, poly(oligoethylene glycol)methyl ether 

methacrylate; PONBA, poly(o-nitrobenzyl acrylate); Prg, propargyl; PSAMA, poly(2-methacryloyloxy)ethyl stearate; PSMF, poly(styrenemaleic anhydride) functionalized 

with furfuryl amine; PTEGMA, poly(methoxy tri(ethylene glycol) methacrylate); PTMA, poly(4-(4′-(diphenylamino)-[1,1′-biphenyl]-4-yl)-1-((methacryloyloxy)-

methyl)pyridin-1-ium bis((trifluoromethyl)sulfonyl)amide); PVAm, polyvinylamine; PVBA, poly(3-vinylbenzylaldehyde); PVP, poly(N-vinylpyrrolidone); ROS, reactive 

oxygen species; siRNA, small interfering RNA; TR-dextran, texas red-labeled dextran; TT, 2-thiazolidine-2-thione.

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/curcumin
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1.4.1.1. Thermoresponsive polymers 

Thermoresponsive polymers, well-known for their ability to modify their physical 

properties with temperature changes, represent a fascinating and common field of study. The 

use of drug carriers containing thermoresponsive polymers is inspired by the observation 

that pathological processes in various tissues and organs are associated with local 

temperature increases by 1–5 °C.156 For example, tumor microenvironments are 

characterized by mild hyperthermia exhibiting temperatures 1–2 °C higher than healthy 

tissue.157 Additionally, these versatile polymers can serve as carriers for drugs intended to 

act on external surfaces such as skin and mucous membranes, where the temperature is lower 

than the body temperature.158 By carefully designing polymeric carriers, it becomes possible 

to efficiently release drugs at a specific location within the different temperature ranges 

associated with pathological processes (Figure 4). 

 

Figure 4. Mechanism of action of thermoresponsive amphiphilic polymers.  

Thermoresponsive polymers exhibit phase transitions at specific temperatures known 

as the lower critical solution temperature (LCST) and the upper critical solution temperature 

(UCST) (Figure 5). This phenomenon can be described as a sharp change in solubility, 

accompanied by conformational changes in the polymer structure caused by temperature 

fluctuations. The LCST is the temperature at which a polymer transitions from a soluble 

state to an insoluble state upon heating. Below the LCST, the polymer is fully dissolved and 

exhibits a coil conformation since the hydrophilic groups on the polymer chain interact 

favorably with the surrounding water molecules. As the temperature increases, the hydrogen 

bonds between the hydrophilic groups and the solvent weaken, causing the hydrophobic 

groups to dominate and making polymer-polymer interactions more important.74  
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Figure 5. Schematic illustration of phase diagrams for polymer solution a) lower critical solution 

temperature (LCST) behavior and b) upper critical solution temperature (UCST) behavior. 

Consequently, the polymer chains aggregate, adopting a globular conformation, resulting in 

a turbid suspension. This characteristic behavior of thermoresponsive polymers is often 

referred to as the "coil-to-globule transition".159 Examples of polymers exhibiting LCST 

behavior include poly(N-isopropylacrylamide) (PNIPAAm), poly(N-vinylcaprolactam) 

(PNVCL), poly(methyl vinyl ether) (PMVE), and poly(N,N-diethylacrylamide) (PDEAAm) 

are presented in Figure 6. On the contrary, the UCST is the temperature at which the polymer 

transitions from an insoluble state to a soluble state upon heating. Below the UCST, the 

polymer is in a collapsed, insoluble state because of strong hydrogen bonds, stronger than 

those involving the polymer-water interaction. These bonds break with increasing 

temperature, allowing the polymer to dissolve. A typical UCST system is based on poly(N-

acryloylglycinamide) (PNAGA) or acrylamide-based copolymers.160 The application of 

polymers exhibiting UCST behavior in the biomedical field is less common than those 

exhibiting LCST behavior, as achieving this behavior under physiological conditions is more 

challenging.161 It is worth noting that LCST and UCST systems are not restricted to an 

aqueous solvent environment. Moreover, phase transitions are reversible, allowing the 

polymers to switch between their soluble and insoluble phases multiple times. Nevertheless, 

the temperature at which the polymer solubilizes again may be slightly different, resulting 

in hysteresis of the system.160 
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Figure 6. Examples of polymers exhibiting LCST behavior. 

It is essential to highlight the significant distinction between LCST/UCST and cloud 

point temperature (TCP) in the context of thermoresponsive polymers. Often, the terms LCST 

and TCP are mistakenly used interchangeably. The LCST is the minimum temperature value 

on the binodal curve, which is generated by plotting multiple cloud points at different 

concentrations (Figure 5, red spot). On the other hand, TCP refers to the temperature at  

a specific polymer concentration where a phase transition occurs, causing the cloudiness of 

the solution. TCP can be located anywhere on the binodal curve.159,160  

1.4.1.2. PNIPAAm and PNVCL 

Poly(N-isopropylacrylamide) (PNIPAAm) and poly(N-vinylcaprolactam) (PNVCL) 

have gained significant attention for their applications in thermoresponsive drug delivery 

systems. N-vinyl caprolactam (NVCL) is a representative of N-vinylamides, which will be 

discussed in the following section. However, in the context of this dissertation, polymers 

containing PNVCL were specifically utilized as thermoresponsive drug carriers. Hence, 

a description of PNVCL and its role in drug delivery systems will be provided.  

PNIPAAm is widely regarded as the "gold standard" in thermoresponsive SDDS and 

has undergone extensive research. It exhibits a lower critical solution temperature (LCST) 

of approximately 32 °C, a crucial feature for biomedical applications due to its proximity to 

human body temperature. PNIPAAm contains a hydrophobic isopropyl group as well as 

a hydrophilic amide moiety.162 PNIPAAm is soluble in organic solvents, such as chloroform, 

acetone, methanol, and water (below LCST). PNIPAAm can be easily synthesized through 

reversible-deactivation radical polymerization, allowing for the creation of various 

structures such as micelles, gels, and grafted surfaces. In addition to controlled delivery, 

PNIPAAm-based materials are excellent candidates for biosensing, tissue engineering, and 

wound treatment applications.  

PNVCL is another polymer that displays notable properties for biomedical 

applications. Its transition temperature (32–34 °C) is suitable for biomedical applications.163 

PNVCL bears both hydrophilic amide groups and a hydrophobic carbon-carbon backbone.156 

It is a non-ionic polymer and exhibits solubility in water and organic solvents. Additionally, 
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PNVCL is very stable against hydrolysis.163 However, PNVCL has been less popular among 

researchers than PNIPAAm, primarily due to the difficulties in polymerizing NVCL in  

a controlled fashion.  

Table 3 shows various polymers based on PNIPAAm or PNVCL prepared by RAFT 

polymerization, which are utilized to construct thermoresponsive drug carriers. Carriers 

based on PNIPAAm and PNVCL are used in various forms, such as nanoparticles, micelles, 

composites, gels, or grafted surfaces. Cargo molecules carried by these systems include 

common chemotherapy agents such as doxorubicin (DOX), paclitaxel (PTX), and  

5-fluorouracil (5-FU), among others. The effectiveness of these drug carriers is attributed to 

their ability to respond to changes in temperature, allowing controlled release of drugs at 

target sites. Cloud point temperatures range from around 31 to 43 °C; thus, they can respond 

to the human body's temperature. The size of these carriers also varies, from as small as  

7 nm to as large as 396 nm. It is worth mentioning that the introduction of a drug molecule 

into a polymer carrier may affect both its size and TCP. Biological applications are 

predominantly in cancer therapy, with specific references to colorectal, breast, colon, and 

liver cancer treatments and broader drug delivery and gene therapy applications.
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Table 3. Comprehensive overview of thermoresponsive polymer-based drug delivery systems.  

Polymer 
Form of  

carrier 
Cargo 

Mn  

(kg mol-1)/Ð 

TCP of  

carrier (°C) 

TCP with  

cargo (°C) 

Size of  

carrier (nm) 

Size with  

cargo (nm) 

Biological 

application 
Ref. 

PNIPAAm 

GO/β-CD-star-PMMA-
b-PNIPAAm 

nanocomposites DTX 15.3/1.17 41.0–43.0 - 

61.0 (25 °C) 

- cancer therapy 164  112.0 (38 °C) 

85.0 (45 °C) 

mPEG-b-PNIPAAm-b-

PDEAEMA-co-PnBMA 
polymersomes 

DOX 

133.4/1.41 
33.0 (pH 7) 

41.0 (pH 6.4) 
- 172.1 

175.5 

cancer therapy 165  
PTX 172.1 

DOX, 
PTX 

168.3 

PNIPAAm-GMA MOF 
DOX/ 

CRISPR 
- - - 75.0–120.0 - drug/gene delivery 166 

PNIPAAm-co-PAA 
polymeric 

nanoparticles 
DOX 13.5/- 39.0b 

36.0–40.0a  
40.0b  

45.0 (29 °C)  
7.0 (47 °C) 

255.0c 

40.0 (29 °C)d 
10.0 (47 °C)d 

cancer therapy 167 

PHEA-(FLA)-PHEA-b-
PNIPAAm 

polymeric 
nanoparticles 

5-FU 

13.0/1.65 36.1 36.5 53.1  7.7  
colorectal cancer 

therapy 
168 14.7/1.51 36.0 36.6 6.4 8.0 

17.0/1.57 35.6 36.6 8.7 9.4  

PNIPAAm-SS-b-CPLL-
b-SS-PNIPAAm 

micelles 
DOX,  
IR780 

10.1/1.20 36.9 - 180.0  - 
colon cancer 

therapy 
169 

PNIPAAm-b-PLA micelles DTX 22.1/- 
32.0–38.0a 

34.0b 
37.0–40.0a - 

13.0 (25 °C) 
breast cancer 

therapy 
170 82.0 (40 °C) 

245.0 (42 °C) 

PNIPAAm-b-PNALPA micelles DOX 

15.3/1.38 

31.0–33.0 - 

123.0 142.0 

drug delivery 171 14.8/1.31 220.0 296.0 

16.3/1.30 296.0 342.0 

PC/PNIPAAm-s-PAH hydrogel DOX/CA4 35.4/- 36.0–43.0 - - - cancer therapy 172 

PVA-g-PNIPAAm hydrogel 5-FU - - - - - drug delivery 173 

PNVCL 

GNR@PEG-b-PNVCL nanoparticles RB 15.0/1.06 39.0 - 280.0 - cancer therapy 174 

CPP-CS-co-NVCL nanoparticles DOX 15.3/- 40.0 - 150.0 166.0 
breast cancer 

therapy 
175 
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PHEA-(FA)-PHEA-b-
PNVCL 

micelles 5-FU 

18.0/1.73 31.0 34.5 8.0 110.0 
colon cancer 

therapy 
176 22.3/1.83 31.0 34.5 50.0 90.0 

24.2/2.10 31.0 36.0 100.0 10.0 

(PVAc17-b-PNVCL10-co-
PVP7)6 

micelles MTX 

36.5/1.10 40.0 40.0 115.0 123.0 

drug delivery 177 
(PVAc30-b-PNVCL28-co-

PVP17)6 
42.3/1.10 36.0 36.0 234.0 244.0 

PMVCL-co-PNVCL-b- 
PNVCL-co-PVP 

micelles DOX 31.2/1.41 42.0 46.0 226.0  - cancer therapy 178 

POEGMA 16-b-

PNVCL390 
micelles NR 74.5/1.23 

38.5 (H2O) 

35.5 (PBS) 
- 235.0 (45 °C) - drug delivery 179 

PAA-g-PNVCL micelles ONZ 27.2/1.22 34.0 37.0 - 175.0 cancer therapy 180 

PNVCL-b-Gn-Fmoc-GL micelles NR 
27.1/1.26 35.0–40.0 

- 
20–140d - drug delivery/ 

biosensors 
181 

25.5/1.27 35.0–40.0 165–270d 300–460d 

PNVCL-b-D(Phe-Lys) micelles DOX 

4.6/1.22 36.8 

- 

220.0 252.0 

liver cancer therapy 182 
6.6/1.27 38.0 124.0 164.0 

7.1/1.19 38.0 260.0 283.0 

8.9/1.18 40.0 159.0 119.0 

PNVCL10-PDMS65-
PNVCL10 

polymersomes DOX 5.0/1.13 40.0–42.0 - 396.0  470.0 drug delivery 183,184 

γ-Fe2O3@DXA-g-
PNVCL 

nanocomposites NPX 18.9/1.01 36.2 - - 
213.2–255.3 

(from 6 to 48 h) 
drug delivery 185 

Notes: ameasured by UV-Vis, bmeasured by DSC, cmeasured by AFM, dmeasured by TEM. 

Abbreviations: 5-FU, 5-fluorouracil; CA4, combretastatin A4 disodium phosphate; CBZ, carbamazepine; CPLL, (cyclic-poly(L-lysine); CPP, cell-penetratin peptide; D(Phe-

Lys), dendric phenylalanyllysine; CRISPR, clustered regularly interspaced short palindromic repeat system; CS, chitosan; DOX, doxorubicin; DTX, docetaxel; DXA, dextran; 

FLA, folic acid; Fmoc, fluorenylmethoxycarbonyl protecting group; GL, glycine; GMA, glycidyl methacrylate; GNR, gold nanorods; GO, graphene; IR780, 2-[2-[2-chloro-3-

[(1,3-dihydro-3,3-dimethyl-1-propyl-2H-indol-2-ylidene)ethylidene]-1-cyclohexen-1-yl]ethenyl]-3,3-dimethyl-1-propylindolium iodide; mPEG, methoxyl poly(ethylene 

glycol); MTX, methotrexate; NPX, naproxen; NR, nile red; PAA, poly(acrylic acid); ONZ, ornidazole; PAH, polyacylhydrazide; PBMA, 2-hydroxy-4-
methacryloyloxybenzophenone; PC, pectin; PDEAEMA, poly(2-(diethylamino)ethyl methacrylate); PDMS, polydimethylsiloxane; PEG, poly(ethylene glycol); PHEA, poly(2-

hydroxyethylacrylate); PLA, poly(lauryl acrylate); PMMA, poly(methyl methacrylate); PMVCL, poly(3-methyl-N-vinylcaprolactam); PNALPA, poly(N-acryloyl-L-

phenylalanine methyl ester); PNIPAAm, poly(N-isopropylacrylamide); PNVCL, poly(N-vinylcaprolactam); POEGMA, poly(oligoethylene glycol)methyl ether methacrylate; 

PVA, poly(vinyl alcohol); PVAc, poly(vinyl acetate) PVP, poly(N-vinylpyrrolidone); MOF, metal-organic framework; ONZ, ornidazole; RB, rhodamine; SS, disulfide bridge, 

β-CD, β-cyclodextrin. 
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Despite having similar LCST temperatures, PNIPAAm and PNVCL differ in the 

mechanisms of the thermoinduced phase transitions and properties. The comparison between 

the properties of PNIPAAm and PNVCL is shown in Table 4. PNIPAAm shows a type  

I Flory–Huggins phase change. The LCST of PNIPAAm is independent of molar mass but 

can be influenced by environmental factors such as pH and polymer concentration. In turn, 

PNVCL exhibits a "classical" Flory-Huggins thermoresponsive behavior in water (type 

II).163 Consequently, the LCST of PNVCL can be modulated by altering the length of the 

polymer chains.186 The LCST of both PNIPAAm and PNVCL can be manipulated by 

copolymerization to modify the hydrophilic/hydrophobic balance. The introduction of 

hydrophilic comonomers enhances the energy required to disrupt H-bonding, thereby raising 

the LCST. In contrast, hydrophobic comonomers decrease LCST.156,160 Additionally, the 

LCST can be influenced by the nature of the end-groups: hydrophilic end-groups tend to 

increase it, while hydrophobic end-groups have the opposite effect.156 The biomedical 

implications of PNIPAAm and PNVCL require meticulous consideration. The amide moiety 

in PNIPAAm can hydrolyze under acidic conditions, releasing small amide molecules that 

may be deleterious in biomedical contexts. PNVCL, on the other hand, offers a comparatively 

safer profile. Its hydrolysis produces non-toxic by-products resulting from caprolactam ring 

breakage. Furthermore, PNVCL offers additional advantages over PNIPAAm, such as 

decreased biomolecule interaction and no crystallization tendency.156,187 In this work,  

a thorough comparative study was carried out to juxtapose the properties and biomedical 

applications of drug delivery systems based on both PNIPAAm and PNVCL. 

 

Table 4. Comparison between physicochemical properties of PNIPAAm and PNVCL.156,187 

 PNIPAAm PNVCL 

 Thermoresponsivness 

LCST 32 °C 32–50 °C 

Dependence on molar mass independent dependent 

Flory–Huggins phase change type I type II 

 Biocompatibility 

In vitro cytotoxicity  none (before hydrolysis) 

toxic (after hydrolysis) 

none (before hydrolysis) 

none (after hydrolysis) 

In vivo toxicity systemic toxicity detected not yet reported 

 Polymerization and polymers 

RDRP techniques well-established in constant development 

Well-defined polymers lots limited examples 
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1.4.1.3. Incorporation of lipids into the polymeric structure 

All biological membranes are built of lipid bilayers. Their role is essential because 

their structural components provide the barrier that marks the boundaries of a cell. The 

structure is called a "lipid bilayer" because it comprises two layers of lipid molecules 

organized in two sheets.188 Lipids, including sterols, isoprenoids, fatty acids, diglycerides, 

and phospholipids, are components of biological membranes. 

The critical issue related to the efficiency of smart drug nanocarriers is their interaction 

with cell membranes. One strategy to improve cellular uptake is the modification of a carrier 

structure with a cell-penetrating molecule. Interestingly, lipids can serve as cell-penetrating 

agents due to their inherent nature and interaction with cellular barriers. As an example, 

using cholesterol-containing polymeric drug carriers led to the disruption of the cell 

membrane and, as a result, reduced tumor growth.189 

Diglycerides (DGs) (commonly referred to as diacylglycerols), which are esters 

derived from glycerol and two fatty acids with one remaining free hydroxyl group, show 

great potential as components in modern drug delivery systems. Although they constitute  

a minor quantity among the numerous bioactive lipids in biological membranes, they play  

a significant functional role. DGs are responsible for maintaining cellular homeostasis, 

acting as second messengers in diverse signaling pathways, including lipid metabolism, 

protein export, and complex neurotransmission processes.190–192 Beyond their role as 

messengers, DGs exert a notable influence on the physicochemical properties of the 

membrane. They regulate aspects such as membrane curvature, fusion or fission dynamics, 

and interactions with proteins.191,193,194 Notably, DGs exhibit a degree of variability in their 

structure. They can occur in different stereochemical forms and contain various types of fatty 

acids (FAs) with different degrees of unsaturation.192,195 This structural diversity 

significantly influences their biological properties and roles within the membrane. For 

example, DGs containing saturated fatty acids, such as palmitic acid, contribute to the 

rigidity of the membrane. They promote a more organized and stable structure because they 

can pack together closely. On the other hand, DGs with unsaturated fatty acids, such as oleic 

acid, do not pack as tightly, which introduces a level of fluidity into the membrane. 

Despite the numerous advantages associated with the use of diglycerides in drug 

delivery systems, it should be noted that only a limited number of polymers containing 

diglycerides have been reported so far.196–198 Diglyceride-terminated poly(oligo(ethylene 

glycol) acrylates)196 and acrylamides197 were synthesized by RAFT polymerizations 
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mediated by trithiocarbonates based on DGs. However, there is a lack of literature reports 

on polymers containing diglycerides as side chains. This approach presents an intriguing 

opportunity for further exploration. Previous studies demonstrated that the presence of 

multiple long alkyl chains, working in synergy along the polymer chain, disrupts the 

cytoplasmic membrane of microorganisms and leads to the loss of cytoplasmic constituents, 

ultimately resulting in their death.199 

In this context, part of this doctoral thesis concerns the synthesis of polymers 

containing diglycerides in different parts of the chain, aiming to explore further the potential 

of diglycerides in polymeric drug delivery systems. These aspects will be discussed in 

Chapters 2 and 3 of this dissertation.  

1.4.2. Application of RAFT polymerization in the synthesis of N-vinylamides 

N-vinylamides are water-soluble monomers in which nitrogen is directly attached to 

the vinyl group. They belong to the group of "less activated" monomers (LAM) and can be 

classified into two types, cyclic and noncyclic, according to the nature of the amide group in 

their constitutive monomers (Figure 7).  

 

 

Figure 7. Chemical structures of N-vinylamides. 

N-vinylpyrrolidone (NVP) and N-vinylcaprolactam (NVCL) are the most commonly 

used examples of cyclic N-vinylamides, frequently referred to as N-vinyl lactams. 

Noncyclic N-vinylamide monomers involve N-vinylformamide (NVF), N-vinylacetamide 

(NVA), and N-methyl-N-vinylacetamide (NMVA). Synthesizing N-vinylamides in  

a controlled manner is challenging despite their easy polymerization through radical 

polymerization. This difficulty arises because of the high reactivity of the generated radical 

species, which is attributed to their nonconjugated nature (lack of resonance stabilization) 

and strong electron-donating pendant groups. The high reactivity of the propagating radicals 

derived from N-vinyl monomers led to an inability to suppress unfavorable chain transfer 

and termination reactions.48,200  
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Noncyclic N-vinylamides play a crucial role as precursors for the synthesis of 

homopolymers and copolymers with a wide range of applications in diverse fields, such as 

the biomedical field,201,202 petroleum industry,203,204 and batteries205,206. Notably, their 

hydrolysis led to the formation of water-soluble polyvinylamines (PVAm). It is important to 

emphasize the significant role of poly(N-vinylformamide) (PNVF), the simplest member of 

the N-vinylamide family, as a key starting compound in the synthesis of polyvinylamines 

with reactive primary amino groups.207  

Polyvinylamine (PVAm) is a cationic polymer with the highest content of primary 

amine groups of any polymer.208 PVAm possesses attractive properties such as pH-

sensitivity, nontoxicity, and the ability to bind metals. PVAm has become a valuable material 

with many applications, including biomedicine,209–211 functionalization of nanoparticles 

surface,208,212,213 water purification,214 membranes for carbon dioxide capture,215,216 and 

textile chemicals217. It should be clarified that PVAm cannot be synthesized directly from 

the corresponding vinylamine monomer, as it is impossible to isolate it due to imine-enamine 

tautomerization (Scheme 9).218,219 The vinylamine monomer undergoes a change in the 

configuration of the bond, forming a more stable imine by moving its carbon-carbon double 

bond to the carbon-nitrogen bond. PVAm must be synthesized by indirect methods. For 

example, the introduction of primary amine groups into a polymer can be achieved by the 

Hofmann rearrangement of polyacrylamide,220 or hydrazinolysis of poly(N-

vinylphtalimide).221,222 However, extensive research has shown that the simplest precursor 

for the production of polyvinylamines is the aforementioned poly(N-vinylformamide). The 

hydrolysis of PNVF proceeds under mild reaction conditions, both acidic and alkaline. In 

comparison, PNVA and PNMVA hydrolyzed to PVAm under harsh reaction conditions  

(6 mol L-1 aqueous HCl at 120 °C for 64 h) and often did not achieve 100% conversion.223,224 

Therefore, they are considered less attractive for synthesizing functional polyvinylamines.  

 

Scheme 9. Imine-enamine tautomerization of vinylamine. 

Although the RAFT polymerization of cyclic N-vinylamides has been extensively 

studied and documented,177,225–228 achieving precise control over noncyclic N-vinylamides 

has been more challenging. To date, only a few articles have been published on the RDRP 

polymerization topic of these compounds. Debuigne and coworkers described controlled 

polymerization of N-vinylacetamide and N-methylvinylacetamide through cobalt-mediated 
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radical polymerization (CMRP).224 Fan and Yamago showed the successfully controlled 

polymerization of NVF, NVA, and NMVA by organotellurium-mediated radical 

polymerization (TERP).229 Interestingly, RAFT polymerization has only been used for the 

synthesis of a few examples of noncyclic N-vinylamides. The work published by Destarac 

and coworkers sheds new light on the polymerization of noncyclic N-vinylamides using the 

RAFT method.230 In-depth research consisted of selecting the polymerization conditions, 

which in turn allowed to obtain homopolymers based on PNMVA and copolymers with  

a PNMVA block in a controlled manner.  Also, few reports focused on the RAFT 

polymerization of NVF-based copolymers. Beckmann and coworkers demonstrated the 

synthesis of PEG-b-PNVF block copolymers using a dithiocarbonate-terminated PEG as 

macro-CTA.231 However, the conversion of NVF was relatively low, and the obtained 

copolymers exhibited high dispersities ranging from 1.7 to 2.3. Another similar strategy was 

proposed by Barsbay and coworkers to obtain poly(acrylic acid)-b-poly(N-vinylformamide) 

(PAA-b-PNVF) copolymer.212 They utilized dithiocarbonate functionalized PAA as macro-

CTA, which was subsequently chain extended with NVF. In this case, the molar masses were 

close to the theoretical assumption, and the polymers exhibited relatively low dispersities. 

Notably, the homopolymerization behavior of NVF was not investigated in either of the 

mentioned studies, as NVF was used only as the second block. Pich and coworkers also 

applied RAFT polymerization to prepare a series of statistical copolymers based on cyclic 

poly(N-vinylamides), including N-vinylcaprolactam, N-vinylpiperidine, and  

N-vinylpyrrolidone, with a maximum content of NVF of 50%.232 Although polymerization 

proceeded in a controlled manner, the focus of the authors primarily lay on low molar mass 

copolymers with Mn ⁓10 kg mol-1.  

Recently published manuscripts by Destarac and coworkers (which also includes the 

author of this dissertation) have presented a comprehensive study for the first time to 

understand better the potential of NVF monomer in traditional thermally activated RAFT233 

and PI-RAFT polymerization234. The research focused on the homopolymerization of NVF 

and the synthesis of corresponding block copolymers. In the study involving thermally-

activated RAFT, the reactions were conducted in DMSO at 35 °C, with a dithiocarbonate as 

the chain transfer agent. These conditions facilitated the synthesis of PNVF with molar mass 

up to Mn ⁓80 kg mol-1 and low dispersities (Đ < 1.4). Additionally, well-defined block 

copolymers with a PNVF-based segment were successfully synthesized. As an example, 

poly(N-vinylcaprolactam)-b-poly(N-vinylformamide) (PNVCL-b-PNVF) was hydrolyzed, 

yielding the original thermoresponsive and pH-sensitive poly(N-vinylcaprolactam)-b-
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poly(N-vinylamine) (PNVCL-b-PVAm), thus demonstrating the remarkable potential of the 

RAFT approach in developing complex architectures based on PVAm. The polymerization 

of NVF through PI-RAFT polymerization constitutes a significant part of this doctoral 

dissertation. A detailed discussion of this process will be presented in Chapter 4. 

1.4.3. Synthesis of ABA triblock polymers 

Among the various copolymer architectures, block copolymers stand out due to their 

ability to combine distinct properties within a single molecule. Block copolymers are 

composed of covalently linked polymer segments that can be arranged in various 

configurations.235,236 The simplest is the diblock copolymer, typically denoted as AB, where 

A and B represent different types of repeating monomer units. The more complex form, 

triblock copolymers, consists of three segments and can be symmetric (ABA or BAB) or 

asymmetric (ABC), with each letter representing a different type of repeating monomer 

unit.235,237 It has been shown that the sequence of blocks influences the properties of the 

copolymer, such as self-assembly,238,239 phase separation,240,241 and mechanical 

properties.242,243 Numerous studies concerning the synthesis of triblock copolymers via 

anionic244 and RDRP methods243,245,246 have already been reported. This thesis focuses 

mainly on the synthesis of triblock ABA copolymers using RAFT polymerization; therefore, 

it will be discussed in more detail.  

1.4.3.1. Methods of synthesis 

The synthesis of triblock copolymers requires precise control over the polymerization 

process. In this context, RAFT polymerization has emerged as a robust and versatile 

technique. Various strategies have been employed for the synthesis of ABA-type copolymers 

by RAFT.247 One approach includes the conversion of α,ω-telechelic homopolymers into 

macro-CTA. This process usually involves a homopolymer with functionalities such as 

hydroxy, carboxylic acid, or thiol at the chain end and demands a high purity of the reagents. 

The other method relies on the sequential addition of a monomer to a monofunctional CTA. 

Although this method is effective, it requires three distinct reaction steps and is restricted to 

monomers exhibiting similar reactivity. A notable advancement in this field of synthesis of 

ABA-type triblock copolymers is the employment of difunctional CTAs, which allows for 

the synthesis of triblock copolymers in two steps (and potentially a pentablock in three steps, 

etc.).238,246,248 This approach facilitates the precise synthesis of highly symmetrical ABA 

block copolymers, where both arms have identical composition and length.249 There are two 
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main approaches in this methodology, each based on the specific type of difunctional CTA 

used: the difunctional R-group approach or the difunctional Z-group approach (Scheme 10, 

Table 5).250,251 In the R-group approach, polymer chain propagation occurs at both ends of 

the CTA. The process starts with the addition of monomer A, followed by monomer B. This 

results in the formation of a BAB triblock copolymer, characterized by having the 

thiocarbonylthio moiety at both ends and the R group at the center, as depicted in Scheme 

10a. In contrast, the Z-group approach involves the chain propagation from the core of the 

CTA. Starting with monomer A and then adding monomer B results in an ABA triblock 

copolymer, where the thiocarbonylthio group is located at the center and the R group at each 

end of the polymer chain (Scheme 10b).  

ABA-type triblock copolymers synthesized using RAFT have been found to be useful 

in a variety of applications (Table 5). Amphiphilic triblock copolymers possess the ability 

to self-assemble into different nanostructures, such as micelles with distinct morphologies 

(e.g., vesicles and ring shape).239 This makes them good candidates for drug delivery 

systems, where they can encapsulate drugs248,252 or siRNA.253 Furthermore, ABA triblock 

copolymers, consisting of outer hard amorphous or semicrystalline blocks (A) and an inner 

thermodynamically immiscible soft segment (B) that exhibits a glass transition temperature 

(Tg) below ambient temperature, are important in the production of high-performance 

thermoplastic elastomers (TPEs). 

 

 

Scheme 10. Synthesis of ABA-type triblock copolymers via RAFT polymerization using difunctional 

CTAs: a) R-group approach, b) Z-group approach. 
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1.4.3.2. Thermoplastic elastomers 

Thermoplastic elastomers combine the elastomeric properties of rubbers and the 

processability and recyclability of thermoplastics; therefore, they can be molded when 

heated.254 TPEs are typically composed of a two-phase system in which glassy domains are 

dispersed in a continuous rubbery phase (Figure 8).255–257 The choice of monomer pairs and 

their ratio (generally >50% elastomer)254 directly dictate the Tg range, which defines the 

operational temperature scope of thermoplastic elastomers. TPEs first emerged in the 1940s, 

and their utilization has been expanding in recent decades, attributed to their ability to be 

efficiently recycled and their functionality in a variety of applications such as adhesives, 

automotive components, coatings, fibers, and medical devices.243,258 Moreover, they are an 

integral part of the shift toward a renewable plastic economy, reducing dependence on 

petroleum-based feedstocks.255 The most studied and widely used are styrenic TPEs, such as 

polystyrene-b-polybutadiene-b-polystyrene (SBS) and polystyrene-b-polyisoprene-b-

polystyrene (SIS). However, these TPEs present limitations regarding UV stability and 

oxidative resistance arising from unsaturated bonds in polydiene soft blocks.243 Moreover, 

hard block segments of polystyrene are confined by a relatively low Tg (65–90 °C), which 

restricts their upper service temperature.258  

 

Figure 8. Structure illustration of thermoplastic elastomers.257  

1.4.3.3. (Meth)acrylic thermoplastic elastomers 

The growing interest in high-performance TPEs has driven advancements in the field, 

including the development of (meth)acrylic-based materials such as methacrylate–acrylate–

methacrylate (hard–soft–hard) ABA copolymers (Table 5). It should be noted that all 

(meth)acrylic TPEs offer numerous advantages, such as optical transparency, adhesion 
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versatility, weatherability, oil resistance, printability, compatibility with fillers, abrasion 

resistance, and low viscosity.243,259  

Acrylates and methacrylates differ significantly in their radical formation during 

propagation. Acrylates form secondary radicals, while methacrylates produce more stable 

tertiary radicals.260,261 This stability of tertiary radicals reduces the reactivity of the 

propagating end, leading to slower polymerization compared to acrylates.260,261 Additionally, 

methacrylates exhibit greater steric hindrance, further slowing polymerization.262 Monomers 

known for producing stabilized tertiary propagating radicals with enhanced steric 

stabilization, and therefore better leaving group ability, should be polymerized prior to those 

yielding stabilized secondary radicals.251 Consequently, the synthesis of methacrylate–

acrylate–methacrylate triblock copolymers requires a difunctional CTA agent that will allow 

the creation of the outer polymethacrylate segments first, followed by the soft central block 

that links the two hard domains (Z-group approach). The simplest examples of difunctional 

CTAs as precursors of ABA-type block copolymers operating by the Z-group approach are 

symmetrical trithiocarbonates (TTCs) (Figure 1).249 However, a significant challenge in 

synthesizing methacrylate–acrylate–methacrylate ABA triblock copolymers was the 

moderate reactivity of accessible symmetrical TTCs for polymerization of methacrylates. 

