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Abstract 

Thermoresponsive polymers have gained interest over many decades and have been used in 

diverse applications such as bioseparation, tissue engineering and drug delivery owing to their 

readily tunable nature. Several ways to tune the thermoresponsive behavior of polymers have 

been reported, providing a wide range of opportunities to design polymeric systems as required 

for specific applications. The aim of this project was to investigate the effect of polymer 

hydrophobicity on tuning the thermoresponsive behavior of statistical amphiphilic copolymers 

achieved via reversible addition-fragmentation chain-transfer (RAFT) polymerization and 

explore the biological efficacy of thermoresponsive nanoparticles functionalized with 

therapeutic moieties. Importantly, a computational tool was used for the determination of 

hydrophobicity of the produced copolymers, and it was aimed to correlate the values that 

represented polymer hydrophobicity to the measured macroscopic changes in the polymer 

solution upon change in temperature. The findings of these studies are expected to provide 

insight into the design of new functional copolymers with required thermoresponsiveness. 

Moreover, thermoresponsive nanoparticles were developed via polymerization-induced 

thermal self-assembly (PITSA) benefiting the versatile, easy applicable and robust nature of 

this technique. Functionalization of these nanoparticles with therapeutic synthetic peptides was 

achieved to explore the stability and of the nanoparticles. These studies are expected to 

contribute to future studies in creating functional drug delivery systems.  
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Chapter 1. Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 2 

1.1 Introduction to synthetic polymers 

Increasing technological developments have allowed humankind to mimic nature’s polymers, 

such as DNA, proteins and nucleic acids, allowing access to their synthetic counterparts which 

can be readily synthesized using a library of chemicals.1  

Polymers are composed of macromolecules with high molar mass which are comprised of 

monomers; small repeating units linked to each other via covalent or non-covalent 

interactions.2, 3 The number of repeating units in the chain, known as the degree of 

polymerization (DP), is used to define synthetic polymers as well as their molecular mass. 

Molecular weight distribution, also known as dispersity (ÐM), of the polymers is another key 

property when defining polymers.4 ÐM is the ratio of weight-average molar mass (Mw) to 

number-average molar mass (Mn) and represents the distribution of molecular mass across all 

polymer chains. ÐM = 1 in the case of a “monodisperse” polymer, i.e., all polymer chains in a 

sample are of the same molecular weight and is a rare occurrence for synthetic polymers. 

Synthetic polymers are generally “polydisperse” meaning they contain chains with different 

lengths and molecular weights.5 Physicochemical properties of polymers can be heavily 

dependent upon DP and ÐM. Having higher molecular masses compared to their component 

repeating units provides polymers with different macroscopic properties such as chemical 

resistance, viscosity, and mechanical strength. Glass transition temperature (Tg) is another 

unique property of polymers, and is defined as the temperature at which polymer chains lose 

short range mobility.6 

Polymer properties and their applications can be altered by their composition, architecture, and 

functionality (Figure 1.1). These elements can be controlled to design polymers with required 

properties for specific applications.7 Polymers with different compositions, such as 

homopolymers or copolymers, or special arrangement such as alternating or random 
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(statistical) copolymers, can easily be synthesized by tuning monomer sequence.8 The 

composition can also be tuned by varying tacticity which refers to arrangement of pendant 

groups along the polymer chain, leading to isotactic, syndiotactic and atactic polymers. All the 

pendant groups are located on the same side of the polymer backbone for isotactic polymers 

while syndiotactic polymers have alternating pendant groups and atactic polymers have 

randomly arranged pendant groups along the backbone. Additionally, polymers can be 

designed to have different architectures such as linear, star, bottlebrush etc. that gives them 

different properties.9, 10 Finally, polymers can be functionalized through reactive components 

via post-polymerization modifications resulting in polymers with diverse characteristics.11 

Ability to synthesize polymers with different architectures enables the utilization of such 

synthetic polymers for various industrial applications. 