For example, one of the most frequently reported symmetrical TTCs, S,S’-bis(α,α’-

dimethylacetic acid)trithiocarbonate (BDAT) (Table 5, entry 5–10), resulted in relatively 

high dispersities (Đ = 1.4–1.7) during the polymerization of methacrylates.263,264 In the case 

of terpene methacrylates, polymerization yielded polymers with higher than expected molar 

masses and relatively high dispersities (Đ = 1.5–1.8).265 Also, the commercially available 

S,S-dibenzyl trithiocarbonate (DBTTC) (Table 5, entries 3–4) is unsuitable for methacrylate 

polymerization due to insufficient radical stabilization of the leaving groups.265,266 To 

overcome these challenges, Destarac and coworkers developed the synthesis of a new 

symmetrical RAFT agent, bis-(2-methylpropanenitrile)trithiocarbonate (TTC-bCP) (Table 

5, entry 11).246 The tertiary leaving groups (2-cyanopropan-2-yl) in this CTA provide an 

optimal fragmentation rate for methacrylates polymerization (Scheme 6). As a result,  

TTC-bCP allowed the successful synthesis of polymethacrylate blocks with controlled molar 

masses (Mn ⁓40 kg mol-1) and narrow molar mass distributions (Đ < 1.09), as well as ABA 

triblock copolymers with a high molar mass (Mn = 135 kg mol-1) and remarkably low 

dispersity (Đ = 1.04). These findings open new perspectives in the synthesis of 

methacrylate–acrylate–methacrylate ABA copolymers. 
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From the point of view of TPEs, the synthesis of high molar mass (HMM) polymers 

is very attractive, as mechanical and thermal properties are generally improved with 

increasing molar mass, which enhances intermolecular forces and chain entanglement 

density.267–269 As mentioned earlier in the literature review, a significant drawback of RDRP 

polymerization is the difficulty in synthesizing HMM polymers with molar mass (Mn) higher 

than 100 kg mol-1. These difficulties arise due to the occurrence of unavoidable termination 

reactions, which lead to the formation of dead polymers and consequently to a widening of 

the molar mass distribution (Đ > 1.5). However, this challenge was overcome by maximizing 

the rate of propagation (kp) relative to termination (kt).
99 Several approaches achieved this 

effect, for example, by implementing heterogeneous reaction conditions270,271 or high 

pressure272,273. An alternative approach is the use of photoiniferter polymerization (PI).23,98,99 

This method eliminates the need for traditional low molar mass radical initiators, which 

reduces termination events and enables the synthesis of HMM polymers under homogeneous 

conditions. Moreover, PI polymerization has additional benefits, such as the ability to 

proceed at room temperature and pressure and to maintain high monomer concentrations, 

further helping to minimize termination events.23  

In this context, part of this doctoral thesis concerns the preparation of (meth)acrylic 

ABA triblock copolymers. The synthesis of already known homopolymers (nBA and MMA) 

and their ABA triblock copolymer of high molar mass using the PI-RAFT polymerization 

will be discussed in Chapter 5 of this dissertation. 
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Table 5. Characteristics and applications of ABA-type triblock copolymers.  

Lp. Polymer CTA Properties Application Ref. 

 R-group approach
 

1. PMOS-b-PIBVE-b-PMOS 

 

-thermal stability up to ⁓345 °C 

-superior strength, elongation, and 

recovery 

thermoplastic elastomers 274 
2. PDHF-b-PIBVE-b-PDHF 

 Z-group approach 

3. PS-b-PEHA-b-PS 

 

-good thermal stability 

-viscoelastic properties of copolymers 
influenced by their composition and 

thermal treatment 

thermoresponsive 
materials 

275 

4. PS-b-PMY-b-PS 
-good tensile properties 
-recyclable and reusable 

thermoplastic elastomers 276 

5. PAAm-b-PNIPAAm-b-PAAm 

 

-thermoresponsiveness 

-the creation of nanocomposite materials 
with tunable optical properties 

devices for temperature 

monitoring 
238 

6. PMA-b-PnBA-b-PMA 

-good tensile properties and adhesive 

behavior, comparable to commercial 

pressure-sensitive adhesives 

pressure-sensitive 

adhesives/thermoplastic 

elastomers 

265 

7. PHPMA-b-PS-b-PHPMA 

-tendency to self-assemble 

-copolymer-based nanoparticles decrease 

the n-hexane/water interfacial tension 

emulsifiers 277 

8. PDMAAm-b-PDAAAm-b-PDMAAm 

-thermoresponsiveness 

-tendency to self-assemble, sphere-to-

worm micellar transition at the LCST 

point 

drug delivery 252 

9. PNIPAAm-b-PODA-b-PNIPAAm 

-thermoresponsiveness 

-tendency to self-assemble into highly 

stable micelles 

drug delivery 248 

10. PtBA-b-PTFEA-b-PtBA -tendency to self-assemble hydrophobic materials 278 



 
5
8
 |  11. PMMA-b-PnBA-b-PMMA 

 

-behaved as an elastomer up to 

temperatures of 110–120 °C 
thermoplastic elastomers 246 

Abbreviations: PAAm, polyacrylamide; PDAAAm; poly(diacetone acrylamide); PDHF, poly(2,3-dihydrofuran); PDMAAm, poly(N,N-dimethylacrylamide); PEHA; poly(2-
ethylhexyl acrylate); PHPMA, poly(2-hydroxypropyl methacrylate); PIBVE, poly(isobutyl vinyl ether); PMA, poly(α-pinene methacrylate); PMMA, poly(methyl methacrylate); 

PMOS, poly(p-methoxystyrene); PMY, poly(β-myrcene), PNIPAAm, poly(N-isopropylacrylamide); PODA, poly(n-octadecylacrylate); PnBA, poly(n-butyl acrylate), PS, 

polystyrene; PtBA, poly(tert-butylacrylate); PTFEA, poly(2,2,2-trifluoroethyl acrylate). 



C h a p t e r  1  | 59 

 

Summary 

Reversible deactivation radical polymerization (RDRP) involves a spectrum of robust 

methods for the synthesis of well-defined polymers. Among these, reversible addition-

fragmentation chain transfer (RAFT) polymerization stands out as one of the most versatile. 

RAFT polymerization operates based on a mechanism involving the reversible addition-

fragmentation transfer of chain transfer agents (CTAs), which can be classified as 

dithioesters, trithiocarbonates, dithiocarbamates, or dithiocarbonates. Notably, this method 

facilitates the production of polymers from numerous monomer types in organic solvents or 

water under moderate pressure and temperature conditions. A distinguishing feature of 

RAFT polymerization is its high tolerance to various functional groups. Furthermore, it 

offers end-groups that can be profitably transformed into various functionalities (such as 

thiols) that may be helpful for further modifications (e.g., the attachment of fluorescent 

moieties). RAFT allows for precise control over molar mass and polymer architecture, 

making it ideal for creating complex structures such as block, star, and graft copolymers, 

which have wide-ranging applications from drug delivery to materials science. Innovations 

in RAFT, including photoinduced RAFT polymerization, have expanded its applicability, 

offering advantages such as mild reaction conditions and eco-friendliness.  

Despite the significant advancements in RAFT polymerization, this method still 

encounters challenges. Through a literature review, three key areas have been identified 

where further research and development are critical. 

1. While diglycerides show promise in drug delivery systems because of their integral role 

in cellular homeostasis and membrane interaction, there is a notable gap in the literature 

regarding thermoresponsive diglyceride-based polymers synthesized through RAFT 

polymerization. 

2. While RAFT polymerization of cyclic N-vinylamides is well-documented, precise 

control over the polymerization of noncyclic N-vinylamides such as N-vinylformamide 

remains a challenge. 

3. While RAFT polymerization is effective for synthesizing ABA-type triblock 

copolymers, it still faces challenges in the synthesis of (meth)acrylic-based copolymers. 
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RESEARCH OBJECTIVES 

The overall goal of this dissertation is to exploit the diverse strategies of reversible 

addition-fragmentation chain transfer (RAFT) polymerization to prepare polymers with 

desired properties and architecture. 

 

The general objectives of this research are: 

• Developing thermoresponsive drug delivery systems based on diglycerides. 

• Exploring the polymerization of N-vinylformamide employing the PI-RAFT 

technique. 

• Investigating the synthesis of high molar mass (meth)acrylic ABA triblock 

copolymers employing the PI-RAFT technique. 

The specific objectives of this research are: 

PART I. Developing thermoresponsive drug delivery systems based on diglycerides. 

1. Formation of thermoresponsive polymers with diglyceride moieties using the RAFT 

technique:  

 Synthesis of chain transfer agents with diglyceride moieties. 

 Synthesis of monomers with diglyceride moieties. 

 Synthesis of various thermoresponsive polymers via the RAFT polymerization. 

2. Formation of polymeric nanoparticles and encapsulation of biologically active 

compounds in selected thermoresponsive materials. 

3. Physicochemical characterization of polymers and polymeric nanoparticles: NMR, 

ATR-FTIR, TEM, TGA, UV-Vis, ELS, DLS, and SEC. 

4. Biological studies of selected stimuli-responsive polymeric nanoparticles and their 

conjugates with biologically active compounds. 

5. Development of models of dependence of nanocarrier properties, such as 

thermoresponsiveness and biological properties on their structure.  

PART II. Exploring the polymerization of N-vinylformamide employing the PI-RAFT 

technique. 

1. In-depth examination of polymerization and influencing variables, e.g., light 

wavelength, light intensity, and presence of light. 

2. Investigation of polymerization control at different targeted molar masses of PNVF. 
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3. Validating the presence of dithiocarbonate end-groups, affirming the "living" nature 

of the polymer. 

4. Synthesis of block copolymers incorporating PNVF segments. 

5. Selective hydrolysis of the PNVF block of the copolymer into the corresponding 

polyvinylamine. 

6. Physicochemical characterization of the obtained polymers: NMR, SEC, and A4F. 

 

PART III. Investigating the synthesis of high molar mass (meth)acrylic ABA triblock 

copolymers employing the PI-RAFT technique. 

1. Optimization of PI-RAFT polymerization conditions (light wavelength, monomer 

concentration, and light intensity) on the polymerization of MMA and nBA using the 

PI-RAFT. 

2. Establishing a methodology for synthesizing high molar mass ABA triblock 

copolymers. 

3. Physicochemical characterization of the obtained polymers: NMR and SEC. 
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RESEARCH HYPOTHESES 

PART I. Developing thermoresponsive drug delivery systems based on diglycerides. 

1. The application of chain transfer agents and monomers derived from diglycerides in 

RAFT polymerization will yield well-defined polymers containing one or more 

diglyceride molecules in their structure. 

2. The synthesized thermoresponsive polymers will form polymeric nanoparticles 

(PNPs) with desired physicochemical properties, including stability, size uniformity, 

and thermoresponsive behavior. 

3. The type of diglyceride (derived from palmitic or oleic acid) and the 

thermoresponsive block (PNIPAAm or PNVCL) will influence the physicochemical 

and biological properties of PNPs. 

4. The nanoparticles prepared from thermoresponsive polymers with diglyceride 

moieties will be able to encapsulate biologically active compounds, such as the 

anticancer drugs doxorubicin and tamoxifen. 

5. The thermoresponsive properties of PNPs, achieved through the incorporation of the 

PNIPAAm or PNVCL segments, will enable controlled drug release in response to 

temperature changes. 

6. The structure and composition of PNPs will influence the encapsulation efficiency 

and release profile of drugs. 

7. Incorporating diglyceride moieties into polymeric nanoparticles will enhance their 

biocompatibility and interaction with cell membranes, potentially improving the 

efficiency of drug delivery systems. 

8. PNPs loaded with anticancer drugs will exhibit cytotoxic effects against breast cancer 

cell lines while maintaining compatibility with normal cells. 

9. The insertion of fluorescent dye into polymers/nanoparticles will enable their tracing 

within biological systems. 

 

PART II. Exploring the polymerization of N-vinylformamide employing the PI-RAFT 

polymerization. 

1. The utilization of purple light-emitting diodes (LEDs) will enable NVF 

polymerization, yielding polymers with predetermined molar masses and low molar 

mass distributions. 
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2. The exclusion of dithiocarbonate as a RAFT agent or lack of purple light will 

prevent NVF polymerization. 

3. Polymers derived by the PI-RAFT method will possess dithiocarbonate end-groups, 

corroborating their "living" nature. 

4. The synthesis of block copolymers with PNVF segments via PI-RAFT 

polymerization, using PEG and PVP as macro-CTAs, will proceed in a controlled 

manner. 

5. Hydrolysis of PNVF segments will result in conversion to corresponding PVAm, 

underpinning future advancements and explorations of the potential applications of 

the synthesized polymer. 

 

PART III. Investigating the synthesis of high molar mass (meth)acrylic ABA triblock 

copolymers employing the PI-RAFT technique. 

1. The use of the novel RAFT agent TTC-bCP in PI-RAFT polymerization will 

enhance the synthesis and control of MMA, nBA, and their ABA triblock 

copolymers. 

2. The polymerization conditions will significantly influence the control of MMA and 

nBA polymerization. 

3. Optimized light conditions will enable the synthesis of ABA triblock copolymers 

with a well-defined high molar mass and low dispersity. 
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RESULTS AND DISCUSSION  

CHAPTER 2. DIGLYCERIDES BASED POLYMERS  

2.1. Synthesis of diglyceride-based chain transfer agents (CTAs) and monomers 

This section of the work aimed to synthesize chain transfer agents and monomers 

based on diglycerides for use in RAFT polymerization to obtain novel drug carriers. The 

diglycerides chosen for this study were of two types: saturated, containing palmitic acid, and 

unsaturated, based on oleic acid. The original diglyceride-based CTAs and monomers were 

synthesized via multistep synthetic pathways. As starting material, commercially available 

and inexpensive solketal (2,2-dimethyl-1,3-dioxolane-4-methanol) was used. 

2.1.1. Synthesis and characterization of diglyceride-based dithiocarbonate RAFT agents  

The diglyceride-based CTAs were synthesized via a four-step synthetic pathway 

(Scheme 11). The initial step involved the reaction of the hydroxyl group of solketal with  

2-bromopropionyl bromide in anhydrous dichloromethane (DCM). This was followed by the 

conversion of dioxolane 1 into diol 2 through simple hydrolysis with aqueous acetic acid 

(AcOH) at 65 °C. Esters (3a and 3b) were then synthesized through Steglich esterification 

utilizing palmitic or oleic acid, respectively, in the presence of dimethylaminopyridine 

(DMAP) as a catalyst and dicyclohexylcarbodiimide (DCC) as a coupling agent.279 Finally, 

the original dithiocarbonate chain transfer agents, GlyP-X (4a) and GlyO-X (4b) were 

obtained by a well-established nucleophilic substitution of bromine with O-potassium 

ethylcarbonate in acetone. The use of readily available starting materials and mild reaction 

conditions allowed for the successful preparation of these CTAs on a gram scale. The final 

products (GlyP-X and GlyO-X) were obtained as yellowish solids in the case of the palmitic 

acid derivative and yellow oil in the case of the oleic acid derivative. After each reaction 

step, the products were purified by medium pressure liquid chromatography (MPLC) and 

analyzed by nuclear magnetic resonance (1H NMR, 13C NMR) and attenuated total 

reflectance Fourier transform infrared spectroscopy (ATR-FTIR). The final products (GlyP-X 

and GlyO-X) were also characterized by mass spectrometry (MS), thermogravimetric 

analysis (TGA), and differential scanning calorimetry (DSC). 
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Scheme 11. Synthesis of chain transfer agents. 

The structure of the products after each step of the reaction was confirmed by NMR 

spectroscopy. The comparison of NMR spectra for the GlyP-X and GlyO-X synthesis 

pathways is shown in Figures 9 and 10, respectively. After the reaction with  

2-bromopropionyl bromide, the 1H NMR spectrum of compound 1 showed signals at 1.8 and 

4.3 ppm, corresponding to the CH3 and CH3CHBr groups, respectively. In addition, the  

13C NMR spectrum of compound 1 displayed a new signal at 170 ppm, attributed to the 

carbonyl group. Successful deprotection of the hydroxyl group in compound 2 was verified 

by the presence of a broad signal at 3.1 ppm in the 1H NMR, which corresponded to the  

–OH groups, and the absence of the signal in the 13C NMR spectrum at 110 ppm attributed 

to the quaternary carbon atom. After esterification, characteristic resonance signals from the 

diglyceride segment appeared. The 1H NMR spectra of compounds 3a and 3b revealed the 

triplet of the end of the fatty acid tails at 0.9 ppm and the signals from the methylene groups 

at 1.3 ppm, 1.4 ppm, and 2.6 ppm. In addition, the 13C NMR spectra showed new signals 

from carbonyl atoms at ⁓175 ppm, methylene groups in the range of 20–35 ppm, and methyl 

groups at 14 ppm. The 1H NMR spectra of diglyceride-based CTAs (4a, 4b) possessed 

signals at 4.5–4.7 ppm and 1.6 ppm ascribed to the methylene and methyl protons of the  

O-ethyl dithiocarbonate moiety. In turn, the 13C NMR spectra exhibited a characteristic 

signal from the C=S group at 212 ppm. Observations of the synthetic routes of two chain 

transfer agents were similar. However, the presence of unsaturated bonds in the oleic 

moieties in compounds 3b and 4b led to the appearance of additional signals at 2.1 and 5.3 

ppm in the 1H NMR spectra and a signal at 130 ppm in the 13C NMR spectra.280,281  
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ATR-FTIR additionally confirmed the structure of the products. The comparison of 

ATR-FTIR spectra for the GlyP-X and GlyO-X synthesis pathways is shown in Figure 11. 

The total disappearance of the solketal peak corresponding to the –OH stretching vibrations 

in the 3400–3600 cm-1 range was observed in the ATR-FTIR spectrum of compound 1 after 

the reaction with 2-bromopropionyl bromide. Furthermore, the other characteristic peaks 

appeared at 1740 cm-1 and 1330 cm-1, which can be correlated with the C=O and C–Br 

vibrations. Acidic hydrolysis led to the appearance of a broad peak in spectrum 2 at 3350 

cm-1 ascribed to the free hydroxyl groups. After esterification with fatty acids, additional 

peaks appeared in the 3a and 3b spectra. The bands at 2954–2850 cm-1 and 1460 cm-1, 

corresponding to the C–H stretching and deformation vibrations, respectively, were 

observed. The presence of the dithiocarbonate group in the final products GlyP-X (4a) and 

GlyO-X (4b) was confirmed by the presence of two additional characteristic peaks of the  

O-ethyl dithiocarbonate group at ⁓1220 cm-1 and 1050 cm-1. As expected, the ATR-FTIR 

spectra of the two synthetic paths were similar. The main difference was that the additional 

absorption band at 3006 cm−1 visible in the spectra of 3b and 4b ascribed to a double bond 

in the oleate moiety.  

The thermal stability and decomposition behavior of the diglyceride-based CTAs, 

GlyP-X and GlyO-X, were evaluated using thermogravimetric analysis. As depicted in 

Figure 12, the results showed that both CTAs underwent decomposition in two distinct 

stages. The first stage, between 250 and 300 °C, was attributed to the decomposition of 

dithiocarbonate groups, as evidenced by a weight loss consistent with the calculated mass 

loss of the dithiocarbonate moiety alone (13–14%). The second stage, with a maximum 

decomposition rate of approximately 410 °C, corresponded to the decomposition of 

diglyceride groups.282 To investigate the thermal properties of GlyP-X and GlyO-X further, 

differential scanning calorimetry measurements were conducted. The results revealed 

differences in their thermal and structural characteristics. In the case of GlyP-X, an 

endothermic melting peak was observed during the heating step, and an exothermic 

crystallization peak was observed during the cooling step, as shown in Figure 13. 
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Figure 9. Comparison of a) 1H NMR spectra (400 MHz, CDCl3) and b) 13C NMR spectra (100 MHz, 

CDCl3) for the synthetic route of RAFT agent with palmitic acid derivative (GlyP-X). 
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Figure 10. Comparison of the a) 1H NMR spectra (400 MHz, CDCl3) and b) 13C NMR spectra (100 

MHz, CDCl3) for the synthetic route of RAFT agent with oleic acid derivative (GlyO-X). 
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Figure 11. Comparison of ATR-FTIR spectra for the synthetic routes of RAFT agents with  

a) palmitic acid derivative (GlyP-X) and b) oleic acid derivative (GlyO-X). 
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Figure 12. TG and DTG curves of synthesized RAFT agents: GlyP-X and GlyO-X. 
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Figure 13. DSC curves of chain transfer agents: GlyP-X (black trace) and GlyO-X (red trace). 

  



72 | 

 

2.1.2. Synthesis and characterization of diglyceride-based monomers 

Diglyceride-based monomers were synthesized through a four-step synthetic pathway, 

as outlined in Scheme 12. The initial step involved the protection of the hydroxyl group of 

solketal with benzyl bromide in THF. Subsequently, dioxolane was converted to diol 5 by 

hydrolysis with aqueous acetic acid at 65 °C. Next, esters 6a and 6b, containing either 

palmitic or oleic acid, were prepared through Steglich esterification under mild conditions.18 

The benzyl group of the palmitic acid derivative was then deprotected by hydrogenation to 

produce alcohol 7a. In turn, due to the presence of unsaturated bonds in oleic acid, which 

would become saturated in the hydrogenation process, the hydroxyl function of the oleic 

acid derivative was obtained using BCl3 in DCM at -78 °C.19,20 This method did not induce 

any side reactions in double bonds of oleate moieties, which confirms the effectiveness of 

the synthetic procedure. The final step involved the reaction of compounds 7a and 7b with 

acryloyl chloride at 0 °C, forming original diglyceride-based monomers, GlyP-A (8a) and 

GlyO-A (8b). The palmitic acid derivative was obtained as a white solid (GlyP-A), while 

the oleic acid derivative was obtained as a yellowish oil (GlyO-A). 

 

Scheme 12. Synthesis of diglyceride-based monomers. 

The products were characterized by nuclear magnetic resonance (1H NMR, 13C NMR) 

and attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) at each 

step of the synthesis. In addition, the final products were also analyzed by mass spectrometry 

(MS). 

The structure of the products after each reaction was confirmed by NMR spectroscopy. 

A comparison of the NMR spectra for the synthesis of GlyP-A and GlyO-A is shown in 
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Figures 14 and 15, respectively. In the 1H NMR spectrum from compound 5, signals of the 

benzyl group were observed at 7.2–7.5 ppm and 4.5 ppm. Additionally, the 13C NMR 

spectrum possessed peaks from the benzyl group at 137.6, 128.4, and 127.7 ppm. After 

esterification, characteristic signals of the fatty acid segment appeared. The 1H NMR spectra 

of compounds 6a and 6b showed the triplet attributed to the end of the fatty acid tails at 0.9 

ppm, the broad peak of the methylene groups at 1.3 ppm, and the signals at 1.6 and 2.6 ppm. 

The 13C NMR spectra exhibited signals from carbonyl atoms at ⁓175 ppm, methylene groups 

in the range of 20–35 ppm, and methyl groups at 14 ppm. The disappearance of a peak at 

7.2–7.5 ppm in 1H NMR, along with the signals in the 13C NMR spectra at 137.6, 128.4, and 

127.7 ppm of compounds 7a and 7b, confirmed a successful deprotection of the hydroxyl 

group. The 1H NMR spectra of the final monomers GlyP-A (8a) and GlyO-A (8b) exhibited 

characteristic signals of vinyl protons ranging from 5.8 to 6.5 ppm. Also, the 13C NMR 

spectra showed signals from the carbonyl in the acrylate group at 165.5 ppm and signals at 

131.5 and 127.7 ppm correlated to the acrylate double bond. The NMR spectra for both 

synthetic paths showed high similarity. However, for compounds 6b, 7b, and 8b, signals 

attributed to a double bond in the oleate moiety were observed. In the 1H NMR spectra, 

additional peaks at 2.1 ppm and 5.3 ppm and a signal at 130 ppm in the 13C NMR spectra 

were present.281,283 

The synthesized compounds were also characterized by ATR-FTIR spectroscopy 

(Figure 16). The spectrum of compound 5 exhibited a broad peak at 3350 cm-1, indicating 

the presence of free hydroxyl groups. The esterification with fatty acids led to the appearance 

of additional peaks in the spectra of compounds 6a and 6b, including bands at 2915–2850 

cm-1 and 1400 cm-1, which correspond to C–H stretching and deforming vibrations, 

respectively. The other characteristic peaks appeared at 1740 cm-1 and 1720 cm-1, which can 

be correlated with the C=O stretching of the ester bonds. After hydrolysis, the ATR-FTIR 

spectra of compounds 7a and 7b exhibited a peak at 3550 cm-1, which indicated the presence 

of free hydroxyl groups. The ATR-FTIR spectra of monomers 8a and 8b showed a peak at 

1635 cm−1, which is characteristic of the terminal acrylate double bonds. The ATR-FTIR 

spectra for the two synthetic paths were nearly identical. However, the spectra of compounds 

6b, 7b, and 8b possessed an additional absorption band at 3004 cm-1, which corresponds to 

C–H stretching vibrations of unsaturated –HC=CH– bonds in the oleic moieties.  
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Figure 14. Comparison of the a) 1H NMR spectra (400 MHz, CDCl3) and b) 13C NMR spectra (100 

MHz, CDCl3) for the synthetic route of monomer with palmitic acid derivative (GlyP-A). 
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Figure 15. Comparison of the a) 1H NMR spectra (400 MHz, CDCl3) and b) 13C NMR spectra (100 

MHz, CDCl3) for the synthetic route of monomer with oleic acid derivative (GlyO-A). 
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Figure 16. Comparison of ATR-FTIR spectra for the synthetic routes of monomers with a) palmitic 

acid derivative (GlyP-A) and b) oleic acid derivative (GlyO-A). 
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2.2. Synthesis and characterization of thermoresponsive polymers with diglyceride 

moieties 

This part of the work aimed to obtain new classes of thermoresponsive lipid-polymer 

conjugates containing one or more diglyceride molecules in the polymeric structure. For this 

purpose, chain transfer agents (CTAs) and monomers derived from diglycerides containing 

palmitic or oleic acid moieties, synthesized in the previous section of this work, were applied 

in RAFT polymerization. The polymers were designed to be amphiphilic and 

thermoresponsive by incorporating water-soluble segments based on poly(N-

vinylcaprolactam) (PNVCL) or poly(N-isopropylacrylamide) (PNIPAAm). 

2.2.1. Synthesis and characterization of thermoresponsive polymers with diglyceride-

based chain transfer agents 

At first, N-isopropylacrylamide (NIPAAm) and N-vinylcaprolactam (NVCL) were 

polymerized in the presence of diglyceride-based chain transfer agents, GlyP-X and GlyO-X 

(Scheme 13). Detailed experimental conditions for all polymerizations are presented in 

Table 6. The block lengths of the polymers were varied by adjusting the molar ratio of CTA 

to the monomer. Polymerizations were carried out in tetrahydrofuran (THF) at 70 °C, using 

2,2′-azobis(2-methylpropionitrile) (AIBN) as the thermal initiator. NIPAAm polymerizations 

were carried out for 3 hours, and the resulting products were purified by precipitation from 

cold hexane. For NVCL, polymerizations took 16 hours, and the polymers were precipitated 

from cold pentane. In addition, PNIPAAm and PNVCL were obtained by radical 

polymerization and further used as the model system without the diglyceride function. 

 
Scheme 13. Synthesis of thermoresponsive polymers with diglyceride-based dithiocarbonates by 

RAFT polymerization. 
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The crude reaction mixtures were analyzed by 1H NMR spectroscopy to calculate 

monomer conversions (Table 6). For PNIPAAm, the integration of the signal at 3.9 ppm was 

compared to the peak of the vinyl group at 6.2 ppm. In PNVCL, the integration ratio of the 

two protons (–NCH2–) at 3.1 ppm was compared with the residual vinyl proton at 7.3 ppm. 

The conversion was high in all cases (greater than 89%). However, NVCL conversions were 

higher than those calculated for NIPAAm, reaching more than 99% in most experiments. 

This may be related to the different polymerization times. Diglyceride-terminated 

PNIPAAms with higher molar masses (5, 10, 20 kg mol-1) were dissolved in chloroform and 

precipitated in cold hexane. Polymers with lower molar masses (2 kg mol-1) could not be 

purified by this method because of the high proportion of the hydrophilic part that causes 

solubility in hexane. Because of their structure, they were also not soluble in water. 

Therefore, they could not be purified by dialysis either. PNVCL-based homopolymers with 

higher molar masses (5, 10, 20 kg mol-1) were dissolved in chloroform and precipitated in 

cold pentane. As with PNIPAAms, polymers with lower molar masses (2 kg mol-1) could 

not be purified by simple precipitation or dialysis. 

Subsequently, the polymers were characterized by size exclusion chromatography 

(SEC), 1H NMR, ATR-FTIR, TGA, and DSC. To give a clear presentation of the results, 

they were divided into four groups according to the type of CTA and thermoresponsive 

block. 

The SEC results indicated the high efficiency of diglyceride-based CTAs in controlling 

the polymerization of NIPAAm and NVCL (Figure 17). This is in good agreement with the 

literature, where dithiocarbonate-type chain transfer agents were successfully applied in the 

RAFT polymerization of NVCL284 and NIPAAm285. However, the chromatograms of the 

polymers with the lower PNVCL molar mass (2 and 5 kg mol-1) showed a small shoulder at 

25 min. The SEC-RI chromatograms smoothly shifted toward lower elution times with 

increased molar mass for both PNIPAAm and PNVCL. It should be noted that regardless of 

the CTA used, the dispersity values of PNVCL (1.05 < Đ < 1.23) are lower than those of 

PNIPAAm (1.18 < Đ < 1.42). This difference can be attributed to the comparatively faster 

reversible transfer process of the O-ethyl dithiocarbonate terminal group in the case of 

NVCL284 compared to NIPAAm286. 
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Table 6. Comparative properties and synthesis details of polymerizations.  

Notes: xk stands for M = x kg mol-1, e.g., 2k = 2 kg mol-1, [NIPAAm]0 = 4.47 mol L-1, [NVCL]0 = 3.59 mol L-1, adetermined by 1H NMR in CDCl3, bMn,th for PNIPAAm: 

([NIPAAm]0/[GlyP-X]0 or [GlyO-X]0 )·Conv·MNIPAAm+MGlyP-X or MGlyO-X, Mn,th for PNVCL: ([NVCL]0/[GlyP-X]0 or [GlyO-X]0)·Conv ·MNVCL+MGlyP-X or MGlyO-X, dmeasured 

by SEC-RI-MALS, edetermined by DSC from the second heating run with a heating rate of 10 °C min-1, fdetermined by Griffin’s method using an equation: HLB = 20·(1 - 

M1/M) with M1 the molar mass of the hydrophobic part and M the molar mass of the entire polymer, gdetermined by fluorescence measurement, MNIPAAm = 113 g mol-1, MNVCL 

= 139.2 g mol-1, MGlyP-X = 745.2 g mol-1, MGlyO-X = 796.5 g mol-1. 

Polymer 

[GlyP-X]0 or 

[GlyO-X]0 

(mmol L-1) 

[AIBN]0 

(mmol L-1) 
M/CTA/I 

Conversiona 

(%) 

Mn,th
b 

(kg mol-1) 

SECd 
Tg

e
 

(°C) 
HLBf 

CMCg 
(mg mL-1) Mn 

(kg mol-1) 
Đ 

GlyP-PNIPAAm2k 223 22.3 20/1/0.1 93 2.85 4.00 1.18 107.7 17.16 - 

GlyP-PNIPAAm5k 91.4 9.14 49/1/0.1 92 5.83 8.09 1.24 124.8 18.60 7.9∙10-3 

GlyP-PNIPAAm10k 45.2 4.52 99/1/0.1 89 10.70 12.54 1.22 131.2 19.09 1.0∙10-2 

GlyP-PNIPAAm20k 22.8 2.28 196/1/0.1 89 19.60 16.40 1.28 134.7 19.31 1.6∙10-2 

GlyO-PNIPAAm2k 223 22.3 20/1/0.1 90 2.83 3.74 1.28 105.8 16.68 - 

GlyO-PNIPAAm5k 91.4 9.14 49/1/0.1 91 5.82 8.51 1.20 126.3 18.54 6.3∙10-3 

GlyO-PNIPAAm10k 45.2 4.52 99/1/0.1 91 10.97 10.63 1.36 132.3 18.83 8.9∙10-3 

GlyO-PNIPAAm20k 22.7 2.27 197/1/0.1 90 20.80 14.37 1.42 136.6 19.14 2.8∙10-2 

GlyP-PNVCL2k 257 103 14/1/0.4 >99 2.67 1.97 1.05 120.0 14.23 - 

GlyP-PNVCL5k 99.8 40 36/1/0.4 >99 5.71 5.00 1.14 133.0 17.73 5.6∙10-4 

GlyP-PNVCL10k 49.9 20 72/1/0.4 >99 10.70 11.40 1.09 161.7 19.00 4.0∙10-3 

GlyP-PNVCL20k 24.9 9.98 144/1/0.4 >99 20.60 19.35 1.18 172.2 19.41 6.3∙10-3 

GlyO-PNVCL2k 257 103 14/1/0.4 >99 2.73 1.26 1.08 128.4 10.16 - 

GlyO-PNVCL5k 99.8 40 36/1/0.4 95 5.56 4.57 1.16 133.5 17.29 8.9∙10-4 

GlyO-PNVCL10k 49.9 20 72/1/0.4 95 10.30 8.19 1.22 149.2 18.49 1.2∙10-3 

GlyO-PNVCL20k 24.9 9.98 144/1/0.4 >99 20.60 19.03 1.23 170.3 19.35 1.6∙10-3 
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Figure 17. SEC chromatograms of homopolymers. 

The 1H NMR analysis of the polymers confirmed the presence of diglyceride tails in 

their structure. The NMR spectra of two selected groups of compounds (GlyO-PNIPAAm 

and GlyO-PNVCL) are presented in Figure 18. A triplet from the end of the lipid chain of 

CTAs at 0.9 ppm and the signal from the methylene groups at 1.35 ppm were observed. 

Furthermore, in polymerizations with GlyO-X, characteristic signals at 5.3 ppm and 2.0 ppm 

provided evidence that the internal double bonds of the oleate moiety did not react during 

RAFT polymerization.287,288 However, the intensity of the signals of the diglyceride moiety 

decreases with increasing molar mass of PNIPAAm or PNVCL. The 1H NMR spectra 

displayed a high similarity in each measurement series, regardless of the length of the 

PNVCL or PNIPAAm chain. The appearance of broad signals characteristic of the polymer 

backbone was observed in all cases. PNIPAAm-based homopolymers exhibited a peak at 

4.0 ppm ascribed to the –CH– group and the signals in the range of 1.0–2.4 ppm from the 

polymer backbone. In turn, PNVCL-based homopolymers showed characteristic peaks in 

the range of 4.2–4.6 ppm, 3.0–3.3 ppm, 2.2–2.6 ppm, and 1.5–2.0 ppm. Moreover,  

1H NMR spectroscopy for PNIPAAm-based homopolymers confirmed the presence of the 

dithiocarbonate group as the chain-end, where characteristic signals at 4.5–4.7 ppm 

corresponding to the methylene of the O-ethyl dithiocarbonate group were observed. 
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ATR-FTIR analysis of the polymers showed trends similar to those of the NMR 

results. Selected ATR-FTIR spectra for two groups of compounds (GlyO-PNIPAAm and 

GlyO-PNVCL) are shown in Figure 19. The presence of diglyceride moieties was confirmed 

in the spectra of the polymers with the lowest molar mass based on the signal at 1740 cm-1. 

Regardless of the length of the PNVCL or PNIPAAm chain, the spectra were similar. ATR-

FTIR spectra of PNIPAAm-based homopolymers displayed peaks at 3280 cm−1, 1655 cm−1
, 

and 1545 cm−1, correlated with stretching vibrations of N–H, C=O (amide I), and N–H 

bending vibrations (amide II), respectively. For homopolymers based on PNVCL, a carbonyl 

vibrational peak in the lactam at 1630 cm−1 was observed, along with the signals from the 

C–N group at 1480 cm−1 and CH2 at 1440 cm−1.289  

 TGA and DSC were performed to evaluate the thermal properties of the synthesized 

polymers. The TGA curves of all polymers exhibited a slight weight loss (around 2%) in the 

temperature range up to 150 °C, which can be attributed to the removal of absorbed moisture. 

Polymers of the lowest molar mass (2 kg mol-1) displayed a two-stage decomposition with 

the maximum decomposition rate at approximately 200 and 400 °C, which is particularly 

evident in the cases of PNVCL polymers. The first stage is likely related to the removal of 

dithiocarbonate moieties and oligomeric fractions, whereas the second stage is attributed to 

the degradation of the PNVCL or PNIPAAm chains. Polymers of higher molar mass (5, 10, 

20 kg mol-1) showed only a significant weight loss (<95%) in the temperature range of 

PNIPAAm (3–420 °C) or PNVCL (400–470 °C) depolymerization.289,290 Generally, the 

degradation temperature increased, and the maximum degradation rate shifted to higher 

temperatures with an increasing number of repeating units in the polymer chain (Figure 20). 

Furthermore, the glass transition temperature (Tg) values determined by DSC for all 

polymers increased with increasing Mn of PNIPAAm or PNVCL (Table 6, Figure 21).  



82 | 

 

 

Figure 18. 1H NMR spectra (400 MHz, CDCl3) of homopolymers a) GlyO-PNIPAAm, b) GlyO-

PNVCL. 
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Figure 19. ATR-FTIR spectra of homopolymers a) GlyO-PNIPAAm, b) GlyO-PNVCL. 
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Figure 20. TG and DTG curves of the studied homopolymers. 
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Figure 21. Glass transition temperatures of polymers determined by DSC: a) GlyP-PNIPAAm,  

b) GlyO-PNIPAAm, c) GlyP-PNVCL, and d) GlyO-PNVCL. 

The addition of a diglyceride moiety to the termini of hydrophilic PNIPAAm or 

PNVCL chains imparts amphiphilic properties, enabling self-organization in an aqueous 

medium. The hydrophilic part is responsible for hydration and swelling, while the 

hydrophobic moieties minimize water contact, which is energetically unfavorable.291 At first, 

the amphiphilic properties of the polymers were predicted by calculating the hydrophilic-

lipophilic balance (HLB) values using the method developed by Griffin (Table 6).292 HLB 

values can be used to predict the solubilizing properties of surfactants and polymers.293 The 

HLB values were calculated by determining the weight fractions of the hydrophobic and 

hydrophilic groups, according to the mathematical equation: 20·(1-M1/M), where M1 is the 

molar mass of the hydrophobic part, and M is the molar mass of the whole polymer. The 

HLB value is a numerical value between 0 and 20, where 0 represents highly hydrophobic 

molecules, and a value of 20 denotes hydrophilic ones. HLB values of diglyceride-



86 | 

 

terminated polymers ranged from 10.16 to 19.41, with longer hydrophilic blocks resulting 

in higher HLB values. With increased HLB values, the polymers become more hydrophilic 

and form more thermodynamically stable interactions with water. It should be noted that the 

HLB value is a theoretical indicator of amphiphilic properties and does not take into account 

certain factors, such as the hydrophilicity and hydrophobicity of the molecules, the influence 

of temperature, concentration or interactions with other molecules.294,295  

The critical micelle concentration (CMC) is a vital parameter in the characterization 

of amphiphilic properties. Critical micelle concentration measures the concentration of  

a polymer in a solution at which it begins to form micelles. The CMC can be determined 

using pyrene as a fluorescent probe. The method is based on the fact that the fluorescence 

intensity of pyrene is sensitive to the local environment. Pyrene is a hydrophobic molecule 

that is not fluorescent in aqueous solutions. However, when it is incorporated into the core 

of the micelle, the pyrene molecules are shielded from the solvent and can fluoresce. As the 

concentration of surfactant increases, the number of micelles in the solution also increases. 

As a result, the fluorescence of pyrene is higher. At the CMC, a sharp increase in 

fluorescence is observed, indicating that micelles are forming. The CMC is generally lower 

for surfactants with a higher degree of hydrophobic character and higher for surfactants with 

a higher degree of hydrophilic character. The resulting polymeric micellar systems, where 

the core is hydrophobic, may include biologically active substances with poor water 

solubility. As previously mentioned, the polymers with a molar mass of 2 kg mol-1 were 

insoluble in water due to a hydrophilic/hydrophobic balance that was too low. Therefore, it 

was not possible to study their properties in aqueous solvents. All polymers with higher 

molar masses of 5, 10, and 20 kg mol-1 were used for further research. Critical micelle 

concentrations were determined by fluorescence measurement using pyrene as a probe and 

ranged from 8.0∙10-4 to 1.6∙10-2 mg mL-1 (Table 6, Figure 22). As expected, the longer the 

hydrophilic block, the higher the CMC values, indicating a lower tendency to form micelles. 

As the length of the polymer chain increases, the number of hydrogen bonds between 

repeating units of the hydrophilic block and water molecules increases, resulting in greater 

solubility in water and a higher CMC value.296–298 A similar trend was observed for PEG-

lipid conjugates299, poly(N-vinylpyrrolidone)s with stearyl or palmityl chain-end299,300 or 

poly(2-methyl-2-oxazoline)s terminated with hydrophobic alkyl group.301,302  
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Figure 22. Intensity ratios (I394/I373) from pyrene emission spectra plotted with a concentration of 

polymers a) GlyP-PNIPAAm, b) GlyO-PNIPAAm, c) GlyP-PNVCL, d) GlyO-PNVCL. 

It was also noted that the CMC values for amphiphilic PNVCL-based polymers were 

lower than those of PNIPAAm-based counterparts, which can be attributed to the lower 

hydrophilicity of PNVCL.158,303,304 The molecular structure of PNVCL does not possess 

strong self-associated hydrogen bonds, in contrast to PNIPAAm. The carbonyl group in 

PNVCL can only participate in hydrogen bonding with water molecules due to the absence 

of H-donors in its molecular structure.305,306 Considering that the obtained polymeric 
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nanoparticles will be further used for biomedical applications and may be diluted, e.g., in 

the body fluids, all experiments on polymeric particles were carried out well above the 

designated CMCs. 

2.2.2. Synthesis and characterization of thermoresponsive polymers with diglyceride-

based monomers 

Polymers containing several diglyceride molecules in the side chains were synthesized 

by the RAFT method in two steps (Scheme 14). At first, homopolymers of PGlyP or PGlyO 

were obtained using diglyceride-based monomers and the well-known methyl 

2-((ethoxycarbonothioyl)thio)propanoate (CTA1) as a chain transfer agent. Crude reaction 

mixtures were analyzed by 1H NMR spectroscopy. The NMR spectra showed that the 

monomer conversion for GlyP-A was 93% after 6 h. In the case of PGlyO, the 

polymerization was carried out for 16 h, and the monomer conversion reached 95%. 

Polymers were further purified by precipitation in cold methanol. The molar mass 

distributions of the homopolymers were narrow (Đ < 1.3), and good agreement was observed 

between the theoretical and average molar masses obtained from size exclusion 

chromatography (Table 7 and Figure 23). 1H NMR and IR spectra also confirmed the 

successful homopolymerization. The 1H NMR spectra showed the disappearance of vinyl 

proton signals ranging from 5.8 to 6.5 ppm, while broader peaks than those of the 

corresponding monomers were present (Figures 24a and 25a). As expected, in the case of 

the ATR-FTIR spectra of the homopolymers, the band ascribed to the acrylate double bond 

at 1635 cm−1 disappeared (Figures 24b and 25b).  

 

 

Scheme 14. Synthesis of thermoresponsive polymers with diglyceride-based monomers by RAFT 

polymerization. 
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In the second step, N-isopropylacrylamide (NIPAAm) and N-vinylcaprolactam 

(NVCL) were polymerized in the presence of PGlyP and PGlyO as macro-CTAs. The 

detailed experimental conditions for all polymers are depicted in Table 7. The conversions 

determined by 1H NMR spectroscopy were greater than 88% in all cases. The resulting 

copolymers were purified by precipitation in cold diethyl ether (polymers with the 

PNIPAAm block) or pentane (polymers with the PNVCL block) and characterized by SEC, 

1H NMR, ATR-FTIR, TGA, and DSC. For all samples, a shift of the chromatograms of block 

copolymers to a lower elution time was observed, which indicated the transformation of 

diglyceride-based macro-CTAs into copolymers (Figure 23). 

For copolymers with PNIPAAm block, the molar masses determined by SEC were in 

good agreement with theoretical values. In the case of PNVCL-based copolymers, the  

Mn values were lower than the theoretical ones (Table 7). This can be explained by chain 

transfer to solvent, which dictates an upper limit in the accessible molar mass. However, for 

all copolymers, the molar mass distributions were narrow (Đ < 1.4).  

 

Figure 23. SEC-RI chromatograms of diglyceride-based homopolymers and copolymers. 
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Table 7. Comparative properties and synthetic details of polymerization for PGlyP, PGlyO, and their copolymers.  

Notes: acalculated from 1H NMR in CDCl3, bMn,th = [Monomer]0/[CTA]0·MMonomer·Conv.+MCTA, cmeasured by SEC-RI-MALS, ddetermined by TGA, edetermined by DSC from 

the second heating run with a heating rate of 10 °C min-1, fdetermined by Griffin’s method using an equation: HLB = 20·(1 - M1/M) with M1 the molar mass of the hydrophobic 

part and M the molar mass of the whole polymer, gdetermined by fluorescence measurement. 

Polymer 
[CTA]0 

(mol L-1) 

[Monomer]0 

(mol L-1) 

[AIBN]0 

(mol L-1) 

Conversiona 

(%) 

Mn,th
b 

(kg mol-1) 

SECc Max. 

degradation 

rated (°C) 

Residue at 

600 °Cd 

(%) 

Tg
e
  

(°C) 
HLBf 

CMCg 

(mg mL-1) Mn 

(kg mol-1) 
Đ 

PGlyP 0.0803 0.803 0.530 95 6.14 4.83 1.17 400 2.0 - -  - 

PGlyO 0.0741 0.741 0.608 93 6.48 6.32 1.26 405 3.3 - - - 

PGlyP-b-PNIPAAm 0.0167 4.425 0.00167 93 32.65 33.96 1.40 415 1.8 136.5 19.14 0.014 

PGlyP-b-PNVCL 0.0167 3.592 0.00668 93 32.70 19.82 1.33 435 1.8 174.5 19.24 0.007 

PGlyO-b-PNIPAAm 0.0167 4.425 0.00167 88 32.67 28.36 1.31 415 2.5 135.5 19.22 0.018 

PGlyO-b-PNVCL 0.0167 3.590 0.00668 89 32.99 19.02 1.35 435 2.3 165.1 19.33 0.007 
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Successful block copolymerization was also confirmed by 1H NMR spectroscopy 

(Figures 24a and 25a). In the spectra of all copolymers, signals from the diglyceride-based 

block, such as the triplet from the lipid chain-end of CTAs at 0.9 ppm and the signal from 

the methylene groups at 1.35 ppm, were observed. Furthermore, the 1H NMR results showed 

the presence of the broad signals characteristic of the PNIPAAm or PNVCL segment. 

PNIPAAm-based homopolymers exhibited a peak at 4.0 ppm ascribed to the –CH– group 

and the signals in the range of 1.0–2.4 ppm from the polymer backbone. Conversely, 

homopolymers of PNVCL exhibited distinctive peaks within the ranges of 4.2–4.6 ppm,  

3.0–3.3 ppm, 2.2–2.6 ppm, and 1.5–2.0 ppm. As expected, ATR-FTIR analysis (Figures 24b 

and 25b) of the copolymers showed a trend similar to the NMR results. The ATR-FTIR 

spectra of copolymers containing PNIPAAm showed broad bands at 3285 cm−1, 1635 cm−1, 

and 1530 cm−1, correlated to stretching vibrations of N–H, C=O (amide I), and N–H bending 

vibrations (amide II), respectively. For copolymers based on PNVCL, a characteristic 

carbonyl band in the lactam at 1630 cm−1, signals from the stretching vibrations of the C–N 

group at 1480 cm−1 and CH2 at 1440 cm−1 were observed. In the spectra of all copolymers, 

the band at ⁓1740 cm-1 confirmed the presence of a diglyceride-based block.  

The thermal behavior of copolymers was investigated using thermogravimetric analysis 

and differential scanning calorimetry (Figure 26 and Figure 27). The decomposition of 

PGlyP and PGlyO polymers occurred in a single step within the temperature range of  

350–450 °C, with the maximum decomposition rate at 400 °C for PGlyP and 405 °C for 

PGlyO. The TGA curves of the copolymers revealed a slight weight loss (<5%) below 200 

°C due to the removal of adsorbed moisture and a significant weight loss (>90%) between 

350 and 470 °C due to depolymerization. The maximum decomposition rate varied 

depending on the copolymer type, with values of 415 °C for PNIPAAm-based copolymers 

and 435 °C for those with PNVCL block. DSC measurements showed that the glass 

transition temperature (Tg) values for the synthesized copolymers were similar to those 

reported for PNIPAAm or PNVCL198 (Table 7). However, this method could not determine 

the Tg values for PGlyP and PGlyO. Nevertheless, differences in thermal and structural 

characteristics were observed for both homopolymers. In the case of PGlyP, the DSC heating 

and cooling curves revealed peaks related to the melting and crystallization of the sample 

(Figure 27). 
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Figure 24. Comparison of a) 1H NMR spectra (400 MHz, CDCl3) and b) ATR-FTIR spectra for 

polymers containing the palmitic acid derivative (GlyP-A). 
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Figure 25. Comparison of the a) 1H NMR spectra (400 MHz, CDCl3) and b) ATR-FTIR spectra for 

polymers containing the oleic acid derivative (GlyO-A). 
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Figure 26. TGA (top panels) and DTG (bottom panels) of the studied homopolymers and copolymers. 
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Figure 27. DSC curves (the second heating and cooling run) of the studied a) homopolymers and  

b) copolymers. 

The copolymers synthesized in this work consist of hydrophilic (PNIPAAm or 

PNVCL) and hydrophobic segments (the diglyceride of palmitic or oleic acid), allowing for 

their self-organization in an aqueous solution. Similar to the investigations in the previous 

section on diglyceride end-capped homopolymers, these properties were also examined. 
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The CMC values were determined by fluorescence analysis from the plot of the 

intensity ratio of pyrene versus polymer concentration. The observed CMC value was ⁓7∙10-3 

mg mL-1 for the copolymers containing PNVCL and ⁓1.4∙10-2 mg mL-1 for those based on 

PNIPAAm (Table 7, Figure 28). Thus, the CMC values for copolymers containing PNVCL 

block are lower than those with PNIPAAm, which, as previously mentioned, can be 

correlated to the lower hydrophilicity of PNVCL compared to PNIPAAm. However, no 

significant differences were observed between the CMC values, depending on the type of 

hydrophobic lipidated block.  

 

Figure 28. Critical micelle concentration measurements of copolymers a) PGlyP-b-PNIPAAm,  

b) PGlyO-b-PNIPAAm, c) PGlyP-b-PNVCL, and d) PGlyO-b-PNVCL. 
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Summary 

This chapter delves into the synthesis, characterization, and applications of original 

chain transfer agents (CTAs) and monomers derived from diglycerides containing palmitic 

or oleic acid moieties for use in RAFT polymerization. These CTAs and monomers were 

developed through multistep synthetic pathways using solketal as the starting material. The 

successful synthesis of monomers and CTAs was confirmed using several techniques such 

as 1H NMR, 13C NMR, ATR-FTIR, TGA, DSC, and MS. The original diglyceride-based 

CTAs and monomers set the stage for synthesizing polymers containing one or more 

diglyceride molecules within their structures using the RAFT method.  

DG-based CTAs were used to polymerize N-isopropylacrylamide (NIPAAm) and  

N-vinylcaprolactam (NVCL) with molar masses of 2, 5, 10, and 20 kg mol-1. Synthesized 

polymers were characterized using SEC, 1H NMR, ATR-FTIR, TGA, and DSC. The SEC 

results indicated that diglyceride-based CTAs effectively controlled the polymerizations. 

Furthermore, NMR and ATR-FTIR analyses confirmed the presence of diglyceride tails at 

the chain end of polymers. The DSC results showed an increase in the glass transition 

temperature (Tg) with the molar mass of PNIPAAm or PNVCL.  

Polymers with multiple diglyceride molecules in their side chains were also 

successfully synthesized in two steps. First, diglyceride-based monomers were polymerized 

to yield PGlyP or PGlyO homopolymers. Narrow molar mass distributions (Đ < 1.3) were 

detected, and there was consistency between theoretical and experimental molar masses 

determined by SEC. The formation of homopolymers was confirmed by 1H NMR and ATR-

FTIR spectroscopy. Subsequently, NIPAAm and NVCL were polymerized in the presence 

of PGlyP and PGlyO as macro-CTAs. The resulting copolymers were then characterized 

using various techniques, including SEC, 1H NMR, ATR-FTIR, TGA, and DSC. The SEC 

showed that the molar masses of PNIPAAm block copolymers were in line with theoretical 

predictions, while those of PNVCL-based copolymers were slightly lower. In particular, all 

copolymers maintained narrow molar mass distributions (Đ < 1.4). TGA and DSC analyses 

indicated uniform decomposition patterns and similar Tg values for the copolymers 

containing blocks of PNIPAAm or PNVCL. The 1H NMR and ATR-FTIR analyses further 

affirmed the successful synthesis of block copolymers, showing specific signals 

corresponding to both blocks. 

The amphiphilic characteristics of these copolymers, derived from the presence of 

hydrophilic (PNIPAAm or PNVCL) and hydrophobic (diglyceride of palmitic or oleic acid) 
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chain-end or block, prompted their self-organization in aqueous media. This behavior was 

investigated by estimating the hydrophilic-lipophilic balance and analyzing the critical 

micelle concentration. The CMC and HLB values for DG-terminated PNIPAAm and 

PNVCL varied depending on the length of the hydrophilic block. For all copolymers, the 

HLB values were similar. Notably, PNVCL-based copolymers had higher CMC values than 

their PNIPAAm counterparts, but the lipidated hydrophobic block did not significantly 

impact these values. 

These amphiphilic properties of polymers could potentially facilitate the encapsulation 

of biologically active, water-insoluble substances within polymers.  

 

The studies outlined in this chapter have been published in:  

1) I. Kurowska, K. H. Markiewicz, K. Niemirowicz-Laskowska, P. Misiak, M. Destarac,  

P. Wielgat, I. Misztalewska-Turkowicz, G. Siemiaszko, H. Car, A. Z. Wilczewska, 

European Polymer Journal 2022, 169, 111154.  

2) I. Kurowska, K. H. Markiewicz, K. Niemirowicz-Laskowska, M. Destarac, P. Wielgat,  

I. Misztalewska-Turkowicz, P. Misiak, H. Car, A. Z. Wilczewska, Biomacromolecules 2023, 

24, 4854. 
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CHAPTER 3. POLYMERIC NANOPARTICLES BASED ON 

POLYMERS WITH DIGLYCERIDE MOIETIES 

This chapter focuses on the formation and physicochemical characterization of water-

soluble polymeric nanoparticles (PNPs) derived from polymers with one or multiple 

diglyceride molecules within their structure. Additionally, it highlights their 

thermoresponsive properties and potential as drug carriers.  

The presence of diglyceride moieties in PNPs enhances the biocompatibility and 

affinity to cell membranes. Notably, this study incorporates two types of diglycerides within 

the PNP structure: saturated, derived from palmitic acid, and unsaturated, derived from oleic 

acid. As mentioned in the literature review, palmitic acid moieties contribute to stability and 

rigidity, while oleic acid moieties have the ability to introduce fluidity and flexibility into 

the PNPs. This comparative analysis specifically assesses how diglycerides with saturated 

and unsaturated chains influence the physicochemical properties of PNPs and, subsequently, 

their effectiveness in therapeutic applications. Furthermore, this investigation contrasts two 

types of thermoresponsive polymers integrated into the PNPs: PNIPAAm and PNVCL. 

These polymers undergo phase transitions in response to temperature changes,  

a characteristic that can be utilized to facilitate controlled drug release. The dual comparison 

of the diglyceride types and the thermoresponsive polymers provides a comprehensive 

overview of how each component's characteristics can be optimized to enhance the design 

and functionality of polymeric nanoparticles for targeted drug delivery applications. 

Polymeric nanoparticles are one of the most explored platforms for targeted and 

controlled drug delivery. PNPs offer various benefits compared to other nanoparticulate 

systems, including high stability in the body, prolonged storage stability, and increased 

biocompatibility and biodegradability under certain conditions.307 Additionally, they offer  

a high surface area-to-volume ratio, enabling efficient loading and release of drugs.130,308 

Previous research in the Department of Polymers and Organic Synthesis of the 

University of Bialystok demonstrated that micelles obtained from cholesterol-terminated 

polymers by direct dissolution in water were unstable and heterogeneous.290 Therefore, in 

this work, lipid-polymer nanoparticles were prepared using a simple and commonly used 

nanoprecipitation method (Figure 29a). Nanoprecipitation, also called the solvent 

displacement method, involves fast diffusion of the polymer-containing organic solution into 

an aqueous phase.309,310 Colloidal particles of a polymer with a well-defined size and  

a narrow size distribution form instantaneously as they minimize contact with water 
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molecules.310,311 An advantage of nanoprecipitation is the ability to incorporate various types 

of drugs and other biomolecules into nanoparticles. This can be achieved by adding the drug 

or biomolecule to the polymer solution prior to precipitation (Figure 29b). 

 

Figure 29. Schematic representation of nanoprecipitation method. 

3.1. Polymeric nanoparticles based on homopolymers with DGs in the main chain 

As mentioned, the polymeric nanoparticles were prepared using the nanoprecipitation 

method (Figure 29a). Polymers were dissolved in THF and, after 3 hours, added dropwise to 

water. The resulting homogeneous solutions were then dialyzed against distilled water to 

remove the organic solvent, freeze-dried, redispersed in water or phosphate buffered saline 

(PBS), and analyzed in terms of their properties. Multiangle dynamic light scattering 

(MADLS) was used to determine the size (hydrodynamic diameter) of the resulting lipid-

polymer nanoparticles. MADLS is a new approach to the traditional DLS technique, 

introduced with the new Zetasizer Ultra system (Malvern Panalitica). Compared to the DLS 

method, the measurement using MADLS is acquired with three different detection angles 

(back, side, and forward) and combines the information obtained into one angle-independent 
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high-resolution result.312,313 As shown in Figure 30 and Table 8, the MADLS measurements 

of nanoparticles in PBS showed a narrow monomodal size distribution ranging from 16.96 

± 0.37 nm to 25.08 ± 0.44 nm for PNIPAAm-based particles and from 11.62 ± 0.30 nm to 

20.14 ± 0.47 nm for PNVCL-based particles. The influence of the length of the polymer 

chain on the size of the particles was evident. As expected, the size of the nanoparticles 

increased with the molar mass of PNIPAAm or PNVCL.314,315 It was observed that the 

hydrodynamic diameter of the particles varied depending on the type of thermoresponsive 

block (PNIPAAm or PNVCL). Diglycerides-terminated PNVCL-based particles exhibited 

smaller sizes in comparison to their PNIPAAm-based counterparts. This may be correlated 

with the lower hydrophilicity of PNVCL compared to PNIPAAm.158,303,304 However, no 

significant differences were observed between the sizes of the polymeric nanoparticles 

depending on the lipidated chain-end.  
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Figure 30. Number size distribution measured by MADLS (PBS, 25 °C, C = 1 mg mL-1),  

a) GlyP-PNIPAAm_NP, b) GlyO-PNIPAAm_NP, c) GlyP-PNVCL_NP, d) GlyO-PNVCL_NP. 

The use of DLS in combination with polarization filters allows for detailed 

characterization of the shape of particles in solution. Briefly, the shape is determined by two 

measurements, one using vertically polarized light and the other with horizontally polarized 

light. If the values of both measures overlap, there are spherical objects in the analyzed 

solution. For all samples, the plots obtained from the vertical and horizontal traces were 
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superposed, indicating the formation of spherical particles. Typical results for selected 

PNIPAAm- and PNVCL-based nanoparticles are shown in Figure 31.  
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Figure 31. Determination of the shape of polymeric nanoparticles using horizontal and vertical 

measurements: a) GlyP-PNIPAAm_NP and b) GlyP-PNVCL_NP (PBS, 25 °C, C = 1 mg mL-1). 

The morphology of polymeric structures in an aqueous solution was also examined by 

transmission electron microscopy (TEM) imaging. For this purpose, a drop of aqueous PNPs 

solution was applied to the copper grid. The grid with the sample was then immersed in 

liquid nitrogen and dried under a vacuum. Representative TEM images are shown in Figure 

32. In images labeled as a) and b), the particles displayed spherical shapes but overlapped, 

forming larger aggregates. This overlap is probably related to the sample preparation 

methodology. Because of the limited number of nanoparticles in these images, it was 

impossible to perform reliable statistical calculations. For sample c), the images show 

homogeneous and well-dispersed nanoparticles with a diameter of 10.72 ± 0.33 nm. As 

expected, the size obtained from TEM was lower than that obtained from MADLS 

measurement (14.45 ± 0.26). This discrepancy can be attributed to the fact that MADLS 
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measures the hydrodynamic radius of particles, which can be influenced by solvation layers 

in suspension, whereas TEM directly images dried particles.316 

 

Figure 32. TEM images of selected polymeric nanoparticles in two different magnitudes:  

a) GlyP-PNIPAAm20k_NP, b) GlyO-PNVCL5k_NP, c) GlyO-PNVCL10k_NP, d) distribution of 

measured diameter for GlyO-PNVCL10k_NP. 

PNIPAAm and PNVCL are thermoresponsive polymers with a lower critical solution 

temperature (LCST) in an aqueous solution. The cloud point temperature (TCP) is a crucial 

parameter that indicates the onset of phase separation in polymer solutions. Another closely 

related term is the aggregation temperature, commonly denoted TAgg, which explicitly refers 

to the onset of polymer aggregation. Various instrumental methods are available for 

measuring these temperatures, including UV-Vis spectrophotometry, DLS (dynamic light 

scattering), DSC (differential scanning calorimetry), and NMR (nuclear magnetic 

resonance).159 Among these methods, the most commonly used are UV-Vis and DLS. UV-

Vis spectrophotometry, coupled with a Peltier system for controlled temperature changes, is 

employed to monitor the light transmittance of the polymer solution, thus establishing TCP. 
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The maximum light transmittance corresponds to the complete solution transparency, 

indicating full polymer solubility, while the minimum transmittance indicates turbidity. On 

the other hand, DLS enables a more sensitive determination of the phase transition onset by 

detecting aggregates even before solution clouding or significant changes in UV-Vis signals 

occur, marking TAgg. Below this temperature, polymer chains exist as dissolved coils with  

a small hydrodynamic radius. The coil-to-globule transition leads to dehydration, collapse, 

and aggregation of the polymer chain into larger globules.159,160 

At first, the cloud point temperatures were determined by turbidimetry in water (Table 

8). For polymeric nanoparticles based on PNIPAAm, the cloud point temperature increased 

with the increasing length of the hydrophilic block, which involves a change in the 

relationship between the hydrophilic/hydrophobic of the polymer. This finding is consistent 

with existing literature, as exemplified by results from cholesterol end-functionalized 

PNIPAAms.290 Conversely, for PNPs incorporating PNVCL, the polymer length also 

affected TCP, especially in series terminated with oleic moieties. Within the GlyP-PNVCL 

series, the sample with a molar mass of 5 kg mol-1 had the lowest TCP (33 °C), whereas the 

samples with a molar mass of 10 and 20 kg mol-1 showed identical TCP values. The influence 

of the lipid moiety was of the most significant importance for PNPs containing polymers of 

the lowest molar mass (5 kg mol-1). Specifically, the sample with the palmitic moiety 

exhibited a TCP of 1.5 °C higher than its oleic acid derivative counterpart. Although these 

phase transition studies were conducted under salt-free conditions, it is essential to consider 

their effects when aiming for biomedical applications with these thermoresponsive 

polymers. Therefore, TCP and TAgg were measured in PBS (pH ⁓7.4), where the osmolarity 

and ion concentrations mimic those of the human body.  

Turbidimetric measurements indicated that homopolymers terminated with 

diglycerides had a lower TCP in PBS than in water. In contrast, pure PNIPAAm and PNVCL 

showed higher TCP values under salt conditions than in water. With no surprise, the TAgg 

determined from DLS manifested at temperatures lower than the cloudiness for all samples, 

with a temperature difference ranging between 0.5 to 2 °C (Figure 33). Diglyceride-

terminated PNIPAAms and PNVCLs consistently displayed lower TCPs in PBS than bare 

PNIPAAm and PNVCL procured through radical polymerization. In the context of  

N-isopropylacrylamide polymers, the differences in TCP were around 2–3 °C. For  

poly(N-vinylcaprolactam), the variance exceeded 10 °C. This phenomenon can be explained 

by the hydrophobic nature of the end-groups, which tend to lower the TCP.
156  
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For particles based on PNIPAAm, TCP in PBS showed a behavior similar to that in 

pure water, and the values increased with increasing hydrophobic/hydrophilic ratio and 

molar mass. However, for PNVCL-based particles, the influence of HLB on the TCP was less 

pronounced. As mentioned earlier in this work, unlike PNIPAAm, PNVCL exhibits  

a "classical" Flory-Huggins thermoresponsive phase separation behavior. Consequently, its 

LCST value depends on the length of the polymer chain as well as its concentration.284,306 

Table 8. Physicochemical parameters of the studied homopolymers. 