 

Figure 1.1. Examples of compositions, topologies and functionalizations of polymers. Reproduced from ref.12 
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1.2 Polymerization techniques 

1.2.1 Step-growth polymerization 

Step-growth polymerization has been widely used especially in industry to synthesize well-

known polymers such as polyesters, polyurethanes, polyureas and polyamides. These polymers 

are obtained either by polycondensation or polyaddition reactions.13 In polycondensation 

reactions a small molecule, typically water, is released, whereas in polyaddition reactions 

monomers with different functionalities polymerize without generating byproducts.14 

In step-growth polymerizations, monomers initially react with each other to form dimers, 

trimers and oligomers, yielding high molecular weight polymer chains only at the end of the 

polymerization when all monomers are consumed. Thus, high levels of conversion are required 

to obtain high molecular weight polymers via step-growth polymerizations.15, 16  

The requirement of high monomer purity with precise stoichiometry of monomers and lack of 

control over the molecular weight render step-growth polymerization a challenging method to 

access well-defined polymers compared to chain-growth polymerizations. 

1.2.2 Chain-growth polymerization 

Chain-growth polymerizations, such as “living” polymerization, free radical polymerization 

(FRP), and reversible deactivation radical polymerization (RDRP), involve multiple reaction 

stages including initiation and propagation that occur simultaneously.17 Chain-growth 

polymerizations except for the “living” polymerizations also include a termination stage. 

Throughout a chain-growth polymerization, monomer concentration decreases constantly until 

all monomers are consumed and high molecular weight polymers form.18 In the case of 

conventional chain-growth polymerizations, high molecular weight polymers can form at the 

early stages upon addition of monomers to the initiated polymer chains followed by rapid 

growing of these chains (Figure 1.2.). Unlike step-growth polymerizations, an initiator is 
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required for monomers to polymerize where activated intermediates are generated upon 

external application of heat, light, electromagnetic radiation etc. and concentration of the 

initiator plays a key role for the polymerization rate. All chain growth polymerizations start 

with the generation of these activated species such as a free radical, cation or anion in the 

initiation step. In the propagation step, monomers react with the active site of these generated 

species to form a growing polymer chain. Contrary to step-growth polymerizations, 

termination reactions also occur during radical step growth polymerizations. This is not 

observed during “living” polymerization as a consequence of the charged nature of the active 

species. Thus, in the case of “living” polymerization, the polymer chains remain active at full 

conversion enabling chain extension with addition of monomers. Also, because the initiation 

rate is much higher than the propagation rate, polymer chains grow from uniformly distributed 

initiated chains allowing formation of polymer chains with narrow molecular weight 

distributions.19  

 

Figure 1.2. Change in the polymer molecular weight with increasing monomer conversion for step-growth, 

conventional chain-growth and living polymerizations. 

Well-established examples of the living polymerization techniques are group transfer 

polymerization, anionic and cationic polymerization, and ring-opening metathesis 
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polymerization (ROMP).20-23 Aside of the advantages of control over molecular weight, 

dispersity and end-group functionality, requirement of strict reaction conditions such as 

complete removal of oxygen, water, and other impurities can limit the application of living 

polymerization.19 

FRP is another chain-growth polymerization method which is one of the most utilized 

polymerization methods in industry to obtain high molecular weight polymers such as 

polystyrene, poly(vinyl acetate), and poly(vinyl chloride). As in all conventional chain-growth 

polymerizations, FRP involves initiation, propagation, and termination steps (Scheme 1.1).24, 

25 Polymerization reaction starts with generation of free radicals upon decomposition of an 

initiator molecule. These radicals then react with monomer leading to the formation of 

propagating radicals. During the propagation step, monomers are added to these propagating 

radicals to form the growing polymer chains. Termination reactions occur via an irreversible 

reaction between either two growing chains (recombination) or other terminating species 

(disproportionation) forming “dead” polymers.25 Active radicals can also be transferred to 

another chain, the solvent, a monomer, or a chain transfer agent (CTA).  This phenomenon is 

known as chain transfer events often causing lower molecular weight polymers than 

theoretically expected.26  
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Scheme 1.1. Mechanism of free radical polymerization (FRP). Reproduced from ref.27 

In FRP, chain transfer and termination are second order reactions while the propagation is a 

first-order reaction. Also, because the rate of the initiation is the lowest amongst the others, 

chain transfer and termination reactions have faster kinetics than propagation or initiation 

reactions. This poor control results in formation of non-uniform polymers with broad molecular 

weight distributions, diverse compositions, and topologies. Because of these limitations, FRP 

is not a robust polymerization method for the synthesis of well-defined block copolymers with 

tunable properties.28 

1.2.2.1 Reversible-Deactivation Radical Polymerization (RDRP) 

Possessing numerous advantages of FRP and living polymerizations, reversible-deactivation 

radical polymerization (RDRP) techniques are one of the most robust tools for the synthesis of 

well-defined polymers. RDRP methods are preferable because of their facile applicability such 

as good control of polymer molecular weight and composition under a range of conditions, 

availability to a wide range of monomers and functional groups, and applicability in various 

reaction conditions such as bulk, solution, emulsion or suspension.29 
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RDRP are chain growth polymerizations but have the same linear relationship between the 

molecular weight and monomer conversion as living polymerizations as shown above in Figure 

1.2. In RDRP, there is a fast and reversible equilibrium between the active propagating chains 

and deactivated dormant intermediates. Deactivation occurs via three different processes, 

namely deactivation by catalyzed reversible coupling, deactivation by spontaneous reversible 

coupling and deactivation by degenerative transfer.30 Atom transfer radical polymerization 

(ATRP) and nitroxide-mediated radical polymerization (NMP) are examples of RDRP which 

rely upon deactivation by catalyzed reversible coupling, and deactivation by spontaneous 

reversible coupling, respectively.31, 32 These polymerizations progress based upon this 

phenomenon called persistent radical effect (PRE), meaning radical species that are generated 

cannot self-terminate but will only terminate with the propagating polymer chains.33 ATRP and 

NMP are briefly explained below whereas RAFT polymerization, which was utilized in all 

Chapters 2, 3 and 4 of this thesis is discussed in detail in Section 1.2.2.1.1. 

ATRP was discovered independently by Krzystof Matyjaszewski and Mitsuo Sawamoto and 

Jin-Shan Wang in 1995.34 In ATRP, transition metal complexes such as copper, iron, 

ruthenium, and osmium are used as catalysts, with a secondary or tertiary alkyl halide (R-X) 

used as the initiator.35 Radicals (R•) and oxidized transition metals are generated by the 

transition metal complex (Mt
m/L) through a reversible redox reaction of alkyl halides with 

transition metal complexes. Then, monomers are attacked by the produced radicals to form the 

propagating polymer chains (Pn
•). These chains can continue to propagate, or they regenerate 

the catalyst by reacting with the oxidized transition metals, capping the polymer chain with a 

halogen (Scheme 1.2.). In this reversible main equilibrium state, the halide is transferred 

between the propagating polymer chains and the transition metal complexes resulting in limited 

termination reactions and a high degree of polymerization control. Because the concentration 

of radicals is significantly decreased compared to FRP, termination reactions are reduced to a 
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much greater extent than propagation. This is because the fast transfer of halides between the 

metal activator and the propagating chains drives the equilibrium toward the deactivated 

species.34  

 

Scheme 1.2. Mechanism of atom-transfer radical polymerization (ATRP). Reproduced from ref.36 

In NMP, a stable nitroxide acts as the persistent radical and reversibly caps the growing 

polymer chains in the same way as the halide atoms act in ATRP (Scheme 1.3). Alkoxyamines 

are used as initiators in NMP for producing nitroxide radicals and initiating species. Unlike 

ATRP, a catalyst is not required, and radicals are formed upon homolysis at high temperatures. 

Then, the propagating radicals can either react with monomers or with the nitroxide radicals 

resulting in the formation of polymer chains end-capped by nitroxides. Reversible termination 

results in a low radical concentration which decreases the irreversible termination reactions. 

This causes main equilibrium to be driven towards the deactivated species and provides good 

control over the polymerization.37 

 

Scheme 1.3. Mechanism of nitroxide-mediated polymerization (NMP). Reproduced from ref.38 
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1.2.2.1.1 Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization 

Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization has been widely 

used since its discovery in 1998 owing to its significant advantages: applicable for numerous 

monomers, providing access to polymers with low dispersity, and allowing easy 

functionalization of polymer end groups.39, 40 One key advantage of RAFT polymerization over 

the other RDRP techniques is the fact that reagents like metal ligands or harsh reaction 

conditions such as high temperature are not required when performing RAFT. Another 

difference is that the equilibrium between active and dormant species is under a degenerative 

chain transfer mechanism. In a degenerative transfer system, the number of radicals remain 

constant during the activation-deactivation process because radicals are not created or 

consumed. Therefore, to initiate the RAFT polymerization an external radical source is 

required. Another important element is the chain transfer agent (CTA), also known as RAFT 