Polymer 
Size by numbera 

(nm) 

TCP
b 

(°C) 

TCP
c 

(°C) 

TAgg
d 

(°C) 

PNIPAAm - 34.0 ± 0.5 34.5 ± 0.5 31 ± 1 

GlyP-PNIPAAm2k_NP - - - - 

GlyP-PNIPAAm5k_NP 17.20 ± 0.41 32.0 ± 0.5 31.0 ± 0.5 30 ± 1 

GlyP-PNIPAAm10k_NP 22.42 ± 0.60 33.5 ± 0.5 31.0 ± 0.5 31 ± 1 

GlyP-PNIPAAm20k_NP 25.08 ± 0.44 35.5 ± 0.5 33.0 ± 0.5 31 ± 1 

GlyO-PNIPAAm2k _NP - - - - 

GlyO-PNIPAAm5k _NP 16.96 ± 0.37 30.5 ± 0.5 30.0 ± 0.5 30 ± 1 

GlyO-PNIPAAm10k_NP 20.50 ± 1.16 33.5 ± 0.5 31.5 ± 0.5 31 ± 1 

GlyO-PNIPAAm20k_NP 23.96 ± 0.36 35.0 ± 0.5 32.5 ± 0.5 31 ± 1 

PNVCL - 42.0 ± 0.5 44.5 ± 0.5 41 ± 1 

GlyP-PNVCL2k_NP - - - - 

GlyP-PNVCL5k_NP 12.44 ± 0.12 33.0 ± 0.5 32.5 ± 0.5 31 ± 1 

GlyP-PNVCL10k_NP 15.23 ± 0.52 34.5 ± 0.5 32.5 ± 0.5 32 ± 1 

GlyP-PNVCL20k_NP 20.14 ± 0.47 34.5 ± 0.5 33.5 ± 0.5 33 ± 1 

GlyO-PNVCL2k_NP - - - - 

GlyO-PNVCL5k_NP 11.62 ± 0.30 34.0 ± 0.5 32.0 ± 0.5 31 ± 1 

GlyO-PNVCL10k_NP 14.45 ± 0.26 35.0 ± 0.5 34.5 ± 0.5 34 ± 1 

GlyO-PNVCL20k_NP 19.34 ± 0.28 36.5 ± 0.5 33.5 ± 0.5 32 ± 1 

Notes: adetermined by MADLS (PBS, 25 °C, C = 1 mg mL-1), bcloud point temperature determined by 

turbidimetry in water (25 °C, C = 0.5 mg mL-1), ccloud point temperature determined by turbidimetry in PBS 

(25 °C, C = 0.5 mg mL-1), daggregation temperature determined by DLS (PBS, 25 °C, C = 0.5 mg mL-1). 
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Figure 33. Evolution of transmittance measured by turbidimetry and number size distribution 

measured by DLS as a function of temperature for polymers: a) PNIPAAm, b) PNVCL, and 

polymeric nanoparticles, c) GlyP-PNIPAAm_NP, d) GlyO-PNIPAAm_NP, e) GlyP-PNVCL_NP,  

f) GlyO-PNVCL_NP (PBS, 25 °C, C = 0.5 mg mL-1). 
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In cooperation with the Medical University of Bialystok, polymeric nanoparticles were 

tested regarding their biological properties. The research focused on the interaction of PNPs 

with red blood cells and representatives of immune cells (monocyte/macrophage THP-1 

cells). The results showed that the particles were non-hemolytic and non-toxic. None of the 

tested compounds disrupted the membranes of red blood cells (hemolysis rates were lower 

than 5%) and did not affect the metabolic activity of THP-1 cells.  

Based on these studies, polymers consisting of a diglyceride moiety and  

a thermoresponsive block are the promising basis for designing drug delivery systems. More 

information about biological studies can be found in the article published by our group.198 

3.2. Polymeric nanoparticles based on copolymers with DGs in the side chains 

Polymeric nanoparticles based on copolymers (PGlyP-b-PNIPAAm, PGlyO-b-

PNIPAAm, PGlyP-b-PNVCL, and PGlyO-b-PNVCL), as previously mentioned, were 

prepared by the nanoprecipitation method (Figure 29a). Polymers were dissolved in THF, 

added dropwise to water, dialyzed, and freeze-dried. After lyophilization, the nanoparticles 

were redispersed in water or PBS at a concentration of 1 mg mL-1 and subsequently analyzed 

by multiangle dynamic light scattering (MADLS). Compared to PNPs based on 

homopolymers, the colloidal stability of polymeric nanoparticles containing several 

diglyceride repeat units was investigated. The samples were analyzed after 24 hours, 7 days, 

and 30 days. The colloidal stability of all solutions, regardless of the solvent used, was 

excellent, as indicated by the correlograms, which demonstrated high similarity even after 

one month of storage (Figure 34). The particle size distributions of the nanoparticle 

suspensions are shown in Table 9. 

 

Table 9. Size distribution of polymeric nanoparticles in water or PBS (25 °C, C = 1 mg mL-1). 

Polymer 
H2O  

24 h 

H2O  

7 days 

H2O  

30 days 

PBS 

 24 h 

PBS  

7 days 

PBS  

30 days 

PGlyP-b-PNIPAAm_NP 
34.25 ± 

1.59 
33.04 ± 

0.38 
31.36 ± 

2.78 
34.40 ± 

1.76 
30.94 ± 

1.95 
31.36 ± 

0.19 

PGlyO-b-PNIPAAm_NP 
42.11 ± 

0.64 
39.93 ± 

3.97 
39.84 ± 

1.74 
32.59 ± 

1.33 
30.94 ± 

0.96 
37.55 ± 

0.85 

PGlyP-b-PNVCL_NP 
22.34 ± 

1.34 

34.15± 

1.40 

29.48 ± 

0.78 

27.41 ± 

1.90 

28.21 ± 

1.89 

31.61 ± 

0.79 

PGlyO-b-PNVCL_NP 
24.00 ± 

0.90 

23.04 ± 

1.31 

22.34 ± 

0.99 

23.20 ± 

1.10 

23.15 ± 

3.73 

26.40 ± 

1.25 
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The shape of the obtained particles was determined using backscattering DLS 

measurements with vertically and horizontally polarized light. The curves obtained from 

both measurements overlapped, indicating the formation of spherical particles (Figure 34). 
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Figure 34. Correlograms obtained from DLS experiments with a scattering angle of 173 ° (PBS,  

25 °C, C = 1 mg mL-1) and horizontal and vertical measurements for polymeric nanoparticles  

a) PGlyP-b-PNIPAAm and b) PGlyO-b-PNVCL.  

TEM imaging confirmed the morphology of polymeric structures (Figure 35). The 

monodisperse, spherical shapes were observed.  

 

Figure 35. TEM images for a) PGlyP-b-PNIPAAm_NP and b) PGlyO-b-PNIPAAm_NP. 
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3.2.1. Drug encapsulation and characterization of drug-loaded nanoparticles 

The ability to form polymeric nanoparticles, combined with the long-term stability 

of the systems at pH 7.4, makes them promising candidates for further biomedical 

applications as drug carriers. Two anticancer drugs with low water solubility, doxorubicin 

(DOX) and tamoxifen (TAM), were encapsulated into polymeric nanoparticles to explore 

this potential. As mentioned earlier in this work, the encapsulation strategy not only 

enhances the therapeutic index of drugs but also addresses challenges such as solubility and 

side effects, making treatments more efficient and patient-friendly. 

The structures of doxorubicin and tamoxifen are depicted in Figure 36. DOX is an 

anthracycline drug known for its ability to intercalate DNA, which subsequently inhibits 

replication and transcription processes, leading to cell death.317 It is commonly used in the 

treatment of various cancers, including breast, prostate, liver, and stomach cancers. 

However, the main challenges associated with doxorubicin usage are its cardiotoxicity and 

toxicity on non-cancerous cells.318 Tamoxifen, on the other hand, is a selective estrogen 

receptor modulator (SERM) that primarily acts on breast tissue. It binds to estrogen 

receptors, inhibiting the growth of hormone-sensitive tumor cells.319 The main issues related 

to TAM are its hydrophobic nature and specific side effects, such as an increased risk of 

endometrial cancer and thromboembolic disorders.319–321 

 

 

Figure 36. The structure of doxorubicin and tamoxifen. 

Doxorubicin and tamoxifen were incorporated into polymeric nanoparticles using the 

nanoprecipitation method (Figure 29b). During this process, the drug is entrapped by the 

hydrophobic segment of the copolymers.  

The quantity of doxorubicin encapsulated in polymeric nanoparticles was determined 

using the spectrofluorometric method based on the standard curve equation (shown in the 

experimental part).134,322 The content of tamoxifen in PNPs was determined by high-

performance liquid chromatography (HPLC). The values were converted to the 
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concentrations of DOX and TAM contained in the 1 mg mL-1 solution of the polymers 

obtained after redispersion in PBS. The concentrations of the encapsulated drugs are present 

in Table 10. The amount of DOX encapsulated in PNPs ranged from 0.164 to 0.425 µM 

mL⁻1. The concentration of TAM encapsulated was markedly higher than that of DOX, with 

values ranging from 30.46 to 38.01 µM mL-1. 

To assess the efficiency of drug encapsulation, the drug loading efficiency (DLE) and 

drug loading content (DLC) were calculated for both DOX and TAM in the respective 

polymeric carriers. DLE and DLC are crucial parameters in the design, evaluation, and 

optimization of drug delivery systems. Drug loading efficiency (often called encapsulation 

efficiency)323 represents the percentage of drug successfully incorporated into the drug 

delivery system compared to the total amount of drug initially used during the formulation 

process. On the other hand, drug loading content describes the amount of drug present in the 

drug delivery system relative to the total weight of the drug carrier. The DLE and DLC can 

be calculated according to equations (1) and (2). 

DLE (%) =
Weight of loaded drug

Initial weight of drug used for loading
× 100     (1) 

 DLC (%) =
Weight of loaded drug

Total weight of drug−loaded system 
× 100     (2) 

The DLE and DLC values for all polymeric nanoparticles are presented in Table 10. 

For example, for PGlyP-b-PNIPAAm_NPDOX, the DLE for DOX was 0.13%, indicating 

that only a small fraction of the added DOX was successfully encapsulated. The DLC for 

DOX in the same polymeric nanoparticle was 0.009%. A similar trend was observed for all 

copolymers containing doxorubicin. On the contrary, TAM exhibited much higher DLE and 

DLC values in all polymeric nanoparticles. For example, PGlyP-b-PNIPAAm_NPTAM 

showed a DLE of 12.10 % and a DLC of 1.30%. 

These observations highlight the role of the carrier structure in drug encapsulation 

and the necessity for the customization of carriers for different drugs. The compatibility 

between the physicochemical properties of the drugs and the structure of the carriers 

significantly influences the stability and distribution of the drugs within the polymeric 

system.324,325 Additionally, it is also important to note that the method used for drug 

loading111,326 along with external factors such as temperature,327 pH,328,329 ionic strength,330 

and mechanical agitation during the encapsulation process can also affect the overall 

efficiency of drug loading331,332.  
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The obtained drug-loaded nanoparticles were further analyzed by MADLS. The size 

of drug-loaded polymeric nanoparticles after 7 days was slightly larger than their blank 

counterparts, as presented in Table 10. This can be explained by increasing the inner space 

of the nanoparticles after drug encapsulation.333 Notably, the hydrodynamic diameters of the 

drug-loaded nanoparticles ranged from 28.70 ± 1.11 to 44.06 ± 3.38 nm, making them ideally 

suited for drug delivery applications. Furthermore, the morphology of the particles remained 

spherical after drug encapsulation, as evidenced by DLS measurements. Zeta potential was 

measured by electrophoretic light scattering (ELS). The observed values for empty and drug-

loaded polymeric nanoparticles were negative in the range of -3.22 to -7.32 mV. Regarding 

the surface charge, it is reported that neutral and slightly negative particles (defined as having 

ζ potential of -10 to +10 mV) have the longest half-lives in circulation.118,127,129  

In the following research step, the cloud point temperatures (TCP) and the aggregation 

temperature (TAgg) of empty and drug-loaded nanoparticles were investigated in PBS at  

a concentration of 0.5 mg mL-1. The results are shown in Table 10 and Figure 37. The phase 

separation temperatures for all nanoparticles formed from copolymers were lower than those 

of pure PNIPAAm or PNVCL. Compared to end-capped diglyceride PNVCLs and 

PNIPAAms presented in the previous section of this work, incorporating diglycerides as 

repeating units into the polymer structure did not significantly change the value of the cloud 

point temperatures.  
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Figure 37. Evolution of transmittance measured by turbidimetry and number size distribution 

measured by DLS as a function of temperature for empty and drug-loaded polymeric nanoparticles 

(PBS, 25 °C, C = 0.5 mg mL-1).
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Table 10. Physicochemical parameters of the studied polymers. 

Polymer 
Amount of DOX 

(µM mL-1) 

DLE 

(%) 

DLC 

(%) 

Amount of TAM 

(µM mL-1) 

DLE 

(%) 

DLC 

(%) 

Zeta potentiala 

 (mV) 

Size by 

numberb 

(nm) 

TCP
c 

(°C) 

TAgg
d 

(°C) 

PNIPAAm - - - - - - - - 34.5 ± 0.5 31.0 ± 0.5 

PGlyP-b-PNIPAAm_NP - - - - - - -6.30 ± 0.10 30.94 ± 1.95 33.0 ± 0.5 30.5 ± 0.5 

PGlyP-b-PNIPAAm_NPDOX 0.164 0.130 0.009 - - - -5.19 ± 0.51 41.56 ± 1.38 33.5 ± 0.5 30.5 ± 0.5 

PGlyP-b-PNIPAAm_NPTAM - - - 34.60 12.10 1.30 -3.40 ± 0.45 41.43 ± 3.34 33.5 ± 0.5 30.5 ± 0.5 

PGlyO-b-PNIPAAm_NP - - - - - - -7.32 ± 0.13 30.94 ± 0.96 33.5 ± 0.5 30.5 ± 0.5 

PGlyO-b-PNIPAAm_NPDOX 0.255 0.182 0.015 - - - -5.32 ± 0.51 37.47 ± 1.80 33.5 ± 0.5 30.5 ± 0.5 

PGlyO-b-PNIPAAm_NPTAM - - - 30.46 10.40 1.10 -3.86 ± 0.56 42.18 ± 2.14 33.5 ± 0.5 30.5 ± 0.5 

PNVCL - - - - - - - - 44.5 ± 0.5 41.0 ± 0.5 

PGlyP-b-PNVCL_NP - - - - - - -3.22 ± 0.18 28.21 ± 1.89 33.0 ± 0.5 31.0 ± 0.5 

PGlyP-b-PNVCL_NPDOX 0.268 0.199 0.016 - - - -4.67 ± 0.36 44.06 ± 3.38 34.0 ± 0.5 31.5 ± 0.5 

PGlyP-b-PNVCL_NPTAM - - - 36.15 11.95 1.30 -6.23 ± 0.16 32.19 ± 0.67 33.5 ± 0.5 31.0 ± 0.5 

PGlyO-b-PNVCL_NP - - - - - - -3.67 ± 0.39 23.15 ± 3.73 34.0 ± 0.5 31.5 ± 0.5 

PGlyO-b-PNVCL_NPDOX 0.425 0.282 0.025 - - - -7.09 ± 0.66 28.70 ± 1.11 34.0 ± 0.5 31.5 ± 0.5 

PGlyO-b-PNVCL_NPTAM - - - 38.01 12.30 1.30 -6.34 ± 0.55 28.87 ± 0.63 33.5 ± 0.5 31.0 ± 0.5 

Notes: a determined by ELS (measured after 7 days, PBS, 25 °C, C = 1 mg mL-1), bdetermined by MADLS (measured after 7 days, PBS, 25 °C, C = 1 mg mL-1), ccloud point 

temperature determined by turbidimetry (PBS, 25 °C, C = 0.5 mg mL-1), daggregation temperature determined by DLS (PBS, 25 °C, C = 0.5 mg mL-1).
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3.2.2. Drug release study 

This part of the work delves into analyzing the temperature-induced drug release from 

polymeric nanoparticles loaded with DOX and TAM. Understanding the release profile is 

important in optimizing drug delivery systems for effective therapies.  

The small quantities of encapsulated doxorubicin made it impossible to determine the 

drug release profile accurately. However, it should be emphasized that both the TAM-loaded 

and DOX-loaded carriers were thoroughly purified by 24-hour dialysis. This step ensured 

the removal of unbound drugs from the PNPs. As a result, it was possible to focus exclusively 

on the drugs remaining encapsulated within the nanoparticles. 

As presented in Figure 38, the drug release study of TAM was successfully conducted 

using the most versatile and popular dialysis method (DM).334 Predetermined amounts of 

tamoxifen-loaded nanoparticles were dissolved in water and transferred to dialysis bags. The 

dialysis bags were immersed in beakers containing release medium (water) and subjected to 

agitation using a magnetic stirrer. The drug release experiments were conducted at a constant 

temperature of 37 °C, which is above the phase transition temperature of the polymers and 

closely simulates human body conditions. At specific time intervals (5, 15, 30, 60, 120, 240, 

and 1440 min), the dialysis membranes were removed from the release medium, and the 

release medium was lyophilized and further analyzed. The concentration of tamoxifen 

released from the nanoparticles was quantified using high-performance liquid 

chromatography (HPLC).  

 

Figure 38. Schematic representation of temperature-induced drug release. 
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The resulting drug release profiles are demonstrated in Figure 39. The results revealed 

the controlled release of TAM from polymeric nanoparticles. An initial burst release was 

noted in the first 60 minutes, attributed to the phase transition behavior of PNIPAAm or 

PNVCL. This led to the collapse and shrinkage of the polymeric nanoparticles, facilitating 

drug diffusion. During the early time points (5 and 15 minutes), a slight variation in the 

initial release rate was observed among different nanoparticles. PNVCL-based nanoparticles 

exhibited a more rapid initial release compared to those based on PNIPAAm. As time 

progressed, all formulations showed a similar pattern of release. In all cases, approximately 

60% of the drug was released in 240 minutes. The data also indicated no significant increase 

in TAM release after 24 hours. Approximately 40% of the encapsulated drug in the tested 

systems remained attached to the polymeric structure.  

 

Figure 39. Release profiles of tamoxifen from thermoresponsive polymeric nanoparticles:  

a) PGlyP-b-PNIPAAm_NPTAM, b) PGlyO-b-PNIPAAm_NPTAM, c) PGlyP-b-PNVCL_NPTAM, 

d) PGlyO-b-PNVCL_NPTAM. 
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3.2.3. Biological studies 

Polymeric nanoparticles, empty and DOX-loaded, were tested regarding their 

biological properties. The experiments were carried out at the Medical University of 

Bialystok. Human RBC cells, monocytic/macrophage, myocardial cells, and two types of 

human breast cancer cells were treated with varying doses of empty and drug-loaded PNPs. 

The study sought to examine the hemocompatibility, impact on cell viability, and anticancer 

potential of polymeric nanoparticles. 

Regarding hemolysis, both the bare and DOX-loaded PNPs were found to be non-

hemolytic, exhibiting only about 1% hemolysis. This is vital to prevent severe hematological 

complications, such as acute immune hemolytic anemia (AIHA), during anticancer 

treatments.335 Further evaluations revealed no significant activity against THP-1 monocytic 

cells and H9c2(2-1) cardiomyocyte cells.  

Given that breast cancer remains one of the most frequently diagnosed cancers in 

women worldwide, the efficacy of these PNPs in drug delivery was studied using two types 

of breast cancer cells: estrogen-dependent, noninvasive MCF-7 cells and more aggressive, 

hormone-independent MDA-MB-231 cells. Notably, the cytotoxic effect on cancer cell lines 

varied based on the chemical composition of the carriers (type of diglyceride and the 

thermoresponsive segment). The findings revealed that the empty PNPs comprising the 

PGlyP block did not manifest a cytotoxic impact on both cell lines at concentrations of 0.05 

and 0.1 mg mL-1, with about 90% cell viability observed. PGlyO-containing PNPs had  

a significant cytotoxic effect on MCF-7 cells. There was a notable decrease in viable cells 

when treated with PGlyO-b-PNVCL_NP compared to PGlyO-b-PNIPAAm_NP. 

The addition of DOX to the PNPs significantly fortified their cytotoxic effect. The 

viability of MCF-7 cells treated with DOX-loaded carriers showed a substantial decrease, 

by 40–55% and 70–85%, respectively, at concentrations of 0.1 and 0.5 mg mL-1, compared 

to untreated control cells. Polymeric nanoparticles based on PNIPAAm manifested  

a significant reduction in the viability of MCF-7 cells at a concentration of 0.1 mg mL-1 and 

for PNVCL-based carriers at 0.5 mg mL-1.  

When analyzing the behavior against the more aggressive MDA-MB-231 cell line, all 

DOX-loaded particles revealed markedly better efficacy compared to their empty 

counterparts. The cytotoxic effects were concentration-dependent, except PGlyO-b-

PNVCL_NPDOX. This suggests that lower concentrations of this carrier could be utilized 

while still maintaining efficacy. This is a crucial finding, as it highlights the potential to 
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minimize carrier dosage (and encapsulated drug), thus improving compatibility and reducing 

the risk of side effects. 

The biological study also explored the mechanism of cell death induced by these 

polymeric nanoparticles. Evaluations were performed to determine whether treated cells 

underwent apoptosis (programmed cell death) or necrosis (unprogrammed cell death). The 

implications of inducing apoptosis versus necrosis in cancer treatment remain a subject of 

ongoing debate, as both pathways have distinct impacts on the body's immune system and 

overall cancer treatment efficacy.336 Bioluminescent-based assays demonstrated that both 

bare and DOX-loaded PNIPAAm-based PNPs induced significant apoptosis in treated cells. 

The impact of the diglyceride moiety on the induction of apoptosis was also studied, 

revealing a higher level of apoptotic cells after treatment with PNPs containing the palmitic 

moiety. Interestingly, carriers containing PNVCL segments were more potent in inducing 

necrotic cell death than those with PNIPAAm. Furthermore, the presence of DOX increased 

the ability to induce necrosis in estrogen-dependent cells. These findings suggest that the 

carriers' mechanism of action depends on the presence of the PNVCL or PNIPAAm block. 

It was concluded that the phase transition property of the hydrophilic PNIPAAm and 

PNVCL-based copolymers below body temperature played a pivotal role in the drug delivery 

process. At body temperature, the hydrophilic segments of PNPs were in a dehydrated state, 

enhancing their hydrophobic character. This increased hydrophobicity promoted the 

disruption of the cancer cell membranes by the diglyceride-based block and the effective 

delivery of DOX directly into the cancer cells.  

A deeper insight into the biological properties of empty and DOX-loaded nanoparticles 

can be found in the recently published manuscript by our group.30 

TAM-loaded nanoparticles are the focus of current research that examines their 

biological properties. The initial results of this research are very promising and will be 

detailed in a scientific publication.  

3.2.4. The modification of the polymer chain-end with a fluorescent probe 

In addition, a study was conducted to examine the internalization of PNPs by breast 

cancer cells. The ends of the polymer chains were modified with a fluorescent dye to 

investigate this specific behavior of polymeric nanoparticles in biological systems. As 

outlined in Scheme 15, a two-step postpolymerization labeling procedure was employed for 

this purpose.  
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Scheme 15. Modification of polymer chain-end with fluorescent dye. 

First, the terminal dithiocarbonate group was reduced to the thiol moiety through  

a simple aminolysis using n-propylamine in the presence of tributylphosphine.71 The 

complete removal of the dithiocarbonate group was confirmed by UV-Vis spectroscopy by 

the disappearance of characteristic absorption at 280 nm. A representative UV-Vis spectrum 

is shown in Figure 40. The polymers terminated with the –SH group were subsequently 

modified with a fluorescein diacetate 5-maleimide through Michael addition.337 Following 

this, simple hydrolysis was performed to obtain the fluorescein-labeled polymers.338,339  
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Figure 40. Representative of UV-Vis spectrum of polymer (PGlyP-b-PNIPAAm) terminated with 

dithiocarbonate (solid line) and reduced to thiol (dashed line). 

Using the nanoprecipitation method, dye-labeled polymers were then utilized to fabricate 

lipid-polymer nanoparticles (empty and drug-loaded). The fluorescent properties of linear 

fluorescein-labeled polymers and their corresponding polymeric nanoparticles were 

investigated. Figure 41 shows that the fluorescence intensity was higher for all polymeric 
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nanoparticles. These results can be attributed to the compact structure of the nanoparticles, 

which facilitates the accumulation of dyes in a confined space.340 

 

Figure 41. Fluorescence properties of polymers and corresponding fluorescein-labeled polymeric 

nanoparticles (C = 0.1 mg mL-1, PBS, λex = 494 nm and λem = 518 nm). 

Microscopic examinations and fluorescence studies of dye-labeled PNPs confirmed 

that DOX-loaded nanoparticles effectively penetrated breast cancer cells, significantly 

reducing their viability (Figure 42). The results revealed that internalization depended on the 

type of thermoresponsive segment. In particular, carriers with a PNVCL block exhibited 

better penetration than PNPs with the PNIPAAm segment. The analysis further revealed that 

the diglyceride part modulates the internalization of PNIPAAm-based PNPs, with an 

increased internalization observed for carriers containing an unsaturated diglyceride moiety. 
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Abbreviations: 1. PGlyP-b-PNIPAAm_NP; 2. PGlyO-b-PNIPAAm_NP; 3. PGlyP-b-PNVCL_NP; 4. PGlyO-

b-PNVCL_NP; 5. PGlyP-b-PNIPAAm _NPDOX; 6. PGlyO-b-PNIPAAm _NPDOX; 7. PGlyP-b-

PNVCL_NPDOX; 8. PGlyO-b-PNVCL _NPDOX. 

Figure 42. Internalization of fluorescein (FLU)-labeled empty and DOX-loaded PNPs into breast 

cancer cells. Fluorescence intensity of fluorescein-labeled empty and DOX-loaded PNPs in a) MCF-

7 cells and b) MDA-MB-231 cells. Microscopic analysis of fluorescein-labeled empty and DOX-

loaded PNPs localization into c) MCF-7 cells and d) MDA-MB-231 cells; 200x magnification.  
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Summary 

This chapter extensively investigates the properties of water-soluble thermoresponsive 

polymeric nanoparticles formed using homopolymers or copolymers containing either 

PNIPAAm or PNVCL, which incorporate one or more diglyceride moieties in the structure, 

respectively. PNPs were produced via a straightforward nanoprecipitation method. 

The size of homopolymer-based PNPs, assessed using MADLS, revealed a narrow 

size distribution influenced by the thermoresponsive block type and the molar mass of the 

polymer. The spherical shape of nanoparticles was corroborated using DLS with polarization 

filters and TEM. UV-Vis spectroscopy and DLS were employed to determine 

thermoresponsive properties. It was found that the TCP changed based on molar mass, 

hydrophobic/hydrophilic ratio, and environmental factors such as salt presence. In PBS, the 

diglyceride-terminated PNIPAAm and PNVCL particles displayed lower TCPs than their 

bare counterparts, indicating the role of the end groups in influencing the thermal response. 

Collaborative studies with the Medical University of Bialystok revealed the 

hemocompatibility of nanoparticles. They did not cause hemolysis in red blood cells or affect 

the metabolic activity of THP-1 cells. 

The spherical shape of copolymers-based PNPs was confirmed using backscattering 

DLS measurements and TEM imaging. Given their excellent long-term stability at pH 7.4, 

these nanoparticles were ideal for biomedical applications as drug carriers. The successful 

encapsulation of two low water-soluble anticancer drugs, doxorubicin (DOX) and tamoxifen 

(TAM), into these nanoparticles was achieved. The structure of PNPs has been proven to 

influence drug encapsulation efficiency. The PNPs demonstrated a significantly higher 

encapsulation efficiency for TAM than DOX. The hydrodynamic diameter of drug-loaded 

nanoparticles was within the 10–200 nm range, which is ideal for drug delivery. 

Furthermore, they maintained a spherical shape and exhibited a negative zeta potential, 

which is favorable for extended circulation half-lives. Additionally, TCP and TAgg of 

nanoparticles were studied. The phase separation temperatures for all nanoparticles were 

lower than those of pure PNIPAAm or PNVCL. The thermoresponsive properties of PNPs 

enabled controlled drug release in response to temperature variations. The study of the drug 

release of TAM from polymeric nanoparticles revealed an initial burst release. Subsequently, 

the release rate stabilized, with approximately 60% of the drug released within the first 240 

minutes and no further significant release. This suggests that approximately 40% of the 
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encapsulated drug remained within the nanoparticles. The small quantities of encapsulated 

doxorubicin made it impossible to determine the drug release profile accurately. 

Despite the lack of significant differences in the physicochemical properties of PNPs 

composed of diglycerides with saturated and unsaturated chains (PGlyP and PGlyO) and 

thermoresponsive blocks (PNIPAAm and PNVCL), their composition influenced their 

biological properties.  

The polymeric nanoparticles (empty and drug-loaded) were compatible with 

representatives of normal cells, such as human RBC, THP-1 monocytic cells, and H9c2(2-1) 

cardiomyocyte cells. The cytotoxic efficacy of PNPs on breast cancer cell lines (MCF-7 and 

MDA-MB-231) varied based on their chemical composition. Empty PNPs with the PGlyP 

block showed negligible cytotoxic effects on both cell lines. In contrast, empty PNPs 

containing PGlyO, particularly those combined with PNVCL, showed a marked reduction 

in viability among MCF-7 cells, suggesting that unsaturated acid moieties and the choice of 

thermoresponsive block significantly influence cytotoxicity. Despite the low doses of the 

encapsulated drug, all DOX-loaded PNPs exhibited significant cytotoxic effects against 

MCF-7 and more aggressive MDA-MB-231 breast cancer cell lines. Moreover, in the case 

of MDA-MB-231 cells, PGlyO-b-PNVCL_NPDOX showed a lack of dose-dependent 

efficacy, indicating the potential for lower dosage applications without compromising 

therapeutic outcomes. The efficiency of cancer cell death varied according to the 

composition of the PNPs and induced apoptosis or necrosis. PNIPAAm-based PNPs induced 

apoptosis, whereas PNPs containing PNVCL were more potent in inducing necrosis. 

Furthermore, the uptake of fluorescein-labeled PNPs by breast cancer cells was studied.  

It was confirmed that they could penetrate the membranes of cancer cells, disintegrating their 

functions. The results revealed that internalization depended on the type of thermoresponsive 

segment. In particular, PNPs with a PNVCL block exhibited better penetration than those 

with the PNIPAAm segment. In the case of PNIPAAm-based PNPs, the unsaturated 

diglyceride moiety showed increased internalization than their saturated counterparts. The 

biological properties of TAM-loaded nanoparticles are currently being evaluated. 

The investigation of PNPs formulated from thermoresponsive polymers, which 

incorporate one or multiple diglyceride molecules within their structure, has shed light on 

their biocompatibility and potential as drug carriers. Furthermore, studies on fluorescently 

labeled PNPs have determined their ability to penetrate the membranes of cancer cells. This 

underscores the potential of dye-labeled polymeric nanoparticles not only in analyzing their 

biodistribution and metabolism but also as valuable tools in theranostics and diagnostics. 
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The results presented in this chapter establish a foundational platform for further research. 

Future studies may explore varied polymer compositions, molar masses, and types of 

encapsulated drugs to increase the therapeutic potential of these nanocarriers. Moreover, 

additional research is necessary to optimize the design and evaluate the in vivo behavior of 

these nanoparticles for clinical applications. 
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European Polymer Journal 2022, 169, 111154.  
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CHAPTER 4. POLYVINYLAMIDES AND POLYVINYLAMINES  

This part of the doctoral dissertation aimed to determine optimal parameters for the 

polymerization of N-vinylformamide (NVF) employing a photoiniferter reversible addition-

fragmentation chain transfer (PI-RAFT) technique (Scheme 16). Additionally, this chapter 

explores the potential for preparing block copolymers with a poly(N-vinylformamide) 

segment and their subsequent hydrolysis to create tailor-made polyvinylamines. 

 

Scheme 16. General scheme of PI-RAFT polymerization of NVF under LED irradiation and 

hydrolysis of PNVF to corresponding polyvinylamine. 

4.1. Photoreactors 

All polymerizations were conducted in homemade photoreactors. As an example, the 

purple photoreactor is shown in Figure 43. Light-emitting diodes (LEDs) were chosen as the 

light source because of their numerous advantages. LEDs emit light at specific wavelengths 

with a narrow half-width, which is crucial for photopolymerization, where only a particular 

wavelength might initiate the reaction.82,341 They operate at low voltages, leading to reduced 

electricity consumption. Furthermore, the minimal heat generated by LEDs eliminates the 

need for additional cooling measures or more complex equipment.342 Their durability, 

extended lifespan, and cost-effectiveness, compared to other light sources, further 

underscore their suitability for photochemical applications.82,85 The purple LED light strip 

(λ = 395–400 nm) was wound inside an aluminum can with a diameter of 8.5 cm and a height 

of 9.5 cm. The LED light strip was connected to the power with a power supply. A cooling 

fan placed at the bottom of the photoreactor ensured constant airflow. The polymerization 

kinetics were evaluated in sealed glass tubes placed 2.5 cm from the light source. The 

samples were withdrawn at different intervals and analyzed by 1H NMR and SEC.  
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Figure 43. Purple LEDs-based photoreactor for polymerization studies. 