agent. CTAs play a key role in reducing the radical-radical terminations by ensuring the rapid 

transfer of radicals between the propagating polymer chains and the dormant species allowing 

good control over the polymerization.29 

RAFT polymerization follows the same mechanism as FRP in that it includes initiation, 

propagation and termination steps. In the initiation step, free radicals (I•) are generated upon 

thermolysis, photolysis etc. of the initiator (I-I) (Scheme 1.4). These radicals react with vinyl 

monomers (M) to form an active propagating polymer chain (Pn
•) and active chains reversibly 

react with the RAFT agents, a thiocarbonylthio group such as dithioesters and 

trithiocarbonates, in the pre-equilibrium step to form intermediate radicals.41 These 

intermediate species can then fragment to form a polymeric CTA (macro-CTA) and a CTA-

derived radical (R•). Next, during the reinitiation step, the CTA-derived radical reacts with 

monomers to produce propagating polymer chains (Pm
•). In the main equilibrium step, the 

CTA-derived radical intermediate rapidly fragments to add either Pn
• or Pm

• chains onto its C=S 
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bond. The rate of this propagation step is greater than the rate of the fast addition where the 

radical intermediate is formed. This affords a reduction in termination reactions such as the 

bimolecular coupling of Pn
• and Pm

•, leading to relatively good control over the polymer 

dispersity as each propagating polymer radical has equal chance of activating due to the 

symmetrical structure of the CTA-derived radical intermediate.29  

 

Scheme 1.4. Schematic representation of RAFT polymerization mechanism. Figure reproduced from ref.29 

The R– and Z– groups of a CTA play an important role in the RAFT polymerization mechanism 

by ensuring rapid completion of pre-equilibrium and reinitiation steps, allowing the system to 

reach the main equilibrium state. Another parameter which should be considered for a well-

controlled polymerization is the type of monomers used.42 Therefore, it is key to match 

appropriate CTAs and monomers when targetting well-defined polymers via RAFT 

polymerization. Regarding the monomer type, there are two classes of monomers known as 

more activated monomers (MAMs) and less activated monomers (LAMs) used as RAFT 
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monomers. Styrene, (meth)acrylates, (meth)acrylamides, isoprene, and butadiene are some 

examples for MAMs that bear a vinyl bond attached to either another double bond, aromatic 

ring, carbonyl and nitrile groups. Vinyl acetate, N-vinylpyrrolidone, alkenes and vinyl chloride 

are examples of LAMs have a double bond next to either a sulfur with a lone electron pair or 

nitrogen, oxygen, halogen, saturated carbons.41 

Trithiocarbonates (Z═S-alkyl) or aromatic dithioesters (Z═aryl) are the most suitable RAFT 

agents for the well-controlled polymerization of MAMs as MAMs usually produce more stable 

radicals during their polymerization. However, since the use of these CTAs inhibit the 

polymerization of LAMs, less reactive xanthates (Z═OR) and dithiocarbamates (Z═NR′2) are 

preferred for the polymerization of LAMs since they have poor homolytic leaving groups 

because of their high reactivity. Therefore, use of highly reactive CTAs with LAMs or less 

reactive CTAs with MAMs would lead to retardation and slow fragmentation which results in 

poor control over the polymerization, or no polymerization at all. This highlights the 

importance of selecting an appropriate “Z” group in the CTA which is responsible for the 

stability of the intermediate radical species. On the other hand, the selection of “R” group is 

also key as it controls the fragmentation of the intermediates by acting as a good homolytic 

leaving group. A guideline for selection of both “Z” and “R” groups is shown in Figure 1.3.41 



 

 13 

 

Figure 1.3. Guideline for selection of R– and Z– groups of RAFT agents for different polymerizations. Figure 

reproduced from ref.41 

In summary, RAFT polymerization is a very useful tool for the synthesis of well-designed 

polymers as it is applicable to a vast number of monomers and solvents and allows for easy 

post-polymerization functionalization of polymer chain ends. Moreover, eliminating the use of 

metals or harsh conditions, and displaying high functional group tolerance are further 

advantages of the RAFT polymerization. Due to these reasons, RAFT polymerization has been 

used for many applications such as paints, cosmetics, lubricants, biosensors, and polymer 

therapeutics through the construction of complex structures like block and branched 