4.2. The influence of light wavelength on polymerization  

The S-(cyanomethyl) O-ethyl carbonate dithionate (CTA2) absorbs light in the UV 

region (260–320 nm) due to the spin allowed π → π* electronic transition of the thiocarbonyl 

group. Absorption in the visible light region (340–420 nm) is caused by the spin forbidden 

n → π* electronic transition (Figure 44). The n → π* absorption of CTA2 with a maximum 

of around 360 nm suggested that purple LED light is more appropriate for NVF 

polymerization. However, examples can be found in the literature where blue LED light was 

used to initiate polymerization with a dithiocarbonate chain transfer agent.106 It is worth 

mentioning that recently, Barner-Kowollik and coworkers explored the wavelength-

dependent behavior of photoinduced ATRP, demonstrating a red shift in the action spectrum 

relative to the absorption spectrum of a copper(II) catalyst.343 This finding is particularly 

relevant to this study as it suggests that the most effective wavelength for polymerization 

might not directly align with the peak absorption wavelength of the chain transfer agent used. 

Therefore, the investigation began by identifying optimal parameters for polymerization. At 

first, two varying wavelengths of light, 395–400 nm (purple) and 460 nm (blue), were tested 

as a light source in the PI-RAFT polymerization of NVF for Mn,th = 20 kg mol-1. The number 

of LEDs in both photoreactors was 66. 
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Figure 44. UV-Vis spectrum of S-(cyanomethyl) O-ethyl carbonodithioate. 

As expected, the polymerization rate was much faster with purple light. High 

conversion (80%) was obtained after 4 h of irradiation with purple light. Achieving such  

a value with blue light required 40 h of irradiation (Figure 45). 

 

Figure 45. The effect of light wavelength on NVF conversion over time. 

This finding was further justified through the comparison of chromatograms (Figure 

46). Although all of the traces were monomodal, they did not shift toward lower elution 

times in the case of polymerization carried out with blue light. The molar masses determined 

by SEC did not increase with conversion, hinting at a lack of control (Figure 47, Table 11). 
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Figure 46. Evolution of SEC-RI chromatograms of PNVF with NVF conversion for polymerizations 

carried out with a) blue light and b) purple light.  

In the case of reactions carried out with purple LED light, the increase in molar mass 

showed a nearly linear relationship with the irradiation time. However, the molar masses 

determined by SEC were slightly higher than the theoretical values. Furthermore, a gradual 

increase in dispersities with conversion was observed (1.53 at 87% conversion). This may 

be attributed to a gradual loss of RAFT end-groups due to high light intensity during 

polymerization.45 

 
Figure 47. Evolution of Mn and Ð during PI-RAFT polymerization of NVF with different light 

sources. 
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 In addition, the analysis of SEC-UV traces of two samples with similar conversion 

(more than 60%) prepared with two different light sources clearly showed a much weaker 

UV signal for polymerization carried out with blue light than with purple light (Figure 48). 

This indicates degradation of the CTA end-groups and, thus, a lack of livingness of the 

polymers.  

12 13 14 15 16 17 18 19 20 21

time (min)

 = 460 nm (blue light)

  = 400 nm (purple light)

 

Figure 48. SEC-UV chromatograms of PNVF. 

 These results determined that purple light was a better choice for further experiments 

as it demonstrated better control over the polymerization than blue light.  

4.3. The influence of light intensity on polymerization 

Given the results of the previous section, it was deemed necessary to examine the 

influence of purple light intensity on the polymerization of NVF. The light intensity was 

adjusted by changing the number of LEDs in the photoreactor. Figure 49 shows that a higher 

intensity of purple LEDs resulted in a higher radical concentration and faster polymerization 

in the initial stages, with differences disappearing at the final polymerization stage.  

As depicted in Figure 50 and Table 12, reducing the light intensity resulted in better 

control over the polymerization. Mn,SEC values were closer to theoretical expectations, and 

the dispersities remained at a similar level (Ð between 1.19 and 1.32) throughout the process. 

The Mn,SEC, and Ð values did not exhibit significant variations between the experiments 

conducted with 30 and 12 LEDs. Therefore, a reactor with 30 LEDs was selected for further 

research as the optimal compromise between polymerization control and ease of 

manipulation. 
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Figure 49. The effect of purple light intensity on NVF conversion with time.  

 

Figure 50. The effect of purple light intensity on Mn and dispersities versus conversion. 

4.4. Polymerization with different targeted molar masses 

To investigate the behavior of N-vinylformamide (NVF) during PI-RAFT, three 

different initial concentrations of CTA2 ([CTA2]0 = 66.5, 16.2, and 6.45 mmol L-1) were 

used, corresponding to the theoretical Mn of 5, 20, and 50 kg mol-1. The controlled nature of 

the polymerization was confirmed in all cases. The obtained polymers showed a linear 

increase in Mn,SEC with monomer conversion and agreed with the theoretical values (Figure 
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51 and Table 13). However, dispersity values increased as the initial concentration of CTA2 

decreased.  

 

Figure 51. Evolution of Mn and Ð during PI-RAFT polymerization of NVF for different targeted 

molar masses. 

The evolution of SEC-RI chromatograms with conversion also confirmed the 

controlled character of the polymerization. The SEC traces were monomodal throughout 

polymerization and shifted toward a lower elution time with increasing monomer conversion 

(Figure 52).  

As shown in Figure 53, the kinetic study revealed that the polymerization rate 

increased with the increasing initial concentration of the chain transfer agent ([CTA2]0). 

After 6 hours of irradiation, a high conversion of approximately 90% was observed for 

polymers of molar mass 5 and 20 kg mol-1. Polymers were characterized by low dispersity 

(Ð ⁓ 1.2). However, for 50 kg mol-1, the monomer conversion was slightly lower (70%) after 

the same period, and the dispersities slightly increased (Figure 51). This can be explained by 

the dual role of CTA, which acts as both a chain transfer agent and the only source of radicals 

in PI-RAFT polymerization. When the concentration of CTA is lower, the number of radicals 

produced also decreases, affecting the polymerization process. 

 

1.0

1.2

1.4

1.6

0 10 20 30 40 50 60 70 80 90 100
0

5

10

15

20

25

30

35

40

45

50  

 

 Ð

 

 5 kg mol
-1

 20 kg mol
-1

 50 kg mol
-1

M
n

 (
k
g

 m
o
l-1

)

Conversion (%)



132 |  

 

 

Figure 52. Evolution of the SEC-RI chromatograms of PNVF with NVF conversion for different 

molar masses.  

 
Figure 53. Effect of the initial concentration of CTA2 on PI-RAFT polymerization in DMSO at 
ambient temperature ([NVF]0 = 4.53 mol L-1). 
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4.5. Dithiocarbonate and light-free experiments 

In order to determine the essential role of the RAFT agent and purple light in the 

polymerization process, experiments without these components were conducted. In the 

dithiocarbonate-free experiment, no polymerization occurred even after 16 hours of 

exposure to purple light (Figure 54a). Similarly, no polymerization occurred when the 

reaction mixture containing dithiocarbonate and NVF in DMSO was exposed to daylight for 

48 hours (Figure 54b). 

 

 

Figure 54. 1H NMR spectra of a) a dithiocarbonate-free experiment and b) a light-free experiment 

(300.13 MHz, DMSO). 

4.6. Temporal control 

Temporal control in photoinduced polymerization offers significant advancement, 

using light as an on-demand switch to initiate or stop the process instantaneously. 

Polymerization is in progress when the light is on, whereas when it is off, the process is 

suspended. The experiment was carried out in an NMR tube with deuterated DMSO for the 

targeted Mn = 20 kg mol-1. Figure 55 shows the evolution of the NVF conversion over time 

during purple LED irradiation. The conversion value remains unchanged at specific 

intervals, such as 2 to 3 hours, 4 to 5 hours, 6 to 8 hours, and 9 to 11 hours. This indicates 

periods when the LED irradiation was turned off (represented as gray areas). On the contrary, 

when the light source was activated (shown as white areas), a linear increase in conversion 

was evident, signaling the continuation of the polymerization process. 

Temporal control is beneficial in the production of block copolymers because it allows 

for the sequential addition of different monomers. A new monomer can be added by pausing 

the polymerization process, and then the process can be restarted by turning the light source 
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back on. This precise control over the polymerization process facilitates the creation of 

complex polymeric structures. 

 

Figure 55. Temporal control of PI-RAFT polymerization. Evolution of NVF conversion over time 

during purple LED irradiation (ON: white area) and without irradiation (OFF: gray area). 

4.7. The nature of end-groups 

To verify the livingness of the polymer by the presence of the dithiocarbonate as  

the end-group, a low molar mass PNVF-CTA2, was synthesized, purified by precipitation in 

cold acetone, and subsequently analyzed by SEC, matrix-assisted laser desorption ionization 

time-of-flight mass spectrometry (MALDI-TOF MS), 1H NMR, and electrospray-ionization 

time-of-flight mass spectrometry (ESI-TOF MS). The molar mass determined by SEC 

(Mn,SEC = 2.2 kg mol-1, Ð = 1.08) was in good agreement with the expected Mn,th = 1.8 kg 

mol-1. The MALDI-TOF MS spectrum, presented in Figure 56, showed two populations.  

The major population, with a general formula of C2H2N-(C3H5NO)n-1-CH2=CH2-

NHCHO, was identified as the sodium adduct of a PNVF terminated by a double bond due 

to the decomposition of the dithiocarbonate group under the MALDI-TOF laser. This 

phenomenon is commonly observed for other poly(N-vinylamides).230,344 The minor 

population could not be identified but did not correspond to thiol nor hydrogen-terminated 

chains. However, confirmation of the presence of the dithiocarbonate group as the chain-end 

was achieved through 1H NMR spectroscopy, where characteristic signals at 4.5−4.7 ppm 

and 1.4 ppm corresponding to the methylene and methyl protons of the O-ethyl 

dithiocarbonate group were observed (Figure 57). 
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Figure 56. MALDI-TOF MS spectrum of PNVF-CTA2 (Mn,SEC = 2.2 kg mol-1, Ð = 1.08). 

 

Figure 57. 1H NMR spectrum of PNVF-CTA2 of low molar mass (Mn,SEC = 2.2 kg mol-1, Ð = 1.08), 

(300.13 MHz, DMSO). 

The ESI-TOF MS spectrum of low molar mass PNVF-CTA2 was more complex and 

detected five distinct populations. (Figure 58). Three of these populations were ascribed to 

a polymer that ended with a dithiocarbonate group (C2H2N-(C3H5NO)n-S(C=S)OCH2CH3) 

cationized with hydrogen or sodium. The remaining two minor populations were related to 

a polymer terminated with a double bond from dithiocarbonate decomposition.  
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Figure 58. ESI-TOF MS spectrum of PNVF-CTA2 (Mn,SEC = 2.2 kg mol-1, Ð = 1.08). 

The chain-end fidelity of the RAFT groups was further confirmed by a chain extension 

experiment from a well-characterized PNVF-CTA2 macro-CTA (Table 14). SEC 

chromatograms of the chain extended PNVF shifted to a lower elution time with the 

increasing conversion, while the initial trace of PNVF-CTA2 disappeared completely 

(Figure 59a). Additionally, Mn,SEC were in accordance with theoretical values with 

consistently low dispersities (Ð < 1.25), as demonstrated in Figure 59b and Table 14. 
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Figure 59. a) Evolution of SEC-RI chromatograms of PNVF with NVF conversion during chain 

extension experiment. b) Evolution of Mn and dispersity versus conversion during chain extension of 

PNVF. 

Based on these findings, it can be concluded that PI-RAFT is an effective method of 

NVF polymerization, which creates the possibility of preparing block copolymers with  

a PNVF segment. 

4.8. Block copolymerization  

Two block copolymers containing a PNVF segment were synthesized by PI-RAFT 

polymerization of NVF with two different macro-CTAs. The well-known poly(ethylene 

glycol) (PEG) and poly(N-vinyl pyrrolidone) (PVP) were selected as the first blocks.  

4.8.1. Polymerization with PEG as macro-CTA 

Poly(ethylene glycol) (PEG) is a versatile polymer with many applications, for 

example, in the medical, industrial, and cosmetic fields. PEG is soluble in both aqueous and 

organic solvents, exhibits biocompatibility, and has received approval from the Food and 

Drug Administration (FDA).345,346 

A macro-CTA, based on PEG, was synthesized using a two-step procedure from 

commercially available ω-hydroxy-terminated PEG (PEG-OH) with a molar mass of 5 kg 

mol-1 (Scheme 17a).347 Briefly, PEG-OH was modified with 2-bromopropionyl bromide to 

obtain PEG-Br. This compound then reacted with ethyl potassium dithiocarbonate, resulting 

in the dithiocarbonate-functionalized macro-CTA marked as PEG-CTA1. Subsequently, 
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PEG-CTA1 was used to polymerize NVF, targeting a molar mass of 25 kg mol-1 at complete 

conversion (Scheme 17b).  

 

Scheme 17. General scheme of copolymerization with PEG ac macro-CTA. 

The copolymerization proceeded in a controlled manner, with the NVF conversion 

reaching 87% after 6 hours of irradiation under purple LED light. The molar masses of the 

copolymer, as determined by aqueous SEC, increased linearly with conversion and were 

closely aligned with theoretical predictions (Figure 60a, Table 15). SEC chromatograms of 

copolymers were monomodal and shifted toward a lower elution time with increasing 

monomer conversion. (Figure 60b). The shoulder visible in the chromatogram of PEG-CTA1 

is more likely to originate from the starting material (PEG-OH), which has also been 

observed in previously reported studies.347 

  

Figure 60. a) Evolution of Mn and Ð versus conversion determined by aqueous SEC. b) Evolution of 

SEC-RI chromatograms of PEG-b-PNVF copolymers with NVF conversion during PI-RAFT 

polymerization. 
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4.8.2. Polymerization with PVP as macro-CTA 

Poly(N-vinyl pyrrolidone) (PVP) is a biocompatible, non-toxic, and water-soluble 

polymer.348 Initially developed as a plasma substitute, PVP has significantly broadened its 

scope. It now plays an important role in many sectors, such as pharmaceuticals, biomedical 

devices, laboratory analysis, cosmetics, food products, adhesives, textile processing, fuel 

cells, batteries, metal nanoparticle synthesis, and environmental protection.225 

4.8.2.1. Polymerization of N-vinylpyrrolidone (NVP) 

In the case of PVP-based macro-CTA, its synthesis with PI-RAFT was more 

challenging. Although the polymerization of NVP with RAFT is well described, only a few 

publications have shown attempts to polymerize this monomer using light. Gibson and 

coworkers discussed the application of PI-RAFT in PVP synthesis utilizing blue LED 

light.349 However, the monomer conversion reached a maximum of 44% after 24 hours of 

irradiation, while the molar masses measured by SEC were higher than theoretical values. 

Zhu et al. demonstrated the lack of NVP homopolymerization upon exposure to purple or 

blue LED light, whereas only oligomers were obtained under UV light irradiation.104 

However, when NVP was used as a second block in PI-RAFT to extend the chain of macro-

CTA from poly(n-butyl acrylate) (PnBA), poly(methyl acrylate) (PMA), and polystyrene 

(PS), well-defined block copolymers were produced. These results encouraged the testing of 

purple light to drive NVP polymerization.  

Preliminary research focused on the identification of suitable polymerization 

conditions. At first, polymerization was carried out in bulk with S-(cyanomethyl) O-ethyl 

carbonate dithionate (CTA2) as a chain transfer agent. After only a short time of irradiation 

with purple light (10 minutes), it was noticed that the reaction mixture became dense. 

Surprisingly, the 1H NMR analysis showed that NVP did not polymerize but instead 

underwent dimerization (Figure 61). It is known that the dimerization of NVP can occur in 

the presence of water and/or acidic functional groups,350,351 although neither of these factors 

was present in this case. The reaction was performed several times with freshly distilled 

NVP, and the dimerization occurred each time. Contamination of the chain transfer agent 

with alkyl halides was also considered as a potential cause of dimerization. However, this 

possibility was ruled out as CTA2 from the same batch was successfully used in the 

polymerization of N-vinylformamide, which is also sensitive to acid as a monomer from the 
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N-vinylamides family. 229,351 To date, no explanation for this unexpected behavior of CTA2 

with NVP has been identified.  

  

Figure 61. 1H NMR spectrum of PI-RAFT polymerization of NVP with CTA2 (300.13 MHz, CDCl3). 

Based on these findings, the chain transfer agent was changed to  

2-((ethoxycarbonothioyl)thio)propanoate (CTA1), previously reported as a good CTA in 

RAFT polymerization of NVP (Scheme 18a).228 

 

Scheme 18. General scheme for block copolymerization with PVP as macro-CTA. 

 The polymerization with CTA1 proceeded in a controlled manner and, surprisingly, 

was extremely fast, with 94% conversion after 30 min of irradiation under purple light. As 

depicted in Figure 62a, SEC chromatograms were monomodal and shifted toward a lower 

elution time with increasing monomer conversion. Molar masses determined in DMF 

displayed a linear relationship with conversion and were nearly identical to theoretical 

expectations. Also, dispersities remained low (Ð < 1.2) throughout polymerization (Figure 

62b, Table 16). 



C h a p t e r  4  | 141 

 

 

Figure 62. a) Evolution of SEC-RI chromatograms of PVP with NVP conversion during PI-RAFT 

polymerization. b) Evolution of Mn and dispersity versus conversion during PI-RAFT 

polymerization. 

4.8.2.2. Block copolymerization with NVF 

Subsequently, PVP-CTA1 (Mn,SEC = 5.1 kg mol-1, Ð = 1.11) was synthesized and further used 

as a macro-CTA in the polymerization of NVF targeting a Mn,th = 30 kg mol-1 at complete 

conversion (Scheme 18b). Polymerization exhibited a controlled nature, and molar masses 

determined under aqueous conditions followed a linear trend while maintaining low 

dispersities (Ð < 1.2) (Figure 63a, Table 17). The monomodal SEC traces shifted toward 

lower elution time with increasing monomer conversion (Figure 63b).  

 

Figure 63. a) Evolution of Mn and Ð versus conversion determined by aqueous SEC. b) Evolution of 

SEC-RI chromatograms of PVP-b-PNVF copolymers with NVF conversion during PI-RAFT 

polymerization. 
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However, due to differences in solubility between the first block (PVP-CTA1) and the 

copolymer (PVP-b-PNVF), the successful chain extension of macro-CTA could not be 

demonstrated by SEC analysis. Analysis of the PVP homopolymer using aqueous SEC was 

impossible as the sample exhibits a strong tendency to interact and adsorb on the SEC 

columns.352 While DMF is a common solvent for PVP analysis, the PVP-b-PNVF 

copolymer, with a high content of PNVF, was not soluble in DMF and had to be analyzed in 

water instead. 

To overcome this limitation and gain further insight into block copolymer formation, 

alternative characterization techniques such as the asymmetric flow field-flow fractionation 

(AF4) technique and diffusion-ordered spectroscopy nuclear magnetic resonance (DOSY 

NMR) were employed.  

Asymmetric flow field flow fractionation (AF4) is a powerful analytical technique to 

separate and characterize polymers and other macromolecules. AF4 has several advantages, 

including the absence of a stationary phase, which reduces interactions between the sample 

and the column packing.352–354 In the AF4 method, the sample is introduced into a separation 

channel where a longitudinal laminar flow of a carrier liquid through the channel is combined 

with a perpendicular cross flow. This crossflow forces the sample components toward an 

ultrafiltration membrane, where they are confined to a thin, concentrated layer. The sample 

is separated based on size, with larger molecules moving slower and eluting later than 

smaller molecules.354,355 This is opposite to size exclusion chromatography (SEC), where 

large molecules elute first. It is important to note that the AF4 method has already been 

successfully used to analyze both PVP355 and PNVF352.  

AF4 analysis of PVP-CTA1 and PVP-b-PNVF showed a clear shift between the 

fractogram of PVP-CTA1 and the copolymer. The absence of any residual trace of the first 

block indicated the effective synthesis of the diblock copolymer (Figure 64). Although the 

Mn determined for the PVP block by AF4 was slightly higher (Mn,AF4 = 6.0 kg mol-1,  

Đ = 1.12) than the value measured by SEC (Mn,SEC = 5.1 kg mol-1, Ð = 1.11), the two values 

were still closely correlated. For the PVP-b-PNVF, Mn,AF4 = 22.6 kg mol-1 (Đ = 1.26) was 

nearly identical to the theoretical value (Mn,th = 22.5 kg mol-1). 
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Figure 64. A4F fractograms of PVP-CTA1 and PVP-b-PNVF. 

Diffusion-ordered spectroscopy nuclear magnetic resonance (DOSY NMR) is an 

effective analytical technique that provides valuable information about block copolymer 

synthesis. As an alternative to chromatographic methods, this technique allows for the 

analysis of molecular diffusion in solution, providing diffusion coefficients (D) of molecules 

related to their hydrodynamic radius. The results are presented as a two-dimensional map. 

The horizontal axis displays the conventional chemical shift spectra, while the vertical axis 

shows the spectra of the diffusion coefficients. DOSY NMR is especially valuable for 

detecting by-products or impurities, including unreacted monomers, residual 

homopolymers, and degradation products, providing information on the polymerization 

process and the quality of the final product.356–359  

Analysis of PVP-CTA1 and PVP-b-PNVF using DOSY NMR confirmed the 

successful synthesis of a block copolymer (Figure 65). This conclusion was drawn from the 

distinct diffusion coefficients observed for each sample in the spectrum. PVP-CTA1 was 

characterized by a higher diffusion coefficient (D = 49 μm2 s-1) due to its lower 

hydrodynamic radius. Conversely, PVP-b-PNVF displayed a lower diffusion coefficient  

(D = 6 μm2 s-1). Additionally, no residual signals from the first block were detected in the 

NMR spectrum of the copolymer.  
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Figure 65. 1H DOSY NMR spectra (500 MHz, DMSO). 

4.8.2.3. Hydrolysis of the PNVF segment 

Poly(N-vinylformamide) can be converted to PVAm through hydrolysis in either 

acidic or basic conditions.229,360 Acidic hydrolysis results in cationic polymers, which may 

hinder the complete transformation of PNVF into PVAm due to electrostatic repulsion 

between cationic amine groups and proton hydrates. In contrast, basic hydrolysis leads to the 

formation of polymers with free amine functional groups, making the process generally more 

effective with almost complete conversion. In the present study, the hydrolysis of the PNVF 

block was carried out under basic conditions (Scheme 19). PVP-b-PNVF was dissolved in  

2 M sodium hydroxide (NaOH), and the solution was heated at 80 °C for 3 h. Afterward, the 

copolymer was purified by dialysis to remove the forming by-product (sodium formate salt).  
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Scheme 19. The hydrolysis of the PNVF segment. 

Confirmation of the quantitative conversion of PVP-b-PNVF to PVP-b-PVAm was 

achieved using 1H NMR spectroscopy of purified polymers. This was evident from the 

complete disappearance of a broad signal corresponding to the formyl group (k), previously 

visible in the range of 7.7–8.1 ppm, and the shift of signals corresponding to methylene (i) 

and methyne (j) from 1.5 to 1.1 ppm and from 3.8 to 2.8 ppm, respectively (Figure 66). 

 

Figure 66. Comparison of 1H NMR spectra of PVP-CTA1, PVP-b-PNVF, and PVP-b-PVAm (300.13 

MHz, D2O). 
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Summary  

This chapter of the doctoral dissertation focused on the polymerization of  

N-vinylformamide (NVF) using the photoiniferter reversible addition-fragmentation chain 

transfer (PI-RAFT) technique in a custom photoreactor with LEDs. Purple LEDs (395–400 

nm) were more effective than blue (460 nm), achieving 80% conversion in 4 hours, 

compared to 40 hours with blue light. Molar mass analyses further showed that purple LED 

light provided better control over polymerization. Adjusting the intensity showed that, while 

higher intensities led to faster polymerization, a moderate intensity (using 30 LEDs) 

provided a balance between speed and control. Further investigation was conducted on the 

polymerization behavior of NVF under PI-RAFT at different targeted molar masses (5, 20, 

and 50 kg mol-1). The results highlighted the controlled nature of the polymerization process, 

with the obtained polymers showing a linear correlation of molar mass with monomer 

conversion. Experiments were also conducted to understand the importance of the RAFT 

agent and purple light in the polymerization process. No polymerization occurred in tests 

where either the dithiocarbonate (a RAFT agent) was excluded or the mixture was exposed 

to daylight. Highlighting the significance of light in this process, it was found that light could 

serve as a temporal switch, initiating or halting polymerization instantaneously. The study 

also delved into analyzing the end groups of the polymer to confirm its "living" nature. 

Several techniques were used, including MALDI-TOF MS, ESI-TOF MS, and 1H NMR. 

The results confirmed the presence of dithiocarbonate as a chain-end group in the 

synthesized polymer. These findings were further validated with a chain extension 

experiment, demonstrating that PI-RAFT is a potent method for NVF polymerization, 

enabling the potential synthesis of block copolymers with a PNVF segment.  

Two block copolymers containing PNVF segments were successfully synthesized via 

PI-RAFT polymerization with macro-CTAs based on poly(ethylene glycol) (PEG) and 

poly(N-vinylpyrrolidone) (PVP). For polymerization with PEG, an 87% NVF conversion 

was achieved after 6 hours under purple light irradiation. As validated by aqueous SEC, the 

molar masses of the resulting copolymer agreed with the theoretical predictions. In the case 

of the PVP-based macro-CTA, PI-RAFT polymerization was initially challenging. However, 

after changing the chain transfer agent to 2-(ethoxycarbonothioyl)thio)propanoate (CTA1), 

polymerization was rapid and controlled, with 94% conversion after 30 minutes of purple 

light irradiation. A PVP-CTA1 was then synthesized and used as a macro-CTA for NVF 

polymerization, displaying controlled polymerization behavior. Despite challenges in 
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solubility during SEC analysis, the synthesis of the PVP-b-PNVF block copolymer was 

confirmed using alternative techniques such as asymmetric flow field flow fractionation 

(AF4) and diffusion-ordered nuclear magnetic resonance (DOSY NMR). Lastly, the 

hydrolysis of the PNVF segment was performed under basic conditions using 2 M sodium 

hydroxide. The resultant copolymer underwent complete conversion from PVP-b-PNVF to 

PVP-b-PVAm, which was confirmed using 1H NMR spectroscopy.  

In summary, barriers in NVF polymerization were overcome by conducting an eco-

friendly PI-RAFT polymerization under mild conditions influenced by purple light. The PI-

RAFT approach enabled the synthesis of well-defined PNVF-based homopolymers and 

copolymers. Moreover, the transformation of PNVF to PVAm through basic hydrolysis was 

a foundational step toward future advances in the synthesis and potential applications of 

PVAm. 

 

Part of the results of this chapter have been published in:  

1) I. Kurowska, A. Dupre–Demorsy, S. Balayssac, M. Hennetier, A. Ric, V. Bourdon,  

T. Ando, H. Ajiro, O. Coutelier, M. Destarac, Macromolecular Rapid Communications 

2023, 44, 2200729. 
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CHAPTER 5. SYNTHESIS OF ABA TRIBLOCK COPOLYMERS 

This part of the work aims to expand the knowledge on synthesizing homopolymers 

based on poly(methyl methacrylate) (PMMA) or poly(n-butylacrylate) (PnBA) and their 

methacrylate–acrylate–methacrylate (hard–soft–hard) ABA triblock copolymers as  

a potential thermoplastic elastomer (TPE). Polymerizations were performed using PI-RAFT 

polymerization with a new symmetrical RAFT agent called bis-(2-methylpropanenitrile) 

trithiocarbonate (TTC-bCP, CTA3) (Scheme 20).246 PMMA with Tg in the range of 120–135 

°C was selected as a hard block (A), and PnBA with Tg of approximately -40 °C as a soft 

block (B).243 It is important to highlight that the key to achieving the desired properties of 

methacrylate–acrylate–methacrylate copolymers, such as high elongation, flexibility, UV, 

and scratch resistance, lies in the precise combination of methacrylate and acrylate blocks. 

The performance of these materials as TPEs depends on the ratio of hard to soft blocks, with 

optimal properties observed when the hard phase accounts for about 15 to 30% of the 

composition.259,361–364 

 

Scheme 20. General scheme for the synthesis of ABA triblock copolymers using PI-RAFT.246 

5.1. Synthesis of a hard block: PMMA 

5.1.1. The influence of light wavelength on polymerization  

Bis-(2-methylpropanenitrile)trithiocarbonate (TTC-bCP) absorbs light in the UV 

region (265–365 nm) due to the spin allowed π → π* electronic transition of the thiocarbonyl 

group and the absorption in the visible light region (385–545 nm) is caused by the spin 

forbidden n → π* electronic transition (Figure 67). Thus, it can be excited by either blue or 

green light.  
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Figure 67. UV-Vis spectrum of bis-(2-methylpropanenitrile)trithiocarbonate (TTC-bCP). 

Therefore, first, two varying wavelengths of light, 460 nm (blue) and 530 nm (green), 

were tested to drive methyl methacrylate (MMA) polymerization targeting Mn,th = 50 kg  

mol-1. MMA polymerizations were carried out in a 50% w/w acetonitrile (CH3CN) solution 

for 16 hours, using photoreactors equipped with 60 LEDs. Using blue light during the 

polymerization resulted in a higher conversion of 81%, while green light yielded  

a conversion of 61%. However, SEC analysis revealed that the control of the polymerizations 

was notably different for these two samples. The molar mass of PMMA polymerized with 

green light showed good agreement between Mn obtained from SEC (Mn,SEC = 28.0 kg  

mol-1, Ð = 1.22) and the theoretical value (Mn,th = 30.6 kg mol-1). On the other hand, Mn,SEC 

= 29.8 kg mol-1 of the polymer obtained using blue light was lower than the expected value 

(Mn,th = 40.6 kg mol-1) and was characterized by a much higher dispersity (Ð = 1.62). This 

was further supported by comparing SEC-RI (Figure 68, solid lines) chromatograms, which 

showed a broader and bimodal profile for blue light-initiated polymerization. The TTC mid-

chain fragments were also detected in green light-initiated polymerization through SEC-UV 

traces (Figure 68, dashed lines), where a strong UV absorbance at a wavelength of 290 nm 

was observed. However, no signal was detected for the polymer polymerized with blue 

LEDs, indicating the photodegradation of TTC fragments and a lack of control over the 

process. 

Based on these results, it was concluded that using the green light offered a better 

potential for the polymerization of MMA with CTA3 as a chain transfer agent and was 

chosen for further investigations. 
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Figure 68. SEC chromatograms of PMMA obtained with different sources of light (SEC-RI trace: 

solid line, SEC-UV trace: dashed line). 

5.1.2. The influence of monomer concentration on polymerization  

The following research stage assessed the impact of monomer concentration on 

polymerization. Different concentrations of MMA in acetonitrile (70% w/w and 50% w/w) 

were tested to achieve a theoretical molar mass of 200 kg mol-1. Polymerizations proceeded 

for 32 hours, achieving the same final conversions of 85%. However, when using a monomer 

concentration of 50% w/w, the molar masses determined by SEC were notably lower than 

the theoretical values (Figure 69 and Table 18). On the other hand, employing a higher 

concentration of MMA (70% w/w) and, therefore, increasing the concentration of radicals 

originating from CTA3 led to a better relationship of the molar masses measured by SEC 

with theoretical values. Nevertheless, longer irradiation times resulted in bimodal 

chromatograms because of the degradation of the TTC fragments (Figure 70). Despite this, 

the concentration of 70% w/w was selected for further research. Based on the findings from 

the previous part of the doctoral thesis on PI-RAFT polymerization of NVF, it was found 

that the bimodal character of the chromatogram combined with broad dispersity (Ð ⁓ 1.5) 

could be attributed to the too high light intensity utilized in the system. Thus, as before, in 

the case of polymerization of NVF, it was decided to reduce the number of LEDs in the 

photoreactor to address this issue.  

It is also worth mentioning that attempts to polymerize MMA in bulk were made. The 

results were quite promising. For example, for the theoretical molar mass (Mn,th) of 400 kg 

mol-1, the conversion reached 52% after 16 hours of irradiation. The molar mass determined 

by SEC (Mn, SEC = 192.4 kg mol-1) was close to the theoretical assumption (Mn,th = 208.1 kg 
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mol-1). The dispersity was also low (Ð = 1.24), and the chromatogram exhibited  

a monomodal distribution (Figure 71). However, this method was subsequently abandoned 

because of the difficulties in solubilizing the polymer samples for SEC or NMR analysis. 