architectures and stimuli-responsive polymers.43-45 

1.3 Block copolymer self-assembly in solution 

The ability to design and synthesize various macromolecular architectures such as block 

copolymers (BCPs) has been greatly facilitated by the developments in controlled and living 

polymerization techniques such as RAFT. BCPs can be designed to contain blocks with 
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different solvophilicity similar to amphiphilic small molecule surfactants that have a 

solvophilic head and a solvophobic tail. In selected solvents, this results in aggregation of such 

amphiphilic BCPs, known as solution self-assembly. The driving force that governs this 

phenomenon is the requirement of minimizing unfavorable thermodynamic interactions such 

as hydrophobe-water interactions in aqueous solutions.46, 47  

Diverse morphologies such as spherical micelles, rods, lamellae, vesicles and other complex 

structures have been achieved using amphiphilic BCP self-assembly processes in water (Figure 

1.5).  

 

Figure 1.4. Different morphologies obtained by using block copolymer self-assembly methods. Figure 

reproduced from ref.46 

The self-assembly behavior of BCPs depends on various parameters such as molecular weight, 

composition and architecture of the copolymers, solvent quality and volume fraction of the 

constituent blocks, known as the packing parameter (p) (Figure 1.6.).46, 48 p is the ratio of the 

volume of the hydrophobic chain, v; to the optimal area of the hydrophilic head group, a0; and 
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the length of the hydrophobic chain, lc. The interfacial curvature of the particles increases as 

the packing parameter decreases (p ≤ 1/3) leading to formation of spherical micelles. Worms 

and vesicles form for the packing parameters of 1/3 < p < 1/2 and 1/2 ≤ p < 1, respectively.47 

Overall, various morphologies can be obtained by tuning the length of the two blocks, 

solvophobicity of the hydrophobic block and the total solid contents.49, 50 

 

Figure 1.5. Effect of different packing parameters on the resulting morphologies of amphiphilic  

block-copolymer based nano-objects. Figure reproduced from ref.48 

Polymeric nano-objects can be prepared by conventional self-assembly methods such as 

solvent-switch, direct dissolution and thin-film rehydration, or alternative methods such as 

nanoprecipitation, dispersion/emulsion polymerization, crystallization-driven self-assembly 

(CDSA).51-55 These nano-objects can be utilized in a variety of areas such as imaging, sensing, 

catalysis, and drug delivery owing to their unique properties such as tunable lipophilicity, 

enhanced therapeutic efficiency, ability to control and functionalize their structures.56  
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Even though conventional BCP self-assembly methods have been utilized extensively, there 

are a number of disadvantages, for example time consuming multi-step procedures including 

synthesis and purification of polymers prior to self-assembly and the requirement of dilute 

polymerization solutions for self-assembly. Recently, a new method for self-assembly known 

as polymerization-induced self-assembly (PISA) has been developed which overcomes many 

of the disadvantages attributed to conventional self-assembly methods.57 

1.4 Polymerization-Induced Self-Assembly (PISA) 

Polymerization induced self-assembly (PISA) is a method which can be used to produce 

different nanostructures from block copolymers by driving a physical self-assembly process 

upon an increase of the solvophobic part of the block copolymers as the polymerization 

progresses. Polymerization of a solvent-miscible monomer from a pre-synthesized macroCTA 

leads to self-assembly of the block copolymer as the second block becomes insoluble in the 

solvent at a critical degree of polymerization.58 PISA is a one-pot synthetic method which has 

many benefits compared to conventional self-assembly methods in the formation of different 

morphologies owing to the following advantages; it can be performed at high solid 

concentrations (up to 50% w/w), it can be carried out in both polar and non-polar organic 

solvents as well as aqueous environments, it is compatible with reversible-deactivation radical 

polymerization methods such as ATRP,59 NMP,60 and RAFT61, synthesis is possible at 

concentrated environments facilitating industrial scale-up, and it is able to form a wide range 

of nano-object morphologies (Figure 1.7).57, 62  
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Figure 1.6. Different morphologies created via RAFT-mediated PISA. Figure reproduced from ref.63  