 

Figure 69. Evolution of Mn and Ð during PI-RAFT polymerization with different concentrations of 

MMA in acetonitrile. 

 

 

 

Figure 70. Evolution of PMMA SEC-RI chromatograms with MMA conversion for polymerizations 

carried out with a) 50% w/w and b) 70% w/w of MMA in acetonitrile.  
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Figure 71. SEC chromatograms of PMMA prepared by bulk polymerization. 

5.1.3. The influence of light intensity on the polymerization of MMA 

As expected, reducing the light intensity by changing the number of LEDs to 30 caused 

better control over the polymerization of MMA. To investigate the behavior of methyl 

methacrylate during PI-RAFT, three different theoretical Mn of PMMA (50, 200, and 400 kg 

mol-1) were selected for this study. The obtained polymers showed a linear increase in Mn,SEC 

with monomer conversion and were in good agreement with theoretical values (shown in 

Figure 72 and Table 19).  

 

Figure 72. Evolution of Mn and Ð during PI-RAFT polymerization for different targeted molar 

masses. 
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The dispersities values, Ð < 1.5, also confirmed the controlled character of the 

polymerization. SEC traces were monomodal throughout polymerization and shifted toward 

a lower elution time with increasing monomer conversion (Figure 73). The polymerization 

rate increased with increasing initial concentration of the chain transfer agent. The pattern 

found here corresponded to that of experiments with N-vinylformamide. After 32 hours of 

irradiation, the conversion reached 94% for Mn,th = 50 kg mol-1. In contrast, for Mn,th = 400 

kg mol-1, the monomer conversion was lower (58%) after the same period. Also, dispersities 

for polymers of Mn,th = 50 kg mol-1 were lower than those of Mn,th = 400 kg mol-1. The 

designed method enabled the synthesis of PMMA with a high molar mass of up to Mn ⁓200 

kg mol-1 and low dispersities (Ð < 1.4). 

 

Figure 73. SEC-RI chromatograms of PMMA with MMA conversion for different molar masses. 

5.2. Synthesis of a soft block: PnBA 

The primary attempt to drive the polymerization of n-butyl acrylate via exposure to 

green light yielded no evidence of polymerization. Therefore, it was chosen to change the 
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reaction conditions and test the blue light. The reactions were carried out in bulk in  

a photoreactor equipped with 60 LEDs. The polymerization process was very effective. The 

molar masses of the polymers determined by SEC increased linearly with monomer 

conversion and matched theoretical predictions (Figure 74, Table 20). At the initial stage of 

all polymerization, dispersities were higher and tended to decrease quickly with monomer 

conversion. The average number of nBA units propagated between two reversible transfer 

events decreased with monomer concentration, which led to a decrease in dispersities over 

the course of polymerization.246 Then, after reaching approximately 30% of the monomer 

conversion, they stabilized at a lower level of < 1.07. The polymerization rate increased with 

increasing initial concentration of the chain transfer agent. The results were consistent with 

the previous results from NVF and MMA polymerization using PI-RAFT. After 24 hours of 

irradiation, the conversion reached almost 90% for 200 kg mol-1. Polymers were 

characterized by exceptionally low dispersity (between 1.05 and 1.02). In contrast, for 1,500 

kg mol-1, the monomer conversion was nearly twice lower (48%) after the same period. 

However, dispersities remained at a similarly low level (between 1.10 and 1.02). SEC-RI 

traces also confirmed the controlled character of the polymerization. SEC chromatograms 

were symmetrical and monomodal in all cases and shifted toward a lower elution time with 

increasing monomer conversion (Figure 75). 

 

Figure 74. Evolution of Mn and Ð during PI-RAFT polymerization for different targeted molar 

masses. 
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Figure 75. Evolution of SEC-RI chromatograms of PnBA with nBA conversion for different molar 

masses. 

The PI-RAFT approach enhanced the accessibility of HMM PnBA (Mn ⁓700 kg mol-1) 

with low dispersity under mild conditions, compared to polymers obtained from RDRP 

methods reported in the literature. For example, PnBA of molar mass (Mn = 612 kg mol-1) 

with Ð = 1.25 was prepared by ATRP under a high-pressure condition (5 kbar).365 PnBA 

with Mn > 500 kg mol-1 was also synthesized by TERP, but polymers were characterized by 

higher dispersity (⁓1.4).268 

 Based on these findings, it can be concluded that the choice of the light wavelength 

depends not only on the type of chain transfer agent but also on the character of the monomer 

and its reactivity. Acrylates and methacrylates differ significantly in their radical formation 

during polymerization. As mentioned in the literature introduction, acrylates form secondary 

radicals during polymerization, while methacrylates produce more stable tertiary radicals. 

The C–S bond dissociation energy increases with the insertion of a monomer that provides 

less stabilization (PnBA-CTA3).83 Therefore, the green light was insufficient in the 
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polymerization of nBA. In the case of PMMA-CTA3, which has a weaker C–S bond 

dissociation energy, blue light is too energetic, as indicated by the lack of control over the 

polymerization process. 

5.3. Synthesis of the ABA triblock copolymer 

The possibility of using PI-RAFT to synthesize triblock polymers was examined in the 

next part of the work. PMMA-CTA3, obtained through a PI-RAFT polymerization 

optimized in the previous part of this work (green light, 30 LEDs, 30% w/w CH3CN, 24 

hours of irradiation), was selected as the first block. After purification by precipitation in 

toluene, PMMA-CTA3 (Mn = 109.4 kg mol-1, Ð = 1.28) was used in chain extension with  

n-butyl acrylate targeting a Mn,th = 800 kg mol-1. Polymerization was carried out in bulk for 

4 h with blue LEDs as a light source, which was identified as suitable for the polymerization 

of nBA in the previous part of the work. The conversion of nBA was calculated from the  

1H NMR spectrum and reached 20%. The SEC analysis showed the formation of the triblock 

copolymer (Figure 76). However, a shoulder at 22 min corresponding to unreacted PMMA 

was observed. Due to the lack of a SEC-UV signal in this shoulder (red trace, dashed line), 

it was assumed that the extended irradiation time (24 h) during the synthesis of PMMA-

CTA3, led to the degradation of the thiocarbonylthio group, which decreased the livingness 

of PMMA-macroCTA3.366 The dead polymer chains could not initiate polymerization, 

leading to the higher molar mass obtained from SEC (Mn,SEC = 518.9 kg mol-1) than the 

theoretical value (Mn,th = 247.5 kg mol-1). The polymer was also characterized by high 

dispersity Ð = 1.59.  

14 16 18 20 22 24 26 28

 PMMA110k-CTA3

 PMMA-b-PnBA-b-PMMA

time (min)

 

Figure 76. SEC chromatograms of PMMA110k-CTA3 and the corresponding ABA triblock 

copolymer. 
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To limit the possibility of macro-CTA photodegradation, PMMA-CTA3 (Mn,SEC = 

80.8 kg mol-1, Ð = 1.21), which was synthesized by being exposed to light for a shorter time 

(16 h), was used as the first block in chain extension with n-butyl acrylate. The conversion 

of nBA was 21%. The SEC analysis revealed the successful formation of the triblock 

copolymer, with a clear shift of the chromatograms and no residual of the starting PMMA 

(Figure 77). Furthermore, the molar mass determined by SEC (Mn,SEC = 217.7 kg mol-1) was 

in good agreement with the expected Mn,th = 231.9 kg mol-1, and the polymer was 

characterized by low dispersity (Ð = 1.13). Compared to the previous report, where PMMA-

b-PnBA-b-PMMA (Mn = 135 kg mol-1, Đ = 1.04) was obtained by the traditional azo-

initiated polymerization,246 the Mn obtained with the PI-RAFT approach was twice higher 

while maintaining a similar level of control. This modification is particularly significant as 

it suggests potential changes in TPE properties, such as increased chain entanglement in both 

the hard and soft phases. 

14 16 18 20 22 24 26 28

 PMMA80k-CTA3

 PMMA-b-PnBA-b-PMMA

time (min)

 

Figure 77. SEC-RI chromatograms of PMMA80k-CTA3 and the corresponding ABA triblock 

copolymer. 

The promising results of this part of the doctoral dissertation will continue in the 

SOFTMAT laboratory. The synthesis conditions for triblock copolymers will be optimized, 

as this may facilitate the production of well-defined polymers with higher molar masses and, 

thus, intriguing properties. Additionally, ABA triblock polymers will be tested regarding 

their thermomechanical properties in order to reveal their TPE behavior. 
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Summary 

This chapter of the doctoral thesis evaluates the synthesis of homopolymers and 

(meth)acrylic ABA triblock copolymers using PI-RAFT polymerization. The work targets 

the creation of potential thermoplastic elastomers using poly(methyl methacrylate) (PMMA) 

and poly(n-butylacrylate) (PnBA) as hard and soft blocks, respectively. A key objective was 

synthesizing high molar mass (HMM) polymers to enhance mechanical and thermal 

properties.  

At first, the effects of variables such as light wavelength, monomer concentration, and 

light intensity on the polymerization of MMA were examined. Experiments with blue (460 

nm) and green (530 nm) light showed significant differences in polymerization. Green light 

was more suitable for the controlled polymerization of MMA, as indicated by closer 

agreement of the molar masses obtained by SEC with theoretical values, lower dispersity, 

and the presence of TTC mid-chain fragments in the SEC-UV chromatograms. Next, the 

monomer concentration in acetonitrile (70% w/w and 50% w/w) on polymerization was 

investigated. A higher monomer concentration improved the alignment of Mn,SEC with 

theoretical values but caused bimodal chromatograms due to TTC fragment degradation. It 

was found that high light intensity could contribute to the bimodal character of 

chromatograms, leading to a decision to reduce the number of LEDs in the photoreactor. 

Reducing light intensity led to improved control over MMA polymerization. A closer 

alignment of the observed molar masses with theoretical values, lower dispersities, and 

monomodal SEC traces evidenced this. This approach enabled the synthesis of PMMA with 

a high molar mass of 218.8 kg mol-1 and relatively low dispersity (Ð = 1.35). 

Polymerization nBA was initially unsuccessful under green light, prompting a switch 

to blue light. This change significantly improved polymerization, yielding polymers with 

molar masses obtained from SEC in agreement with theoretical values and exceptionally low 

dispersity. This approach resulted in the HMM PnBA with the highest molar mass of 718.2 

kg mol-1 with Ð = 1.02. 

The final section explored the synthesis of ABA triblock polymers. The process 

involved extending PMMA-CTA3 with n-butyl acrylate using blue light. Two different 

approaches using PMMA-CTA3 prepared by exposure to green light for varying durations 

(16 h and 24 h) were tested. The study finds that longer irradiation led to degradation of the 

thiocarbonylthio group in PMMA-macroCTA3. However, using PMMA obtained by being 
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exposed to light for a shorter duration shows the successful formation of triblock copolymers 

with molar mass determined by SEC closely matched to theoretical predictions.  

In conclusion, this chapter presents comprehensive insights into the influence of light 

wavelength, monomer concentration, light intensity, and irradiation time on the 

polymerization of MMA, nBA, and their PMMA-b-PnBA-b-PMMA triblock copolymer. 

Notably, the PI-RAFT approach enabled the doubling of the Mn of PMMA-b-PnBA-b-

PMMA copolymer, compared to the previous report.246 A key advancement demonstrated in 

this chapter is the development of an initiator-free RAFT methodology for the preparation 

of high molar mass homopolymers and triblock copolymers. The PI-RAFT method, utilizing 

milder conditions such as LED light, room temperature, and a limited amount of solvent, 

marks a significant improvement over the previous technique. These findings open pathways 

for producing well-defined ABA triblock polymers with potential applications as 

thermoplastic elastomers.  
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CONCLUSIONS AND PERSPECTIVES 

This dissertation demonstrates the versatile application of reversible addition-

fragmentation chain transfer (RAFT) polymerization to synthesize polymers with the desired 

properties and architecture. It specifically explores the applications of RAFT polymerization 

in three areas: developing thermoresponsive drug delivery systems based on diglycerides, 

achieving controlled polymerization of N-vinylformamide, and enhancing the synthesis of 

(meth)acrylic ABA triblock copolymers. Each part of the research addressed the stated 

hypotheses. The key findings of this dissertation are summarized below. 

PART I. Developing thermoresponsive drug delivery systems based on diglycerides. 

RAFT polymerization allowed the obtaining of homopolymers and block copolymers, 

which contained one or several diglyceride molecules in their structure, and 

thermoresponsive blocks based on poly(N-isopropylacrylamide) (PNIPAAm) or poly(N-

vinylcaprolactam) (PNVCL). Despite the benefits of using diglycerides in drug delivery 

systems, such as enhancing interactions with the cell membrane, this research was the first 

to present water-soluble block copolymers with diglycerides in the side chains.  

Polymeric nanoparticles formed from homopolymers and block copolymers were 

stable in an aqueous environment, demonstrated sensitivity within a narrow temperature 

range, and possessed ideal physicochemical parameters required for drug carriers. It was 

demonstrated that copolymers-based nanoparticles can efficiently encapsulate poorly water-

soluble anticancer drugs and control the release of therapeutic agents in response to 

temperature variations. Furthermore, the structure of these nanoparticles has been proven to 

influence drug encapsulation efficiency and drug release profiles. The PNPs demonstrated  

a significantly higher encapsulation efficiency for tamoxifen compared to doxorubicin, 

underscoring the role of polymer design in optimizing drug delivery systems. Integrating 

diglyceride moieties within PNPs has enhanced their biocompatibility and interaction with 

cellular membranes. Despite the lack of significant differences in the physicochemical 

properties of PNPs composed of diglycerides with saturated and unsaturated chains (PGlyP 

and PGlyO) and thermoresponsive blocks (PNIPAAm and PNVCL), their composition 

influenced their biological properties. Although low doses of the encapsulated drug, DOX-

loaded carriers exhibited significant cytotoxic effects against MCF-7 and MDA-MB-231 

breast cancer cell lines. Simultaneously, they maintained compatibility with representatives 
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of normal cells. It was also demonstrated that fluorescein-labeled PNPs could penetrate the 

membranes of breast cancer cells, thereby disintegrating their functions.  

These results indicate that thermoresponsive polymers with diglyceride moieties are 

valuable tools as drug carriers. Moreover, fluorescein-labeled PNPs can be utilized as 

theranostic agents, providing simultaneous therapeutic and diagnostic functions. 

PART II. Exploring the polymerization of N-vinylformamide by PI-RAFT 

polymerization. 

Barriers in NVF polymerization were overcome by conducting PI-RAFT 

polymerization under mild conditions influenced by the light of a specific wavelength. Until 

recently, the controlled synthesis of poly(N-vinylformamide) (PNVF) has been a synthetic 

challenge. The research validated that the purple LED light effectively initiated NVF 

polymerization, yielding polymers with predetermined molar masses and low molar mass 

distribution. Experiments established the essential role of dithiocarbonate and purple light 

in polymerization, as evidenced by the absence of polymerization when the RAFT agent was 

excluded, or the mixture was exposed to daylight. The presence of dithiocarbonate  

end-groups in the polymers synthesized through the PI-RAFT technique proved their 

"living" nature. The synthesis of original block copolymers with the PNVF segment utilizing 

PEG and PVP as macro-CTAs (PEG-b-PNVF, PVP-b-PNVF) proceeded in a controlled 

manner. Moreover, it has been shown that the selective hydrolysis of PNVF led to the 

corresponding polyvinylamine (PVAm) segment.  

The development of a fast and effective method for synthesizing PNVF homopolymers 

and copolymers containing the PNVF block paved the way for creating new materials based 

on PVAm. 

PART III. Investigating the synthesis of high molar mass (meth)acrylic ABA triblock 

copolymers employing the PI-RAFT technique. 

The application of the new RAFT agent TTC-bCP in PI-RAFT polymerization enabled 

the synthesis of PMMA, PnBA, and their triblock ABA copolymer under mild conditions. 

The use of varied light wavelengths, monomer concentration, and light intensities allowed 

the optimization of the PI-RAFT process and successful synthesis of PMMA-b-PnBA-b-

PMMA with a molar mass significantly higher than that reported in previous studies.  
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This advancement underscores the potential of initiator-free, light-mediated 

polymerization in creating more efficient and environmentally friendly synthetic routes for 

ABA triblock copolymers with application as high-performance materials.  

Further investigation of the long-term therapeutic effectiveness and safety of 

synthesized drug delivery systems is essential. Furthermore, exploring the full potential of 

PNVF and PVAm-based materials in various applications could yield groundbreaking 

results. More research should look into high molar mass ABA triblock copolymer properties 

as thermoplastic elastomers, e.g., rheology studies. Future research should also focus on 

refining the PI-RAFT technique to broaden its applicability. Expanding the range of 

monomers and conditions used in PI-RAFT polymerization could lead to the discovery of 

new polymeric materials.  

In conclusion, this dissertation has significantly advanced the field of polymer science 

by demonstrating the applications of RAFT polymerization in creating a broad range of 

polymers with desired properties and architectures. This research not only addressed the 

original objectives but also opened new horizons in macromolecular design. The approaches 

adopted in this study for synthesizing thermoresponsive drug delivery systems, controlling 

N-vinylformamide polymerization, and developing (meth)acrylic ABA triblock copolymers 

underscore the vast potential of RAFT polymerization in medicinal and industrial 

applications. The implications of these findings offer a foundation for future explorations 

and innovations in the dynamic and ever-evolving realm of polymer chemistry. 
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SUMMARY IN BULLET POINTS 

PART I. Developing thermoresponsive drug delivery systems based on diglycerides. 

1. The following compounds have been synthesized: 

a) 2 diglyceride-based chain transfer agents (GlyP-X, GlyO-X), 

b) 2 diglyceride-based monomers (GlyP-A, GlyO-A), 

c) 1 chain transfer agent (CTA1), 

d) 20 homopolymers, including:  

 8 diglyceride end-capped homopolymers of PNIPAAm (GlyP-

PNIPAAm, GlyO-PNIPAAm), 

 8 diglyceride end-capped homopolymers of PNVCL (GlyP-PNVCL, 

GlyO-PNVCL), 

 2 diglyceride-based homopolymers (PGlyP, PGlyO), 

 PNIPAAm obtained by radical polymerization, 

 PNVCL obtained by radical polymerization, 

e) 4 copolymers (PGlyP-b-PNIPAAm, PGlyP-b-PNVCL, PGlyO-b-PNIPAAm, 

PGlyO-b-PNVCL), 

f) 4 fluorescently labeled copolymers (PGlyP-b-PNIPAAm, PGlyP-b-PNVCL, 

PGlyO-b-PNIPAAm, and PGlyO-b-PNVCL). 

2. The following nanoparticles have been prepared: 

a) 20 empty polymeric nanoparticles, including: 

 12 polymeric nanoparticles prepared from thermoresponsive diglyceride 

end-capped homopolymers of PNIPAAm or PNVCL,  

 4 polymeric nanoparticles prepared from thermoresponsive copolymers 

with diglyceride-based segment, 

 4 fluorescently-labeled polymeric nanoparticles prepared from 

thermoresponsive copolymers with diglyceride-based segment. 

b) 16 drug-loaded polymeric nanoparticles, including: 

 4 polymeric nanoparticles with encapsulated doxorubicin,  

 4 polymeric nanoparticles with encapsulated tamoxifen, 

 4 fluorescently-labeled polymeric nanoparticles with encapsulated 

doxorubicin, 

 4 fluorescently-labeled polymeric nanoparticles with encapsulated 

tamoxifen. 
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3. The structures of the monomers and chain transfer agents were confirmed using  

1H NMR, 13C NMR, ATR-FTIR, and MS. 

4. Polymers were characterized by 1H NMR, ATR-FTIR, SEC, UV-VIS, fluorimetry, 

TGA, and DSC. 

5. Polymeric nanoparticles based on diglyceride end-capped homopolymers of 

PNIPAAm or PNVCL were characterized by DLS, TEM, and turbidymetry. 

6. Polymeric nanoparticles derived from thermoresponsive copolymers with 

diglyceride-based segments were characterized by DLS, ELS, TEM, fluorimetry, and 

turbidimetry. 

7. The release of the drug (tamoxifen) from four thermoresponsive polymeric 

nanoparticles was investigated. 

8. Selected polymeric nanoparticles were tested regarding their biological properties.  

PART II. Exploring the polymerization of N-vinylformamide by PI-RAFT 

polymerization. 

1. The effects of light wavelength and light intensity on polymerization NVF were 

investigated. 

2. The following compounds have been synthesized: 

a) PNVF with different targeted molar masses (5, 20, and 50 kg mol-1), 

b) 1 chain transfer agent (CTA2), 

c) 3 macro-CTAs (PNVF-CTA2, PEG-CTA1, PVP-CTA1), 

d) 2 copolymers with PNVF segment (PEG-b-PNVF, PVP-b-PNVF), 

e) 1 copolymer with PVAm segment (PVP-b-PVAm). 

3. Polymers were characterized by 1H NMR, SEC, AF4, and DOSY-NMR. 

4. Dithiocarbonate and light-free experiments were performed. 

5. The nature of the end-groups of PNVF was confirmed by the chain extension 

experiment, MALDI-TOF MS, ESI-TOF MS, and 1H NMR. 

6. PVP-b-PNVF was hydrolyzed to the corresponding PVP-b-PVAm. 

PART III. Investigating the synthesis of high molar mass (meth)acrylic ABA triblock 

copolymers employing the PI-RAFT technique. 

1. The effects of light wavelength, light intensity, and monomer concentration on 

polymerization of MMA were investigated. 

2. The effect of light wavelength on the polymerization of nBA was investigated. 

3. PMMA with different targeted molar masses (50, 200, and 400 kg mol-1) was 

synthesized via the PI-RAFT method using green light. 
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4. PnBA with different targeted molar masses (200, 400, 800, and 1,500 kg mol-1) was 

synthesized via the PI-RAFT method using blue light. 

5. Methacrylate–acrylate–methacrylate ABA triblock copolymer with high molar mass 

was synthesized via the PI-RAFT method using blue light. 
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EXPERIMENTAL PART 

CHAPTER 6. METHODS 

The obtained compounds, polymers, and polymeric materials were identified and 

characterized using the scientific and research equipment listed below. 

Asymmetrical flow field flow fractionation (AF4) coupled with multiangle light 

scattering and differential refractometer. AF4 analyses were performed using a Thermo 

Scientific Dionex UltiMate3000 HPLC System with pump, thermostated autosampler (set at 

25 °C), and UV detector (set at 290 nm). The pump was coupled with Eclipse AF4 (Wyatt 

Technology) to regulate flows in the separation channel (long channel, Wyatt Technology). 

An ultrafiltration membrane of regenerated cellulose material with a cut-off at 2 kDa (Wyatt 

Technology) was used. A 350 µm thick Mylar spacer of trapezoidal geometry (length of 23.6 

cm, initial breadth of 2.1 cm, and final breadth of 0.6 cm) was inserted between the 

membrane and the upper glass plate. A multi-detection system, including an 8-angle 

Dawn8+ MALS detector and an Optilab T-rEX dRI (Wyatt Technology), was coupled with 

the AF4 system. The Chromeleon 7.2.10 software was used to control the autosampler, 

pump, and Eclipse flows. Acquisition of UV, MALS-Qels, and dRI data was performed 

using Astra 7.1.2.5 software. The Zimm model was used to obtain the average molecular 

mass Mn via MALS.367 dn/dc of the homopolymer and copolymer were measured on the 

same Optilab T-rEX dRI detector (Wyatt Technology), (dn/dc)PVP-CTA1 = 0.159 mL g-1; 

(dn/dc)PVP-b-PNVF = 0.167 mL g-1). The system was calibrated using a standard bovine serum 

albumin (BSA) solution. The eluent comprised Milli-Q Water with 0.1 mol L-1 sodium 

nitrate and sodium azide. For separation, the detector flow rate was maintained at  

1 mL min-1. During the focus/injection step, the focus-flow rate was set at 3 mL min-1. After 

1 min, samples were injected at 0.2 mL min-1 over 4 min. The focus flow was then 

maintained for 2 min. During the elution step, the cross-flow was set at 5 mL min-1 and 

decreased exponentially to reach 0.1 mL min-1 after 16 min. It was then maintained at  

0.1 mL min-1 for 5 min. The system was rinsed with eluent for 28 min after each sample. 

The measurements were taken at the Institut National Polytechnique de Toulouse by  

Dr. Alexis Dupre–Demorsey.  

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). All 

ATR-FTIR spectra were performed using a Thermo Scientific Nicolet 6700 FTIR 
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spectrophotometer equipped with diamond ATR. Spectra were compared with background 

spectra, and 32 scans were taken from 400 to 4000 cm-1. 

Differential scanning calorimetry (DSC). Measurements were made using a Mettler 

Toledo Star DSC unit. A sample (2–3 mg) was placed in an aluminum crucible and sealed. 

An empty pan was used as the reference. The samples were measured using the following 

procedure: heated from 25 to 200 °C at a rate of 10 °C min-1, held isothermally for 5 min, 

and then cooled to -100 °C at a rate of -20 °C min-1. Two heating/cooling cycles were 

performed under an argon flow rate of 200 ml min-1. The glass transition temperature (Tg) 

was taken as the change in the midpoint of the heat capacity in the second heating run. The 

measurements were made at the Faculty of Chemistry of the University of Bialystok by Prof. 

Agnieszka Z. Wilczewska or Dr. Karolina H. Markiewicz. 

Dynamic light scattering (DLS). The colloidal stability and phase separation of the 

obtained polymeric systems was studied using a Zetasizer Ultra (Malvern Instruments, UK) 

equipped with a He-Ne laser ( = 633 nm). Polymeric nanoparticles were redispersed in PBS 

or water at a concentration of 0.5 mg mL-1 to determine the size. Polymeric nanoparticles 

were prepared in water or PBS at a concentration of 0.5 mg mL-1 to study phase separation. 

Measurements were carried out in the temperature range from 25 to 40 °C with a heating 

step of 0.5 °C. The aggregation temperature (TAgg) was determined based on size versus 

temperature plots and was taken as an inflection point of the curve. 

Electrospray ionization-time of flight mass spectrometry (ESI-TOF MS). ESI-TOF 

mass spectra were acquired with a QTOF Premier mass spectrometer (Waters) in positive 

mode. The sample was dissolved in water, diluted at 1/20 in methanol, and then NaI was 

added. The resulting samples were infused directly into the source. The source and 

desolvation temperatures were 110 °C and 200 °C, respectively, and the cone voltage was 

optimized at 30 V. The measurements were made at Institut de Chimie de Toulouse by  

Dr. Valérie Bourdon. 

Fluorescence measurements. A. Critical micelle concentration (CMC). The critical 

micelle concentration values of copolymers were determined by fluorescence spectroscopy 

using pyrene as a hydrophobic probe. Ten microliters of pyrene stock solution in acetone 

(0.15 mM) were poured into vials, and acetone was entirely evaporated by an argon stream. 

Then, 3 mL of aqueous polymer solutions of various concentrations (10−4 to 1 mg mL-1) 

were added to the vials and vigorously stirred. The mixtures were stored overnight in the 

dark to achieve equilibrium. Then emission spectra were recorded on Hitachi F-7000 
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Fluorescence Spectrophotometer in the range from 360 to 550 nm (ex = 339 nm, the slit 

width = 2.5 nm). The ratios between intensities of emission peaks at 373 and 393 nm 

(I373/I393) were plotted as a function of the polymer concentration. The CMC values were 

determined based on eight measuring points from the intersection between the regression 

straight lines of the linearly dependent region. B. Determination of the quantity of 

encapsulated doxorubicin in polymeric nanoparticles. A calibration curve was measured 

with different concentrations (0.0005 to 1 mg mL-1) of DOX solutions in PBS (Figure 78). 

Emission spectra were recorded within a range of 460–700 nm with an excitation wavelength 

of 490 nm and a slit width of 5 nm. Polymeric nanoparticles with encapsulated doxorubicin 

were then dissolved in PBS at a concentration of 1 mg mL-1, and fluorescence measurements 

were taken. C. Fluorescence spectra of dye-labeled polymers. Fluorescence spectra were 

recorded in PBS at a concentration of 0.1 mg mL-1, (ex = 494 nm, em = 518 nm, split = 2.5 

nm). 

 

Figure 78. Calibration curve for doxorubicin. 

High-performance liquid chromatography (HPLC). A. Determination of the quantity 

of encapsulated tamoxifen in polymeric nanoparticles. A calibration curve was measured 

with different concentrations (0.005 to 1 mg mL-1) of TAM solutions in methanol (Figure 

79). A Gemini® NX-C18 110 Å column (4.6 × 150 mm, 3 μm) was used for separation, 

maintaining the column temperature at 20 °C. The samples were analyzed using 

water/methanol mobile phase (0 min – 5:95, 2 min – 92:8, 6 min – 75:25) at a flow rate of 

0.6 mL min-1. The injection volume was 20 μL. The peak of TAM was detected at  
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a wavelength of 240 nm. B. Study of drug release. Predetermined amounts of tamoxifen-

loaded nanoparticles (2–3 mg) were dissolved in water at a concentration of 1 mg mL-1 and 

transferred into dialysis bags (MWCO = 3.5 kDa). The dialysis bags were immersed in  

a beaker containing 60 mL of water maintained at 37 °C and placed on a magnetic stirrer. 

At specific time intervals (5, 15, 30, 60, 120, 240, and 1440 minutes), dialysis membranes 

were removed from the release medium, and the release medium was lyophilized. The 

residues were dissolved in 1 mL of methanol and filtered through a 0.45 μm PTFE filter. 

The samples were analyzed using water/methanol mobile phase (0 min – 5:95, 2 min – 92:8, 

6 min – 75:25) at a flow rate of 0.6 mL min-1. The injection volume was 20 μL. The peak of 

TAM was detected at a wavelength of 240 nm. The measurements were made at the Faculty 

of Chemistry of the University of Bialystok by Dr. Michal Sienkiewicz. 

 

Figure 79. Calibration curve for tamoxifen. 

Mass spectrometry (MS-ESI). Spectra were obtained on the Agilent 6530 Accurate‐Mass 

Q‐TOF ESI. The measurements were made at the Faculty of Chemistry of the University of 

Bialystok by Dr. Michal Sienkiewicz. 

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

TOF MS). MALDI-TOF MS analysis was performed on Waters MALDI-TOF Micro MX 

equipped with a nitrogen laser emitting at λ = 337 nm. Analysis was conducted with α-cyano-

4-hydroxycinnamic acid (HCCA) as matrix and NaI salt as cationizing agents. The 

acquisition software was Masslynx (Waters), and the spectra were processed using Masslynx 
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and Polymerix 3.0 (Sierra Analytics). The measurements were made at Institut de Chimie de 

Toulouse by Dr. Valérie Bourdon. 

Medium pressure liquid chromatography (MPLC). MPLC was performed with a Buchi 

MSDF 2000 apparatus with pump module C-605 and fraction collector C-660. 

Nuclear magnetic resonance (NMR). The 1H and 13C NMR spectra of diglyceride-based 

compounds and polymers were recorded at 25 °C with a Bruker Avance II 400 MHz 

spectrometer, using CDCl3 solutions with TMS as the internal standard. Measurements were 

made at the Faculty of Chemistry of the University of Bialystok by Dr. Eng. Leszek 

Siergiejczyk or Dr. Jolanta Magnuszewska.  

1H NMR spectra of PNVF-based compounds, PnBA, PMMA, and ABA triblock copolymers 

were recorded at 25 °C with a Bruker Avance 300 MHz instrument at an operating frequency 

of 300.13 MHz. The resonance multiplicities are described as s (singlet), d (doublet),  

t (triplet), q (quartet), or m (multiplet). Chemical shifts δ are reported in parts per million 

(ppm) and are referenced to the residual solvent peak (DMSO: H = 2.5 ppm, CDCl3: H = 

7.26 ppm, HDO: H = 4.79 ppm). 

1H and 2D DOSY NMR analyses were acquired on a Bruker Avance 500 spectrometer with 

a 5 mm dual 1H-13C TCI cryoprobe at 5 °C. Samples were dissolved in dimethylsulfoxide 

(DMSO)-d6 at a concentration of 100 mg mL-1. 1D 1H NMR profiles were obtained using  

a classical NMR pulse sequence with a relaxation delay of 2 s, a flip angle of 90 °, an 

acquisition time of 5.45 s, and a spectral width of 12 ppm. The self-diffusion coefficients 

(D) can be measured with specific pulsed field gradient NMR sequences by increasing the 

gradient strength for a series of 1D spectra and fitting the NMR signal attenuation decay 

behavior with the Stejskal-Tanner equation.368 

𝐼 = 𝐼0𝑒
[−(𝛾𝑔𝛿)2(∆−

𝛿
3

)𝐷]
 

Where I is the signal intensity, I0 is the signal intensity without gradient,  the gyromagnetic 

ratio, g and  the strength and the length of the pulsed field gradient,  the diffusion time, 

and D is the self-diffusion coefficient. Diffusion 1H NMR spectra were recorded with bipolar 

pulse pairs stimulated echo pulse sequence with longitudinal eddy current delay and 

convection compensation (dstebpgp3s in the Bruker library).369 The acquisition parameters 

were as follows: 64K data points, acquisition time 5.45 s, spectral width 12 ppm, number of 

scans 16, relaxation delay 3 s, and recovery delay after each gradient 3 ms. The length of the 
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field gradient and diffusion time were 5.4 ms and 400 ms for PVP-CTA1 and 10 ms and 

1000 ms for PVP-b-PNVF, respectively. The spoiler gradients were 0.6 ms long with a field 

strength of -9.26, -8.32, and -7.12 G cm-1. Twenty experiments were recorded with linear 

gradient sampling from 5 to 95%. The gradient system was calibrated to 54.1 G cm-1 at 

maximum intensity. DOSY NMR data were processed with the DOSY workup module, 

including in the Topspin 3.2 software. The data sets of the diffusion NMR experiments were 

generated and extracted with Topspin 3.2 software and transferred to the Origin 9.1 software. 

The exponential fit tool was then used to determine the values of the D using the equation:  

y = a*exp(-D*x), where y = I, a = I0, and x = [(γgδ)²(Δ-δ/3)]. The measurements were made 

at the SOFTMAT laboratory of Paul Sabatier University by Dr. Stéphane Balayssac. 

Polymeric nanoparticles formation and drug encapsulation. 10 mg of the polymer was 

dissolved in 1 mL of THF and stirred for 3 h. Next, the obtained solution was added dropwise 

to 10 mL of deionized water with constant stirring. After 30 minutes, the solution was 

transferred to a dialysis membrane (MWCO 3.5 kDa) and dialyzed against 1 L of distilled 

water for 24 hours, changing the water twice (after 1 h and 3 h). The aqueous content of the 

dialysis membranes was frozen with liquid nitrogen and lyophilized overnight on Christ 

Alpha 1-2 LDplus with a double-chamber. The obtained polymeric nanoparticles were 

marked as NP. Drug-encapsulated polymeric nanoparticles were formed similarly. 10 mg of 

the polymer was dissolved in 1 mL of a solution of doxorubicin hydrochloride (DOX) or 

tamoxifen (TAM) in THF (C = 1 mg mL-1) and added dropwise to 10 mL of distilled water 

with constant stirring. Next, it was dialyzed against 1 L of distilled water for 24 hours, 

changing it twice (after 1 h and 3 h). The membrane content was freeze-dried and further 

analyzed. 

Size exclusion chromatography (SEC). The molecular masses and molecular mass 

distributions of homopolymers and copolymers with diglyceride moieties, PnBA, PMMA, 

and ABA triblock copolymers were determined by size exclusion chromatography (SEC) 

using THF as an eluent at a flow rate of 1.0 mL min-1 at 25 °C. Before the analysis, the 

polymers were carefully dissolved in the eluent (the final concentration was 5 mg mL-1) and 

filtered through a 0.45 μm PTFE filter. The samples were analyzed using a two-column set 

Styragel HR3 and HR4 (Waters) coupled with a three-detector system: refractometer 

thermostated at 35 °C (Optilab Rex, Wyatt technology), a UV detector (Prostar, Varian) set 

at 254 nm, and a multiangle laser light scattering detector (Mini Dawn, 3 angles, Wyatt 

technology). The dn/dc of the diglyceride end-capped homopolymers was assumed to be 
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equal to PNIPAAm (0.107)370 or PNVCL (0.137)371. The dn/dc of the copolymers were 

calculated based on the weight fraction of PNIPAAm or PNVCL and diglyceride-based 

block. The refractive index increment (dn/dc) of PGlyP5k (0.076 mL g−1) was measured at 

620 nm using a DNDC-2010 differential refractometer by Dr. Karolina H. Markiewicz at the 

SOFTMAT laboratory of Paul Sabatier University. The dn/dc for PMMA (0.085) and PnBA 

(0.067) were adopted from the literature.361,363 The dn/dc of the ABA triblock copolymers 

were calculated based on the weight fraction of PMMA and PnBA.  

Average molar masses and molar mass distributions of PNVF-based homopolymers and 

copolymers were determined using water + 0.2 M NaCl + 0.025 M NaH2PO4 + 0.025 M 

Na2HPO4 as an eluent at a flow rate of 1 mL min-1 at 35 °C. Before analysis, polymers were 

dissolved in the eluent (the final concentration was 10 mg mL-1) and filtered through a 0.45 

μm cellulose filter. Analysis was performed on a system composed of a SB-G precolumn 

and a set of two SB-806M HQ and SB-802.5 HQ columns (Shodex). Detections were 

conducted using a Wyatt Optilab® rEX refractive index detector, a Varian ProStar UV 

detector (dual wavelength analysis at 290 and 254 nm), and a Wyatt DAWN-Heleos-II 

multiangle light scattering detector. The dn/dc (0.13 mL g−1) of PEG was adopted from the 

literature.372 The dn/dc of PNVF (0.162 mL g-1) was measured at 620 nm with a PSS DnDc-

2010 differential refractometer by Dr. Alexis Dupre–Demorsey at the SOFTMAT 

laboratory of Paul Sabatier University. 

Average molar masses and molar mass distributions of PVP-based homopolymers were 

determined by using 10 mM LiBr solution in DMF as an eluent at a flow rate of 1 mL  

min-1 at 55 °C. Before the analysis, polymers were dissolved in the eluent (final 

concentration was 10 mg mL-1) and filtered through a 0.45 μm PTFE filter. Analysis was 

carried out on a system composed of an Agilent technologies guard column (PLGel20 µm, 

50 × 7.5 mm) and a set of two KD-804 and KD-805L columns (SHODEX). Detections 

were performed using a Wyatt Optilab® rEX refractive index detector, a Varian ProStar 

UV detector (dual wavelength analysis at 290 and 254 nm), and a Wyatt MiniDawn TREOS 

multiangle light scattering detector. The dn/dc (0.093 mL g−1) of PVP was adopted from 

the literature.373 

Thermogravimetric (TGA) analysis. Measurements were carried out using a Mettler 

Toledo Star TGA/DSC unit. A sample weighing 2–3 mg was placed in an aluminum oxide 

crucible and heated from 50 °C to 600 °C. A heating rate of 10 °C min-1 and an argon flow 
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rate of 40 mL min-1 were applied. An empty pan was used as a reference. The measurements 

were made at the Faculty of Chemistry of the University of Bialystok by Prof. Agnieszka  

Z. Wilczewska or Dr. Karolina H. Markiewicz. 

Transmission electron microscopy (TEM). Polymeric nanoparticles were redispersed in 

deionized water at a concentration of 0.1 mg mL-1. Then, 5 µl of the solution was applied to 

a holey carbon copper grid, and the excess solution was removed. The process was repeated 

twice. Grids were then immersed in liquid nitrogen and lyophilized overnight on Christ 

Alpha 1-2 LDplus. TEM images were taken using a Tecnai G2 X-Twin microscope. Images 

were recorded at an accelerating voltage of 200 kV using a copper trap equipped with an 

LN2 Dewar as a cooling tool for the microscope column. The measurements were made at 

the Faculty of Chemistry of the University of Bialystok by Dr. Iwona Misztalewska-

Turkowicz. 

Turbidimetry. Cloud points were determined by UV-Vis spectroscopy with the Peltier 

system on a Jasco V-670 Spectrophotometer in absorbance mode at a wavelength of  

700–800 nm, a heating rate of 0.5 °C min-1 in the temperature range from 25 to 40 °C. 

Polymeric nanoparticles were prepared in PBS at a concentration of 0.5 mg mL-1. TCP was 

determined based on transmittance versus temperature plots. TCP was taken at 50% of 

transmittance at a wavelength of 750 nm. 
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CHAPTER 7. SYNTHETIC PROTOCOLS 

7.1. Materials 

 N-isopropylacrylamide (NIPAAm, 99%, Acros) was recrystallized twice from toluene-

hexane (6:4, v/v) before use.  

 N-vinylcaprolactam (NVCL) was recrystallized from hexane at room temperature three 

times before use. 

 N-vinylformamide (NVF, Sigma-Aldrich, 98%) and N-vinylpyrrolidone (NVP, Sigma-

Aldrich, 99%) were distilled under reduced pressure before use. 

 n-Butyl acrylate (nBA, ≥99%, Sigma-Aldrich) and methyl methacrylate (MMA, >99%, 

Sigma-Aldrich) were purified by passing through neutral aluminum oxide. 

 Bis-(2-methylpropanenitrile)trithiocarbonate (TTC-bCP, CTA3)246 and PEG-CTA1347 

were synthesized according to previously described protocols. 

 2,2′-Azobis(2-methylpropionitrile) (AIBN, 98%, Merck) was recrystallized from 

methanol. 

 Dialysis membranes with a molecular weight cut-off (MWCO) of 1 or 3.5 kDa were 

purchased from Spectra/Por. 

 Purple LED light strip (λ = 395–400 nm) and green LED light strip (λ = 530 nm) were 

purchased from www.boulevard-des-leds.fr. The blue LED light strip (λ = 460) nm was 

purchased from Amazon.  

  Acryloyl chloride (96%, Alfa Aesar), benzyl bromide (99%, Alfa Aesar), boron 

trichloride solution (BCl3, 1.0 M in methylene chloride, Sigma-Aldrich), 

bromoacetonitryle (Sigma-Aldrich), 2-bromopropionic acid bromide (97%, Sigma-

Aldrich), doxorubicin hydrochloride (DOX, AmBeed), fluorescein diacetate  

5-maleimide (Sigma-Aldrich), 4-dimethylaminopyridine (DMAP, 99%, Sigma-

Aldrich), N,N’-dicyclohexylcarbodiimide (DCC, 99%, Aldrich), oleic acid (90%, Sigma-

Aldrich), palladium on activated charcoal (Pd/C, 5% Pd basis, Sigma-Aldrich), palmitic 

acid (99%, Sigma-Aldrich, 99%), Phosphate Buffer Saline (PBS, pH = 7.4, Gibco), 

potassium O-ethyl dithiocarbonate (96%, Sigma-Aldrich), n-propylamine 

(PROSYNTH), sodium hydride (60% dispersion in mineral oil, Sigma-Aldrich), solketal 

(97%, Alfa Aesar), tamoxifen (TAM, Carbosynth), triethylamine (Et3N, Avantor), 

tributylphosphine (97%, Sigma-Aldrich) were used as received.  
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7.2. Drug delivery systems based on polymers with diglyceride moieties 

7.2.1. Synthesis of (2,2-dimethyl-1,3-dioxolan-4-yl)methyl 2-bromopropanoate (1) 

Solketal (5 g, 37.8 mmol) was dissolved in anhydrous DCM (170 mL), 

and then Et3N (10.5 mL, 76 mmol, 2 equiv) was added. After being 

placed in an ice bath, 2-bromopropionic acid bromide (5.55 mL, 53 

mmol, 1.4 equiv) was added dropwise over 30 minutes. The reaction 

temperature was maintained at 0 °C for 2 hours, following which the reaction mixture was 

warmed slowly to room temperature. After being stirred for an additional 14 hours, 150 mL 

of 1 M HCl solution was added. The product was extracted with DCM (3 x 100 mL). The 

combined organic layers were washed with brine, dried over Na2SO4, and concentrated in  

a vacuum. The product was purified by medium pressure liquid chromatography (MPLC) 

(hexane/EtOAc 8:2). The product was obtained as a pale yellow oil in 83%, 8.4 g. 1H NMR 

(400 MHz, CDCl3): δ 4.41 (q, J = 7.0 Hz, 1H, CH3CHBr), 4.34 (dt, J = 10.6, 5.3 Hz, 1H, 

C(=O)OCH2CHCH2), 4.22 (dd, J = 8.8, 5.0 Hz, 2H, C(=O)OCH2CHCH2), 4.13–4.06 (m, 

1H, C(=O)OCH2CHCH2), 3.79 (dd, J = 14.5, 6.1 Hz, 1H, C(=O)OCH2CHCH2), 1.84 (d,  

J = 6.9 Hz, 3H, CH3CHBr), 1.44 (s, 3H, CH3), 1.37 (s, 3H, CH3). 
13C NMR (101 MHz, 

CDCl3): δ 170.0 (C=O), 109.2 (C), 73.2 (CH), 66.2 (CH2), 65.9 (CH2), 65.5 (CH2), 39.5 

(CH), 26.6 (CH3), 25.3 (CH3), 21.5 (CH3). ATR-FTIR (cm−1): ν 2985, 2940, 2880, 1740 

(C=O), 1445, 1370, 1330 (C–Br), 1210, 1155, 995, 973, 840. 

7.2.2. Synthesis of 2,3-dihydroxypropyl 2-bromopropanoate (2) 

1 (8 g, 30 mmol) was dissolved in AcOH/H2O 4:1 (100 mL) and stirred 

for 2 hours at 65 °C. The reaction mixture was neutralized with saturated 

aqueous NaHCO3 solution (100 mL) and extracted with 

dichloromethane (3 × 100 mL). The organic layer was dried over 

anhydrous Na2SO4 and concentrated in vacuo. The product was purified by MPLC 

(hexane/EtOAc, 4:6). The isolated product was obtained as a pale yellow oil in 84%, 5.7 g. 

1H NMR (400 MHz, CDCl3): δ 4.43 (q, J = 6.9 Hz, 1H, CH3CHBr), 4.32–4.18 (m, 2H), 

4.03–3.95 (m, 1H), 3.74 (dd, J = 11.6, 3.6 Hz, 1H), 3.63 (dt, J = 11.4, 5.5 Hz, 1H), 3.21  

(s, 2H, OH), 1.84 (d, J = 6.9 Hz, 3H, CH3CHBr). 13C NMR (101 MHz, CDCl3): δ 170.5 

(C=O), 69.8 (CH), 66.2 (CH2), 63.2 (CH2), 39.7(CH), 21.4 (CH3). ATR-FTIR (cm−1):  

ν 3355 (OH), 2930, 2880, 1730 (C=O), 1445, 1380, 1340 (C–Br), 1220, 1160, 1100, 1055, 

995. 
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7.2.3. Synthesis of 3-((2-bromopropanoyl)oxy)propane-1,2-diyl dipalmitate (3a) 

DCC (3 g, 14.6 mmol, 2.2 equiv) was added 

to a stirred solution of 2 (1.5 g, 6.64 mmol) 

and DMAP (0.243 g, 2 mmol, 0.3 equiv) in 

140 mL of anhydrous DCM at 0 °C. After 

being stirred for 1 hour, palmitic acid (3.74 g, 14.6 mmol, 2.2 equiv) was added portionwise, 

and the mixture was stirred at room temperature overnight. The solid was removed by 

filtration through celite, and the filtrate was concentrated under reduced pressure. The 

product was purified by MPLC (hexane/EtOAc 9.6:0.4). The product was obtained as  

a white solid in 63%, 2.94 g. 1H NMR (400 MHz, CDCl3): δ 5.35–5.25 (m, 1H, 

C(=O)OCH2CHCH2), 4.46–4.21 (m, 4H, C(=O)OCH2CHCH2), 4.17 (ddd, J = 11.9, 5.8, 2.0 

Hz, 1H, CH3CHBr), 2.32 (td, J = 7.6, 2.7 Hz, 4H, CH2C(=O)), 1.82 (dd, J = 6.9, 1.7 Hz, 3H, 

C(=O)CHCH3), 1.62 (m, 4H, CH2CH2C(=O)), 1.27 (d, J = 10.9 Hz, 48H, CH2, 0.88 (t,  

J = 6.8 Hz, 6H, CH3). 
13C NMR (101 MHz, CDCl3): δ 173.2 (C=O), 172.8 (C=O), 169.7 

(C=O), 68.5 (CH), 63.5 (CH2), 61.8 (CH2), 39.3 (CH), 34.1 (CH2), 31.9 (CH2), 29.7 (CH2), 

29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 29.2 (CH2), 29.1 (CH2), 29.0 (CH2), 24.8 

(CH2), 22.7 (CH2), 21.5 (CH3), 14.1 (CH3). ATR-FTIR (cm−1): ν 2954 (C–H), 2917 (C–H), 

2848 (C–H), 1735 (C=O), 1463 (C–H), 1380, 1265, 1220, 1160, 1100.  

7.2.4. Synthesis of 3-((2-bromopropanoyl)oxy)propane-1,2-diyl dioleate (3b) 

DCC (4 g, 19.5 mmol, 2.2 equiv) was 

added to a stirred solution of 2 (2 g, 

8.85 mmol) and DMAP (0.324 g, 2.65 

mmol, 0.3 equiv) in 200 mL of 

anhydrous DCM at 0 °C. After being stirred for 1 hour, oleic acid (4.4 g, 19.5 mmol,  

2.2 equiv) was added portionwise, and the mixture was stirred at room temperature 

overnight. The solid was removed by filtration through celite, and the filtrate was 

concentrated under reduced pressure. The product was purified by MPLC (hexane/EtOAc 

9.9:0.1). The product was obtained as a pale yellow oil in 53%, 3.56 g. 1H NMR (400 MHz, 

CDCl3): δ 5.41–5.24 (m, 5H, C(=O)OCH2CH=CHCH2, C(=O)OCH2CHCH2), 4.46–4.21 (m, 

4H, C(=O)OCH2CHCH2), 4.17 (ddd, J = 11.9, 5.8, 1.8 Hz, 1H, CH3CHBr), 2.32 (td, J = 7.6, 

2.5 Hz, 4H, CH2C(=O)), 2.01 (d, J = 5.9 Hz, 8H, CH2CH=CHCH2), 1.82 (dd, J = 6.9, 1.5 

Hz, 3H, C(=O)CHCH3), 1.68–1.54 (m, 4H, CH2CH2C(=O)), 1.28 (d, J = 13.9 Hz, 40H, 

CH2), 0.88 (t, J = 6.7 Hz, 6H, CH3). 
13C NMR (101 MHz, CDCl3): δ 173.2 (C=O), 172.8 
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(C=O), 169.7 (C=O), 130.0 (CH), 129.7 (CH), 68.6 (CH), 63.5 (CH2), 61.8 (CH2), 39.3 (CH), 

34.1 (CH2), 34.0 (CH2), 31.9 (CH2), 30.0 (CH2), 29.6 (CH2), 29.5 (CH2), 29.3 (CH2), 29.1 

(CH2), 29.0 (CH2), 28.9 (CH2), 27.2 (CH2), 24.8 (CH2), 22.6 (CH2), 21.5 (CH3), 14.1 (CH3). 

ATR-FTIR (cm−1): ν 3005 (C–H), 2920 (C–H), 2850 (C–H), 1740 (C=O), 1455 (C–H), 

1380, 1340, 1220, 1155, 1095. 

7.2.5. Synthesis of 3-((2-((ethoxycarbonothioyl)thio)propanoyl)oxy)propane-1,2-diyl 

dipalmitate (4a) 

Potassium O-ethyl carbonodithioate 

(0.74 g, 4.63 mmol, 1.3 equiv) was 

added slowly to a stirred solution of 

3a (2.5 g, 3.6 mmol) in acetone (100 

mL) at 0 °C. After stirring overnight, the mixture was filtered to remove the formed KBr. 

The solvent was concentrated under reduced pressure. The product was purified by MPLC 

(hexane/EtOAc 9.5:0.5). The product was obtained as a white solid in 92%, 2.41 g. 1H NMR 

(400 MHz, CDCl3): δ 5.33–5.23 (m, 1H, C(=O)OCH2CHCH2), 4.63 (qd, J = 7.1, 1.3 Hz, 

2H, OCH2CH3), 4.44–4.34 (m, 2H, C(=O)OCH2CHCH2), 4.30 (dt, J = 11.8, 4.5 Hz, 1H, 

CH3CHSC(=S)), 4.26–4.10 (m, 2H, C(=O)OCH2CHCH2, 2.37–2.26 (td, J = 7.6, 1.8 Hz, 4H, 

CH2C(=O)), 1.69–1.59 (m, 4H, CH2CH2C(=O)), 1.57 (dd, J = 7.4, 1.1 Hz, 3H, 

C(=O)CHCH3), 1.41 (t, J = 7.1 Hz, 3H, OCH2CH3), 1.27 (d, J = 10.2 Hz, 48H, CH2), 0.88 

(t, J = 6.8 Hz, 6H, CH3). 
13C NMR (101 MHz, CDCl3): δ 211.8 (C=S), 173.2 (C=O), 172.8 

(C=O), 171.0 (C=O), 70.3 (CH2), 68.6 (CH), 63.3 (CH2), 61.9 (CH2), 47.0 (CH), 34.0 (CH2), 

31.9 (CH2), 29.7 (CH2), 29.6 (CH2), 29.4 (CH2), 29.3 (CH2), 29.2 (CH2), 29.1 (CH2), 29.0 

(CH2), 24.8 (CH2), 22.6 (CH2), 16.7 (CH3), 14.1 (CH3), 13.6 (CH3). ATR-FTIR (cm−1):  

ν 2954 (C–H), 2917 (C–H), 2848 (C–H), 1735 (C=O), 1463, 1380, 1220 (C–O–C), 1170, 

1060 (C=S). MS (ESI): m/z calculated 767.5000 (M + Na)+, found 767.4950. 

7.2.6. Synthesis of 3-((2-((ethoxycarbonothioyl)thio)propanoyl)oxy)propane-1,2-diyl 

dioleate (4b) 

Potassium O-ethyl 

carbonodithioate (0.55 g, 3.4 

mmol, 1.3 equiv) was added 

slowly to a stirred solution of 4a 

(2 g, 2.6 mmol) in acetone (80 mL) at 0 °C. After stirring overnight, the mixture was filtered 

to remove the formed KBr. The solvent was concentrated under reduced pressure. The 
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product was purified by MPLC (hexane/EtOAc 9.5:0.5). The product was obtained as  

a yellow oil in 93%, 1.95 g. 1H NMR (400 MHz, CDCl3): δ 5.42–5.23 (m, 5H, 

C(=O)OCH2CH=CHCH2, C(=O)OCH2CHCH2 ), 4.63 (qd, J = 7.1, 1.4 Hz, 2H, OCH2CH3), 

4.45–4.34 (m, 2H, C(=O)OCH2CHCH2), 4.45–4.34 (m, 2H, C(=O)OCH2CHCH2), 4.30 (dt, 

J = 11.9, 4.5 Hz, 1H, CH3CHSC(=S)), 4.25–4.11 (m, 2H, C(=O)OCH2CHCH2), 2.31 (dd,  

J = 10.5, 4.6 Hz, 4H, CH2C(=O)), 2.01 (d, J = 5.9 Hz, 8H, CH2CH=CHCH2), 1.61 (m, 4H, 

CH2CH2C(=O)), 1.57 (dd, J = 7.4, 1.3 Hz, 3H, C(=O)CHCH3), 1.42 (t, J = 7.1 Hz, 3H, 

OCH2CH3), 1.28 (d, J = 14.0 Hz, 40H, CH2), 0.88 (t, J = 6.8 Hz, 6H, CH3). 
13C NMR (101 

MHz, CDCl3): δ 211.8 (C=S), 173.1 (C=O), 172.7 (C=O), 171.0 (C=O), 130.0 (CH), 129.7 

(CH), 70.3 (CH2), 68.6 (CH), 63.3 (CH2), 61.9 (CH2), 47.0 (CH), 34.0 (CH2), 31.9 (CH2), 

30.9 (CH2), 29.7 (CH2), 29.5 (CH2), 29.3 (CH2), 29.1 (CH2), 27.1 (CH2), 24.8 (CH2), 22.6 

(CH2), 16.6 (CH3), 14.1 (CH3), 13.6 (CH3). ATR-FTIR (cm−1): ν 3005 (C–H), 2920 (C–H), 

2850 (C–H), 1740 (C=O), 1460, 1380, 1220 (C–O–C), 1110, 1050 (C=S). MS (ESI): m/z 

calculated 819.5345 (M + Na)+, found 819.5250. 

7.2.7. Synthesis of 3-(benzyloxy)propane-1,2-diol (5) 

Sodium hydride (60% wt. in mineral oil, 3.3 g, 1.3 equiv) was washed 

with hexane (20 mL x 3) and dissolved in THF (200 mL). Solketal (9.4 

mL, 7.65 mmol) was then added at 0 °C, and the reaction mixture was 

stirred for 1 hour. Next, benzyl bromide (10.83 mL, 0.09 mol, 1.2 equiv) was added at 0 °C, 

and the reaction mixture was warmed to room temperature. After being stirred overnight, the 

saturated NH4Cl (150 mL) solution was added. The product was extracted with Et2O (3 x 

150 mL). The combined organic layer was dried over anhydrous Na2SO4 and concentrated 

in vacuo. The residue was dissolved in AcOH/H2O 4:1 (100 mL), and the reaction mixture 

was stirred at 65 °C for 3 hours. The mixture was neutralized with saturated aqueous 

NaHCO3 solution (150 mL) and extracted with dichloromethane (3 x 150 mL). The organic 

layer was dried over anhydrous Na2SO4 and concentrated in vacuo. The product was purified 

by MPLC with hexane/EtOAc (6.5:3.5 and 0:10). The product was obtained as a pale yellow 

oil in 71%, 9.703 g.1H NMR (400 MHz, CDCl3) δ 7.51–7.17 (m, 5H, C6H5 ), 4.53 (s, 2H, 

CH2C6H5), 3.95–3.80 (m, 1H, COCH2CHCH2), 3.66 (dd, J = 11.5, 3.6 Hz, 2H, HOCH2CH), 

3.61–3.52 (m, 2H, CHCH2O), 3.50 (dd, J = 5.2, 3.3 Hz, 2H, CHCH2O). 13C NMR (101 

MHz, CDCl3): δ
 137.6 (C), 128.4 (CH), 127.7 (CH), 73.4 (CH2), 71.5 (CH2), 70.7 (CH), 63.9 

(CH2). ATR-FTIR (cm−1): ν 3335 (O–H), 3065, 3030, 2925, 2870 (C–H), 1715, 1450, 1275, 

1095, 1055, 740, 700. 



182 |  

 

7.2.8. Synthesis of 3-(benzyloxy)propane-1,2-diyl dipalmitate (6a)  

DCC (7.08 g, 34.6 mmol, 2.5 eqiv) was 

added to a stirred solution of 5 (2.5 g, 

13.73 mmol), and DMAP (0.67 g, 5.5 

mmol, 0.4 equiv) in 200 mL of dry DCM 

at 0 °C. After being stirred for 1 hour, palmitic acid (3.74 g, 16.6 mmol, 2.2 equiv) was 

added portionwise, and the mixture was stirred at room temperature overnight. The solid was 

removed by filtration through celite, and the filtrate was concentrated under reduced 

pressure. The product was purified by MPLC (hexane/EtOAc 9.5:0.5). The product was 

obtained as a white solid in 90%, 8.16 g. 1H NMR (400 MHz, CDCl3): δ 7.38–7.26 (m, 5H, 

C6H5), 5.29–5.22 (m, 1H, COCH2CHCH2), 4.54 (d, J = 5.6 Hz, 2H, CH2C6H5), 4.36 (dd,  

J = 11.9, 3.8 Hz, 2H, CHCH2C(=O)), 4.20 (dd, J = 11.9 Hz, 6.4 Hz, 2H, CHCH2C(=O)), 

3.60 (m, 2 H, CHCH2OCH2), 2.31 (dt, J = 17.0, 7.5 Hz, 4H, CH2C(=O)), 1.70–1.53 (m,  

4 H, CH2CH2C(=O)), 1.28 (s, 48 H, CH2), 0.89 (t, J = 6.8 Hz, 6 H, CH3). 
13C NMR (101 

MHz, CDCl3): δ 173.4 (C=O), 173.1 (C=O), 137.7 (C), 128.4 (CH), 127.8 (CH), 127.60 

(CH), 73.3 (CH2), 70.0 (CH), 68.2 (CH2), 62.6 (CH2), 34.3 (CH2), 34.1(CH2), 31.9 (CH2), 

29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 29.1 (CH2), 29.0 (CH2), 25.0 

(CH2), 24.9 (CH2), 22.7 (CH2), 14.1 (CH3). ATR-FTIR (cm−1): ν 2955 (C–H), 2920 (C–H), 

2850 (C–H), 1740, 1720, 1450, 1375, 1350, 1240, 1220, 1150, 1120, 1090, 730. 

7.2.9. Synthesis of 3-(benzyloxy)propane-1,2-diyl dioleate (6b) 

DCC (6.8 g, 32.9 mmol, 2.5 equiv) 

was added to a stirred solution of 5 

(2.5 g, 13.2 mmol, 1 equiv), and 

DMAP (0.671 g, 5.5 mmol, 0.4 equiv) 

in 200 mL of dry DCM at 0 °C. After being stirred for 1 hour, oleic acid (9.98 mL, 31.6 

mmol, 2.2 equiv) was added portionwise, and the mixture was stirred at room temperature 

overnight. The solid was removed by filtration through celite, and the filtrate was 

concentrated under reduced pressure. The product was purified by MPLC (hexane/EtOAc 

9.7:0.3). The product was obtained as a pale yellow oil in 85%, 8.30 g. 1H NMR (400 MHz, 

CDCl3): δ 7.42–7.22 (m, 5H, C6H5 ), 5.45–5.30 (m, 4H, OCH2CH=CHCH2), 5.26 (m, 1H, 

COCH2CHCH2), 4.55 (d, J = 5.5 Hz, 2H, CH2C6H5), 4.36 (dd, J = 11.9, 3.8 Hz, 2H, 

CHCH2C(=O)), 4.20 (dd, J = 11.9, 6.4 Hz, 2H, CHCH2C(=O)), 3.60 (d, J = 5.2 Hz, 2H, 

CHCH2OCH2), 2.31 (dt, J = 17.1, 7.5 Hz, 4H, CH2C(=O)), 2.14–1.93 (m, 8H, 
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CH2CH=CHCH2), 1.68–1.53 (m, 4H, CH2CH2C(=O)), 1.31 (s, 20H, CH2), 1.28 (s, 20H, 

CH2), 0.90 (t, J = 6.8 Hz, 6H, CH3). 
13C NMR (101 MHz, CDCl3) δ 173.3 (C=O), 173.0 

(C=O), 137.7 (C), 130.0 (CH), 129.7 (CH), 128.4 (CH), 127.7 (CH), 127.6 (CH), 73.2 (CH2), 

70.0 (CH), 68.2 (CH2), 62.6 (CH2), 34.2 (CH2), 34.0 (CH2), 31.9 (CH2), 29.7 (CH2), 29.5 

(CH2), 29.3 (CH2), 29.2 (CH2), 29.1 (CH2), 29.0 (CH2), 27.2 (CH2), 27.1 (CH2), 24.9 (CH2), 

24.8 (CH2), 22.6 (CH2), 14.1 (CH3). ATR-FTIR (cm−1): ν 3004 (C–H), 2920 (C–H), 2850 

(C–H), 1740, 1455, 1365, 1350, 1240, 1160, 1095, 730, 700. 

7.2.10. Synthesis of 3-hydroxypropane-1,2-diyl dipalmitate (7a)  

A solution of 6a (6.0 g, 10.0 mmol), 5% Pd/C 

(800 mg) in a mixture of glacial acetic acid (20 

mL) and ethanol (100 mL) was stirred under  

a hydrogen atmosphere at room temperature. 

The reaction progress was monitored by TLC. When the reaction was complete, the mixture 

was diluted with CH2Cl2, and the catalysts were removed by celite filtration. The filtrate was 

evaporated under reduced pressure, and the crude product was purified by MPLC 

(hexane/EtOAc 9.6:0.4). The product was obtained as a white solid in 86%, 4.45 g. 1H NMR 

(400 MHz, CDCl3) δ 5.13–5.02 (m, 1H, COCH2CHCH2), 4.32 (dd, J = 11.9, 4.3 Hz, 2H, 

CHCH2C(=O)), 4.24 (dd, J =11.6, 5.6 Hz, 2H, CHCH2C(=O)), 3.79–3.63 (m, 2H, 

CHCH2OH), 2.35 (td, J = 12.0, 5.9 Hz, 4 H, CH2CH2C(=O)), 1.66–1.58 (m, 4H, 

CH2CH2C(=O)), 1.25 (s, 48H, CH2), 0.88 (t, J = 6.8 Hz, 6H, CH3). 
13C NMR (101 MHz, 

CDCl3): δ 173.9 (C=O), 68.3 (CH), 65.0 (CH2), 34.1 (CH2), 29.7 (CH2), 29.6 (CH2), 29.5 

(CH2), 29.4 (CH2), 29.3 (CH2), 29.2 (CH2), 29.1 (CH2), 24.9 (CH2), 22.6 (CH2), 14.1 (CH3). 

ATR-FTIR (cm−1): ν 3500 (OH), 2955 (C–H), 2920 (C–H), 2850, 1730, 1710, 1470, 1380, 

1290, 1265, 1220, 1180, 1090, 1065, 720. 

7.2.11.Synthesis of 3-hydroxypropane-1,2-diyl dioleate (7b) 

To a solution of 6b (1.5 g, 0.0021 mol,  

1 equiv) in 50 mL CH2Cl2 at -78C, boron 

trichloride (5.3 mL, 0.053 mol, 2.5 equiv)  

(1 M in CH2Cl2) was added over 15 minutes. 

The reaction was stirred for 1 hour under argon. The flask contents were poured over ice 

water (50 mL) and warmed to room temperature. The product was extracted with DCM (3 x 

50 mL). The combined organic layer was dried over anhydrous Na2SO4 and concentrated in 
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vacuo. The product was purified by MPLC (hexane/EtOAc 9.7:0.3). The product was 

obtained as a pale yellow oil in 54%, 712 mg. 1H NMR (400 MHz, CDCl3) δ 5.46–5.21 (m, 

5H, CH2CH=CHCH2, COCH2CHCH2 ), 4.29–4.00 (m, 4H, CHCH2C(=O), CHCH2OH), 

2.60 (d, J = 4.8 Hz, 2H), 2.35 (t, J = 7.6 Hz, 8H), 2.04–1.99 (m, 8H, CH2CH=CHCH2,  

1.65–1.61 (m, 4H, CH2CH2C(=O)), 1.31 (s, 20H, CH2), 1.28 (s, 20H, CH2), 0.90 (t, J = 6.8 

Hz, 6H, CH3). 
13C NMR (101 MHz, CDCl3) δ 173.8 (C=O), 130.0 (CH), 129.7 (CH), 68.3 

(CH), 65.0 (CH2), 34.0 (CH2), 31.9 (CH2), 29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.3 (CH2), 

29.1 (CH2), 29.0 (CH2), 27.2 (CH2), 27.1 (CH2), 22.6 (CH2), 14.1 (CH3). ATR-FTIR (cm−1): 

ν 3450 (OH), 3004 (C–H), 2920, 2850, 1740, 1455, 1370, 1240, 1065, 720, 700. 

7.2.12. Synthesis of 3-(acryloyloxy)propane-1,2-diyl dipalmitate (8a)  

Compound 7a (4.3 g, 7.5 mmol) was 

dissolved in dried DCM (200 mL), and then 

Et3N (2 mL, 15 mmol, 2 equiv) was added. 

After 30 minutes, acryloyl chloride (0.75 

mL, 9 mmol, 1.2 equiv) was added dropwise at 0 °C over 30 minutes. The reaction 

temperature was maintained at 0 °C for 3 hours. After being stirred for an additional 16 hours 

at room temperature, 150 mL 1 M HCl solution was added. The product was extracted with 

DCM (3 x 100 mL). The combined organic layers were washed with brine, dried over 

Na2SO4, and concentrated in vacuo. The product was purified by MPLC (hexane/EtOAc, 

9.6:0.4). The product was obtained as a white solid in 89%, 5.3 g. 1H NMR (400 MHz, 

CDCl3) δ 6.43 (d, J = 17.3 Hz, 1H, CH2=CH2), 6.13 (dd, J = 17.3, 10.4 Hz, 1H, CH2=CH2), 

5.88 (d, J = 10.5 Hz, 1H, CH2=CH2), 5.58–5.03 (m, 1H, COCH2CHCH2), 4.47–4.23 (m, 2H, 

CHCH2C(=O)), 4.17 (dd, J = 11.9, 5.9 Hz, 2H, CHCH2C(=O)), 2.32 (td, J = 7.5, 2.6 Hz, 

4H, CH2C(=O)), 1.63–1.59 (m, 4H, CH2CH2C(=O)), 1.25 (s, 48H, CH2), 0.89 (t, J = 6.6 Hz, 

6H, CH3). 
13C NMR (101 MHz, CDCl3): δ 173.2 (C=O), 172.8 (C=O), 165.5 (C=O), 131.5 

(CH2), 127.7 (CH), 68.8 (CH), 62.4 (CH2), 62.0 (CH2), 34.2 (CH2), 34.0 (CH2), 31.9 (CH2), 

29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 29.2 (CH2), 29.1 (CH2), 29.0 

(CH2), 24.9 (CH2), 24.8 (CH2), 22.7 (CH2), 14.1 (CH3). ATR-FTIR (cm−1): ν 2955, 2920, 

2850, 1740, 1720, 1635 (C=O), 1460, 1360, 1260, 1170, 1085, 810. MS (ESI): m/z 

calculated 645.5000 (M + Na)+ , found 645.5101. 
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7.2.13. Synthesis of 3-(acryloyloxy)propane-1,2-diyl dioleate (8b) 

Compound 7b (2.5 g, 4 mmol) was 

dissolved in dried DCM (85 mL), and 

then Et3N (1.12 mL, 8 mmol, 2 equiv) 

was added. After 30 minutes, acryloyl 

chloride (0.43 mL, 5.2 mmol, 1.3 equiv) was added dropwise at 0 °C over 30 minutes. The 

reaction temperature was maintained at 0 °C for 3 hours. After being stirred for an additional 

3 hours at room temperature, 100 mL 1 M HCl solution was added. The product was 

extracted with DCM (3 x 80 mL). The combined organic layers were washed with brine, 

dried over Na2SO4, and concentrated in vacuo. The product was purified by MPLC 

(hexane/EtOAc 9.6:0.4). The product was obtained as yellow oil in 49%, 1.3 gFSTEGL 

7.2.14. General procedure for RAFT polymerization of NIPAAm with diglyceride-

based chain transfer agents 

Appropriate amounts of GlyP-X or GlyO-X, NIPAAm, 

solution of AIBN in THF, and THF were placed in  

a Schlenk flask equipped with a magnetic stirrer. The 

resulting mixture was degassed by bubbling with argon 

for 30 minutes. The reaction flask was placed in an oil 

bath preheated to 70 °C. After stirring for 3 hours, the polymerization was stopped by cooling 

in an ice bath. Then, THF was evaporated on a rotary evaporator. Products with higher molar 

masses (5, 10, 20 kg mol-1) were dissolved in chloroform, precipitated in cold hexane twice, 

filtered, and dried. The polymers with 2 kg mol-1 could not be purified by precipitation. 

7.2.15. General procedure for RAFT polymerization of NVCL with diglyceride-based 

chain transfer agents 

Appropriate amounts of GlyP-X or GlyO-X, NVCL, 

solution of AIBN in THF, and THF were placed in  

a Schlenk flask equipped with a magnetic stirrer. The 

resulting mixture was degassed by bubbling with argon 

for 30 minutes. The reaction flask was placed in an oil 

bath preheated to 70 °C. After stirring for 16 hours, the polymerization was stopped by 

cooling in an ice bath. Then, THF was evaporated on a rotary evaporator. Products with 

higher molar masses (5, 10, 20 kg mol-1) were dissolved in chloroform, precipitated in cold 
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pentane twice, filtered, and dried. The polymers of molar mass 2 kg mol-1 could not be 

purified by precipitation. 

7.2.16. General procedure for RAFT polymerization with GlyP acrylate 

Appropriate amounts of CTA1, GlyP-A, and AIBN were placed 

in a Schlenk flask equipped with a magnetic stirrer. The resulting 

mixture was degassed by bubbling with argon for 30 minutes. The 

reaction flask was placed in an oil bath preheated to 70 °C. After 

stirring for 6 hours, the polymerization was stopped by cooling in 

an ice bath. THF was evaporated on a rotary evaporator. Finally, the product was dissolved 

in chloroform, precipitated in cold methanol four times, filtered, and dried.  

7.2.17. General procedure for RAFT polymerization with GlyO acrylate 

Appropriate amounts of CTA1, GlyO-A, and AIBN were 

placed in a Schlenk flask equipped with a magnetic stirrer. The 

resulting mixture was degassed by bubbling with argon for 30 

minutes. The resulting solution was heated to 70 °C in an oil 

bath. After stirring for 16 hours, the polymerization was 

stopped by cooling in an ice bath. THF was evaporated on a rotary evaporator. Finally, the 

product was dissolved in acetone, precipitated in cold methanol four times, and dried under 

a high vacuum. 

7.2.18. General procedure for RAFT copolymerization with NIPAAm 

Appropriate amounts of PGlyP-macroCTA, or PGlyO-

macroCTA, NIPAAm, and AIBN were placed in a Schlenk 

flask equipped with a magnetic stirrer. The resulting 

mixture was degassed by bubbling with argon for 30 

minutes. The resulting solution was heated to 70 °C in an 

oil bath. After stirring for 6 hours, the polymerization was stopped by cooling in an ice bath. 

THF was evaporated on a rotary evaporator. Finally, products were dissolved in chloroform, 

precipitated in cold hexane twice, filtered, and dried.  
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7.2.19. General procedure for RAFT copolymerization with NVCL 

Appropriate amounts of PGlyP-X or PGlyO-X, NVCL, 

and AIBN were placed in a Schlenk flask equipped with  

a magnetic stirrer. The resulting mixture was degassed by 

bubbling with argon for 30 minutes. The resulting 

solutions were heated to 70 °C in an oil bath. After stirring 

for 16 hours, the polymerization was stopped by cooling in an ice bath. THF was evaporated 

on a rotary evaporator. Finally, products were dissolved in chloroform, precipitated in cold 

pentane twice, filtered, and dried. 

7.2.20. Removing the dithiocarboante-end group by aminolysis 

Removing the dithiocarboante end-group was conducted 

according to the previously described protocol.71 The 100 mg of 

PGlyP-b-PNIPAAm, PGlyO-b-PNIPAAm, PGlyP-b-PNVCL, 

and PGlyO-b-PNVCL were placed in a vial equipped with  

a magnetic stirrer and dissolved in 1 mL of THF. The solutions 

were degassed by bubbling with argon for 30 minutes. Then,  

n-propylamine (9 equiv) and tributylphosphine (9 equiv) were 

added. The resulting mixtures were stirred for 40 hours at room 

temperature. THF was evaporated on a rotary evaporator. 

Finally, products were dissolved in chloroform, precipitated in cold pentane (3 x 15 mL), 

filtered, and dried. 

7.2.21. The modification of the polymer chain ends with a fluorescent dye 

50 mg of PGlyP-b-PNIPAAm, PGlyO-b-PNIPAAm, 

PGlyP-b-PNVCL, and PGlyO-b-PNVCL terminated with  

–SH group were placed in a vial equipped with a magnetic 

stirrer and dissolved in 1 mL of dioxane. The solutions were 

degassed by bubbling with argon for 10 minutes. Then, 

triethylamine (3 equiv) and fluorescein diacetate  

5-maleimide (5 equiv) were then added. The resulting mixtures were stirred for 48 hours at 

room temperature. Then, a few drops of water were added, and the mixture was stirred for 

another 4 h. Finally, products were precipitated in cold pentane (3 x 15 mL), filtered, and 

dried. 
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7.2.22. Radical polymerization of NVCL 

NVCL (0.5 g, 3.6 mmol), AIBN (1 mg, 1.44 mmol) solution in 0.1 mL THF, 

and THF (0.9 mL) were placed in a Schlenk flask equipped with a magnetic 

stirrer. The mixture was degassed by bubbling with argon for 30 minutes. The 

reaction flask was placed in an oil bath preheated to 70 °C. After stirring for 16 hours, the 

polymerization was stopped by cooling in an ice bath. Then, THF was evaporated on a rotary 

evaporator. The product was dissolved in chloroform, precipitated in cold pentane twice, 

filtered, and dried. SEC: Mn = 7.6 kg mol-1, Đ = 1.6. 1H NMR (400 MHz, CDCl3): δ 4.55–

4.20 (m, CHN(CO)), 3.3–3.0 (m, CH2N(CO)), 2.60–2.20 (m, N(CO)CH2), 2.0–1.5 (m, 

CH2CH2N, CH2CH2CH2N, CH2CH2CH2CH2N, CH2CHN). ATR-FTIR (cm−1): ν 3450, 

2922, 2853, 1626, 1476, 1440, 1420, 1350, 1332, 1302, 1261, 1195, 1150, 973. 

7.2.23. Radical polymerization of NIPAAm 

NIPAAm (0.2 g, 1.77 mmol), AIBN (1 mg, 0.006 mmol), and THF (2 mL) were 

placed in a Schlenk flask equipped with a magnetic stirrer. The mixture was 

degassed by bubbling with argon for 30 minutes. The reaction flask was placed 

in an oil bath preheated to 70 °C. After stirring for 24 hours, the polymerization was stopped 

by cooling in an ice bath. Then, THF was evaporated on a rotary evaporator. The product 

was dissolved in DCM, precipitated in cold hexane twice, filtered, and dried. SEC: Mn = 

10.2 kg mol−1, Đ = 1.13. 1H NMR (400 MHz, CDCl3): δ 4.00 (CH(CH3)2), 2.40–1.40 

(polymer backbone), 1.13 (CH(CH3)2). ATR-FTIR (cm−1): ν 3287, 3075, 2970, 2932, 2873, 

1640, 1530, 1455, 1390, 1365, 1715, 1130. 

7.3. Polymerization of N-vinylformamide via PI-RAFT technique 

7.3.1. General procedure for the polymerization of NVF with CTA2  

A reaction stock solution consisting of CTA2, NVF, and DMSO was 

prepared. 1 mL of solution was then added to several glass tubes and 

degassed by four freeze-pump-thaw cycles. The tubes were sealed 

with an acetylene/oxygen flame and irradiated in a blue or purple LEDs-based photoreactor. 

Polymerization was stopped by removing the tube from the light source. For kinetic studies, 

samples were directly analyzed by 1H NMR and SEC without purification. NVF conversion 

was determined by 1H NMR spectroscopy by comparison of the integration ratio of two 

protons (–NHCHO) at 7.0–8.2 ppm with the residual vinyl proton at 6.8–6.9 ppm. 
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Table 11. PI-RAFT polymerization of NVF in DMSO with CTA2 at ambient temperature with 

different light wavelengths. 

Entry 
Light 

wavelength 

Time 

(h) 

Conversiona 

(%) 

Mn,th
b 

(kg mol-1) 

Mn,SEC
c 

(kg mol-1) 
Ð 

1 

460 nm 

8 33 6.71 6.45 1.18 

2 16 53 10.67 7.02 1.36 

3 24 65 13.06 8.19 1.38 

4 40 78 15.64 9.11 1.36 

5 48 82 16.43 9.35 1.40 

6 

400 nm 

0.5 31 6.31 10.16 1.23 

7 1 45 9.09 12.25 1.23 

8 2 62 12.46 15.00 1.34 

9 4 77 15.44 21.06 1.36 

10 6 88 17.62 22.69 1.53 

Notes: acalculated by 1H NMR in DMSO, bMn,th = [NVF]0/[CTA]0·MNVF·Conv.+MCTA, cMn,SEC 

measured by aqueous SEC with RI-MALS detection, [NVF]0 = 4.53 mol L-1. 

Table 12. PI-RAFT polymerization of NVF in DMSO with CTA2 at ambient temperature with 

different numbers of LEDs. 

Entry 
Number of 

LEDs 
Time 
(h) 

Conversiona 
(%) 

Mn,th
b 

(kg mol-1) 
Mn,SEC

c 
(kg mol-1) 

Ð 

1 

66 

0.5 31 6.31 10.16 1.23 

2 1 45 9.09 12.25 1.23 

3 2 62 12.46 15.00 1.34 

4 4 77 15.44 21.06 1.36 

5 6 88 17.62 22.69 1.53 

6 

30 

0.5 22 4.53 6.53 1.22 

7 1 36 7.30 8.62 1.24 

8 2 56 11.27 12.99 1.22 

9 4 77 15.44 19.17 1.28 

10 6 87 17.42 20.70 1.25 

11 8 90 18.02 22.52 1.32 

12 

12 

0.5 14 2.94 4.61 1.19 

13 1 31 6.31 71.60 1.30 

14 2 47 9.49 11.95 1.30 

15 4 70 14.05 17.87 1.26 

16 6 82 16.43 21.21 1.28 

17 8 86 17.22 22.47 1.30 

Notes: acalculated by 1H NMR in DMSO, bMn,th = [NVF]0/[CTA]0·MNVF·Conv.+MCTA, cMn,SEC 

measured by aqueous SEC with RI-MALS detection, [NVF]0 = 4.53 mol L-1. 

Table 13. PI-RAFT polymerization of NVF in DMSO with CTA2 at ambient temperature with 30 

LEDs. 

Entry 
Targeted Mn 

(kg mol-1) 

Time 

(h) 

Conversiona 

(%) 

Mn,th
b 

(kg mol-1) 

Mn,SEC
c 

(kg mol-1) 
Ð 

1 5 0.5 27 1.47 1.82 1.18 
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2 1 45 2.34 2.42 1.15 

3 2 66 3.36 3.03 1.18 

4 4 88 4.42 4.37 1.16 

5 6 92 4.61 4.60 1.19 

6 

20 

0.5 22 4.53 6.53 1.22 

7 1 36 7.30 8.62 1.24 

8 2 56 11.27 12.98 1.22 

9 4 77 15.44 19.17 1.28 

10 6 87 17.42 20.70 1.27 

11 

50 

0.5 16 8.14 9.28 1.40 

12 1 27 13.62 14.37 1.40 

13 2 40 20.10 23.37 1.32 

14 4 68 34.05 36.41 1.37 

15 6 71 35.55 41.95 1.50 

Notes: acalculated by 1H NMR in DMSO, bMn,th = [NVF]0/[CTA]0·MNVF·Conv.+MCTA, cMn,SEC 

measured by aqueous SEC with RI-MALS detection, [NVF]0 = 4.53 mol L-1. 

7.3.2. Synthesis of PNVF-CTA2 

CTA2 (0.167 g, 1.03 mmol), NVF (5 g, 70.34 mmol), and DMSO 

(70% w/w, 11.67 g) were added to a Schlenk tube, degassed by four 

freeze-pump-thaw cycles and irradiated in a purple LED light 

photoreactor for 45 minutes. The polymerization was stopped by removing the tube from 

the light source, and a withdrawn sample was analyzed by 1H NMR to determine conversion 

(34%). The polymer was purified by three cycles of solubilization in water, precipitation in 

cold acetone, filtration, and drying under vacuum. SEC: Mn,SEC = 2.2 kg mol-1, Ð = 1.08.  

7.3.3. Chain extension experiment  

A reaction stock solution of PNVF-CTA2 (0.155 g, 

0.072 mmol), NVF (2 g, 28.14 mmol), and DMSO 

(70% w/w, 4.69 g) was prepared. 1 mL of solution was 

then added to several glass tubes and degassed by four 

freeze-pump-thaw cycles. The tubes were sealed with an acetylene/oxygen flame and 

irradiated in a purple LEDs-based photoreactor. Polymerization was stopped by removing 

the tube from the light source. For kinetic studies, samples were directly analyzed by  

1H NMR and SEC without purification. 

Table 14. PI-RAFT polymerization of NVF in DMSO using a PNVF-CTA2 as a macro-RAFT agent.  

Entry 
Targeted Mn 
(kg mol-1) 

Time 
(h) 

Conversiona 
(%) 

Mn,th
b 

(kg mol-1) 
Mn,SEC

c 
(kg mol-1) 

Ð 

1 

30 

0.5 26 9.47 10.38 1.21 

2 1 43 13.90 15.25 1.22 

3 2 62 19.46 20.44 1.23 
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4 4 85 25.84 28.72 1.24 

5 6 86 26.12 29.75 1.19 

Notes: acalculated by 1H NMR in DMSO, bMn,th = [NVF]0/[CTA]0·MNVF·Conv.+MCTA, cMn,SEC 

measured by aqueous SEC with a RI-MALS detection, [NVF]0 = 4.53 mol L-1. 

7.3.4. General procedure for the synthesis of PEG-b-PNVF block copolymer 

A reaction stock solution consisting of PEG-CTA1 

(0.6 g, 0.12 mmol), NVF (3 g, 42.2 mmol), and DMSO 

(70% w/w, 7 g) was prepared. The 1 mL of solution 

was then added to several glass tubes and degassed by 

four freeze-pump-thaw cycles. The tubes were sealed with an acetylene/oxygen flame and 

irradiated in a purple LEDs-based photoreactor. Polymerization was stopped by removing 

the tube from the light source. For kinetic studies, samples were directly analyzed by  

1H NMR and SEC without purification. Dry polymers could be obtained after purification 

by dialysis, followed by lyophilization. The dn/dc of the copolymers were calculated based 

on the weight fraction of the PEG and PNVF block. 

 

 

 

Table 15. PI-RAFT polymerization of NVF with PEG-CTA1 under purple light irradiation with 30 

LEDs. 

Entry 
Targeted Mn 

(kg mol-1) 

Time 

(h) 

Conversiona 

(%) 

Mn,th
b 

(kg mol-1) 

Mn,SEC
c 

(kg mol-1) 
dn/dc Ð 

1 

25 

0.5 24 9.80 8.73 0.1440 1.39 

2 1 34 11.80 10.98 0.1502 1.38 

3 2 54 15.80 17.38 0.1534 1.40 

4 4 75 20.00 22.77 0.1553 1.52 

5 8 89 22.80 25.39 0.1560 1.52 

Notes: acalculated by 1H NMR in DMSO, bMn,th = [NVF]0/[CTA]0·MNVF·Conv.+MCTA, cMn,SEC 

measured by aqueous SEC with a RI-MALS detection, [NVF]0 = 4.53 mol L-1. 

7.3.5. General procedure for the polymerization of NVP with CTA1 

A reaction stock solution consisting of CTA1 and NVP was 

prepared. Then, 1 mL of solution was added to several glass 

tubes and degassed by four freeze-pump-thaw cycles. The 

tubes were sealed with an acetylene/oxygen flame and 

irradiated in a purple LEDs-based photoreactor. Polymerization was stopped by removing 

the tube from the light source. For kinetic studies, samples were directly analyzed by  
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1H NMR and SEC without purification.  

Table 16. PI-RAFT polymerization of NVP in bulk with CTA1 under purple light irradiation with 

30 LEDs. 

Entry 
Targeted Mn 

(kg mol-1) 

Time 

(min) 

Conversiona 

(%) 

Mn,th
b 

(kg mol-1) 

Mn,SEC
c 

(kg mol-1) 
Ð 

1 

10 

7 24 2.56 2.75 1.08 

2 15 47 4.81 4.34 1.09 

3 22 70 7.06 6.60 1.06 

4 30 94 9.41 9.12 1.16 

5 60 95 9.51 9.81 1.19 

Notes: acalculated by 1H NMR in CDCl3, 
bMn,th = [NVP]0/[CTA]0·MNVP·Conv.+MCTA, cMn,SEC 

measured by SEC in DMF with a RI-MALS detection, [NVP]0 = 9.36 mol L-1. 

7.3.6. General procedure for the polymerization of PVP-CTA1 

NVP (5 g, 44.2 mmol) and CTA1 (0.218 g, 1.04 mmol) were 

added to a Schlenk tube, degassed by four freeze-pump-thaw 

cycles, and irradiated in a purple LEDs-based photoreactor for 

1 hour. Polymerization was stopped by removing the tube from 

the light source, and a withdrawn sample was analyzed by 1H NMR to determine conversion 

(88%). The polymer was purified by three cycles of solubilization in chloroform, 

precipitation in cold diethyl ether, filtration, and drying under vacuum.  

7.3.7. General procedure for the synthesis of PVP-b-PNVF block copolymer  

A reaction stock solution consisting of PVP-CTA1 

(0.506 g, 0.1 mmol), NVF (2.5 g, 35.17 mmol), and 

DMSO (70% w/w, 5.83 g) was prepared. 1 mL of 

solution was then added to several glass tubes and 

degassed by four freeze-pump-thaw cycles. The tubes were sealed with an 

acetylene/oxygen flame and irradiated in a purple LEDs-based photoreactor. 

Polymerization was stopped by removing the tube from the light source. For kinetic studies, 

samples were directly analyzed by 1H NMR and SEC without purification. Dry polymers 

could be obtained after purification by three cycles of solubilization in water, precipitation 

in cold acetone, filtration, and drying under vacuum.  

Table 17. Block polymerization of NVF in DMSO with PVP-CTA1 as a macro-CTA. 

Entry 
Targeted Mn 

(kg mol-1) 

Time 

(h) 

Conversiona 

(%) 

Mn,th
b 

(kg mol-1) 

Mn,SEC
c 

(kg mol-1) 
Ð 

1 30 0.5 19  9.75  10.47 1.17 
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2 1 33  13.25  15.14 1.15 

3 2 53  18.25  19.63 1.22 

4 4 74  23.50  26.35 1.20 

5 6 82  25.50  33.36 1.13 

Notes: acalculated by 1H NMR in DMSO, bMn,th = [NVF]0/[PVP-CTA1]0·MNVF·Conv.+Mn,PVP-CTA1, 
cMn,SEC measured by aqueous SEC with a RI-MALS detection, [NVF]0 = 4.53 mol L-1. 

7.3.8. Hydrolysis of PVP-b-PNVF 

PVP-b-PNVF (0.5 g) was dissolved in 10 mL of 2 M NaOH in a round-

bottom flask. The resulting solution was heated at 80 °C for 3 hours. 

After complete hydrolysis confirmed by 1H NMR, the reaction mixture 

was dialyzed against 1 L for 60 hours, changing the water several times. The final product 

was isolated by lyophilization.  

7.4. Synthesis of ABA triblock copolymers via PI-RAFT technique 

7.4.1. General procedure for the polymerization of MMA with TTC-bCP  

A reaction stock solution of TTC-bCP and MMA (70% 

or 50% w/w) in acetonitrile was prepared. 1 mL of 

solution was then added to several glass tubes and 

degassed by three freeze-pump-thaw cycles. The tubes 

were sealed with an acetylene/oxygen flame and irradiated in a blue or green LEDs-based 

photoreactor. Polymerization was stopped by removing the tube from the light source. The 

samples were directly analyzed by 1H NMR. For SEC analysis, the solvent was evaporated, 

and polymers were dissolved in THF.  

Table 18. PI-RAFT polymerization of MMA with CTA3 at ambient temperature with different MMA 

concentrations. 

Entry 

Concentration of 

MMA in 

acetonitile 

Time 

(h) 

Conversiona 

(%) 

Mn,th
b 

(kg mol-1) 

Mn,SEC
c 

(kg mol-1) 
Ð 

1 

70% w/w 

4 10 20.22 25.11 1.38 

2 8 20 40.20 41.54 1.31 

3 16 53 106.12 86.35 1.29 

4 24 74 148.06 130.80 1.32 

5 32 85 170.04 144.90 1.48 

6 

50% w/w 

8 24 48.19 21.65 1.25 

7 16 38 76.15 44.57 1.29 

8 24 52 104.12 56.87 1.28 

9 32 85 170.04 80.41 1.46 

Notes: acalculated by 1H NMR in CDCl3, 
bMn,th = [MMA]0/[CTA3]0·MMMA·Conv.+MCTA3, 

cMn,SEC 

measured by SEC in THF with a RI-MALS detection. 



194 |  

 

Table 19. PI-RAFT polymerization of MMA with CTA3 at ambient temperature with 30 LEDs. 

Entry 
Targeted Mn 

(kg mol-1) 

Time 

(h) 

Conversiona 

(%) 

Mn,th
b 

(kg mol-1) 

Mn,SEC
c 

(kg mol-1) 
Ð 

1 

50 

4 13 6.71 9.36 1.33 

2 8 33 16.70 19.80 1.22 

3 16 78 39.06 40.29 1.24 

4 24 94 47.02 45.87 1.27 

6 

200 

4 9 18.20 23.30 1.44 

7 8 16 32.20 37.62 1.28 

8 16 42 84.14 80.14 1.23 

9 24 67 134.10 109.40 1.28 

10 32 76 152.06 153.10 1.25 

11 

400 

4 - - - - 

12 8 7 28.23 42.73 1.4 

13 16 24 96.19 103.00 1.29 

14 24 40 160.15 145.40 1.33 

15 32 58 232.10 218.80 1.35 

Notes: acalculated by 1H NMR in CDCl3, 
bMn,th = [MMA]0/[CTA3]0·MMMA·Conv.+MCTA3, 

cMn,SEC 

measured by SEC in THF with a RI-MALS detection, [MMA]0 = 6 mol L-1. 

7.4.2. General procedure for the polymerization of nBA with TTC-bCP  

TTC-bCP was carefully dissolved in n-butyl acrylate.  

1 mL of solution was then added to several glass tubes 

and degassed by three freeze-pump-thaw cycles. The 

tubes were sealed with an acetylene/oxygen flame and 

irradiated in a blue or green LEDs-based photoreactor. 

Polymerization was stopped by removing the tube from the light source. Samples were 

directly analyzed by 1H NMR. For SEC analysis, the residual nBA was evaporated, and 

polymers were dissolved in THF.  

Table 20. PI-RAFT polymerization of nBA with CTA3 at ambient temperature. 

Entry 
Targeted Mn 

(kg mol-1) 

Time 

(h) 

Conversiona 

(%) 

Mn,th
b 

(kg mol-1) 

Mn,SEC
c 

(kg mol-1) 
Ð 

1 

200 

2 29 58.17 52.87 1.05 

2 4 51 102.11 92.20 1.01 

3 8 66 132.08 116.00 1.02 

4 16 80 160.05 144.30 1.02 

5 24 88 176.03 155.40 1.02 

6 

400 

2 21 84.20 73.70 1.01 

7 4 37 148.16 134.50 1.03 

8 8 58 232.10 207.10 1.01 

9 16 70 280.08 246.90 1.02 

10 24 81 324.05 286.90 1.03 

11 
800 

2 16 128.21 110.10 1.12 

12 4 29 232.18 203.50 1.05 
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13 8 45 360.14 310.11 1.02 

14 16 53 424.12 412.60 1.01 

15 24 68 544.08 470.55 1.02 

16 

1,500 

2 11 165.22 159.10 1.22 

17 4 20 300.20 287.40 1.01 

18 8 26 390.18 416.80 1.07 

19 16 36 540.16 588.30 1.03 

20 24 45 675.14 718.20 1.02 

Notes: acalculated by 1H NMR in CDCl3, 
bMn,th = [nBA]0/[CTA3]0·MnBA·Conv.+MCTA3, 

cMn,SEC 

measured by SEC in THF with a RI-MALS detection, [nBA]0 = 6.92 mol L-1. 

7.4.3. General procedure for ABA triblock copolymer synthesis 

PMMA-CTA3 was carefully dissolved in n-butyl 

acrylate. 1 mL of solution was then added to 

several glass tubes and degassed by three freeze-

pump-thaw cycles. The tubes were sealed with an 

acetylene/oxygen flame and irradiated in a blue 

LEDs-based photoreactor. Polymerization was stopped by removing the tube from the light 

source. Samples were directly analyzed by 1H NMR. For SEC analysis, the residual nBA 

was evaporated, and polymers were dissolved in THF. 

7.5. Synthesis of methyl 2-((ethoxycarbonothioyl)thio)propanoate (CTA1) 

This compound was synthesized according to the previously reported 

method.374 2-Chloropropionic acid methyl ester (5 g, 41 mmol, 1 equiv) 

was dissolved in anhydrous acetone (40 mL) and cooed to 0 °C. Then, 

KSCSOEt (7.5 g, 47 mmol, 1.13 equiv) was added portionwise over 30 minutes. The reaction 

proceeded at room temperature for 16 hours. The salt (KCl) formed during the reaction was 

filtered off, and the solvent was evaporated under reduced pressure. The residue was purified 

by column chromatography with hexane:ethyl acetate (9:1). The final product was obtained 

as yellow oil in 90% (7.68 g). 1H NMR (CDCl3, 400 MHz): δ 4.63 (q, J = 7.1Hz, 2H, 

CH2CH3), 4.40 (q, J = 7.4 Hz, 1H, CHCH3), 3.75 (s, 3H, OCH3), 1.57 (d, J = 7.4 Hz, 3H, 

CHCH3), 1.41 (t, J = 7.1 Hz, 3H, CH2CH3). 
13C NMR (101 MHz, CDCl3): δ 211.9 (C=S), 

171.8 (C=O), 70.2 (CH2), 52.6 (CH), 46.9 (CH3), 16.8 (CH3), 13.6 (CH3). 

7.6. Synthesis of S-(cyanomethyl) O-ethyl carbonodithioate (CTA2) 

This compound was synthesized according to a previously reported method 

with slight modifications.375 Bromoacetonitrile (12.4 g, 0.1 mol, 1 equiv) 

was dissolved in ethanol (200 mL) and cooled to 0 °C. Then, KSCSOEt (18.2 g, 0.114 mol, 
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1.1 equiv) was added portionwise over 30 minutes. The reaction proceeded at room 

temperature for 16 hours. The reaction was diluted with water (100 mL) and extracted with 

diethyl ether (3 x 200 mL). The combined organic layers were washed with water (300 mL), 

then brine and dried over anhydrous magnesium sulfate. The solvent was evaporated, and 

the residue was purified by column chromatography with ethyl acetate:petroleum ether (2:8). 

The compound was obtained as a yellow oil in 85%, 14.1 g.1H NMR (CDCl3, 300 MHz):  

δ 1.48 (t, 3H), 3.88 (s, 2H), 4.72 (q, 2H).13C NMR (101 MHz, CDCl3): δ 209.2, 115.7, 71.5, 

21.3, 13.7. 
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