RAFT polymerization has been widely used in PISA under both emulsion and dispersion 

polymerization conditions.57, 63, 64 Chain extension of a solvophilic macroCTA (stabilizer 

block) produces amphiphilic block copolymers which then self-assemblies to form nano-

objects, such as spherical micelles, nanoworms, and vesicles upon continuous growth of the 

solvophobic block. Like conventional BCP self-assembly techniques, the volume fraction of 

the stabilizer and core-forming blocks (i.e., packing parameter, p) governs the final 

morphology of the nanoparticles. Higher order morphologies such as worms, vesicles, 

lamellae, etc. can be obtained by tuning the parameters such as the length of core and corona 

forming blocks, the total solids content and the solvophobicity of the core block (Figure 1.8). 
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Figure 1.7. Phase diagram, and associated TEM images of various compositions of GMA-HPMA 

nanostructures obtained by RAFT-PISA. Figure reproduced from ref.50  

Additionally, an in silico method has been reported by the O’Reilly group which can predict 

both core- and corona-forming monomers that can be used in PISA. This is done by calculating 

a hydrophobicity proxy known as the surface area normalized octanol-water partition 

coefficient (LogP/SA). Using this computational method, it has been shown that at certain core 

block lengths, higher order morphologies are formed from polymers with high  

LogP/SA values. It has been shown that this tool is capable of predicting new monomers for 

different RDRP based PISA methods facilitating the development of PISA as a tool for 

designing nano-objects.65 

In summary, PISA has been proven to be a robust and versatile method for the production of 

nano-objects with various morphologies, of which can be used in several areas, including drug 

delivery systems, nanoreactors, stimuli responsive nanomaterials, and imaging agents.66, 67  
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1.4.1 Polymerization-induced thermal self-assembly (PITSA) 

Polymerization-induced thermal self-assembly (PITSA) is a solution self-assembly method 

that combines the advantages of PISA with the unique properties of thermoresponsive 

polymers.68 Thermoresponsive polymers display a distinct behavior where they reversibly 

undergo a phase transition beyond a critical temperature point. This can either be an upper 

critical solution temperature (UCST) or lower critical solution temperature (LCST).69 

Combining the behavior of thermoresponsive polymers with the versatility of PISA enables the 

synthesis of  nanoparticles that self-assemble via a phase transition upon change of temperature 

beyond a critical point.68  

PITSA takes advantage of the reversible phase transition behavior of thermoresponsive 

polymers. Entropy changes in the system upon reaching a critical temperature point drives the 

phase transition which contributes to the formation of nanoparticles. Furthermore, the 

nanoparticles are not stable after the reaction owing to the reversible nature of the thermally 

triggered assemblies. For example, in case of LCST polymers, polymers self-assemble above 

a critical temperature where the polymer chains are no longer soluble and aggregate in the 

polymerization solution and disassemble when the reaction temperature decreases below that 

critical temperature.69  

In order for the particles to remain stable at room temperature, macroinitiators can be 

functionalized with crosslinkable moieties prior to PITSA so that, once the solution reaches the 

specific temperature required for self-assembly, the particles can be crosslinked.68, 70 One 

example of this is a study by Sumerlin and coworkers where they investigated the self-assembly 

behavior of the most common thermoresponsive polymer, poly(N-isopropylacrylamide) 

(PNIPAM). In this study, they induced self-assembly of a growing NIPAM polymer using a 

thermal trigger and investigated how the resulting nano-object morphologies differ with the 
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PNIPAM degree of polymerization (Figure 1.9). They conducted PITSA using a hydrophilic 

macro-CTA containing N,N-dimethylacrylamide (DMA) and acrylic acid (AA) and chain 

extended with NIPAM. Self-assembly of the polymer chains was achieved above the LCST of 

the growing PNIPAM block and the particles were crosslinked through the AA groups using 

an amine to prevent disassembling when the temperature was reduced to below the LCST of 

NIPAM.68  

 

Figure 1.8. a) The mechanism of formation of particles via RAFT-PITSA and b) different morphologies 

obtained upon increasing the hydrophobic block length. Figure reproduced from ref.68 

Another example of PITSA is the study by Theato and coworkers where they reported the 

PITSA of copolymers containing DMA, NIPAM and pentafluorophenyl acrylate (PFPA) 

monomers which were crosslinked via reacting the PFPA units with hexamethylenediamine. 

They also investigated the effect of the changing the PNIPAM DP on the resulting polymeric 

nanoparticles where they showed that the increase in the PNIPAM DP resulted in a morphology 

change from spherical micelles to fused spherical-worm like micelles, to worms and then to 

vesicles.70 

In summary, PITSA is a convenient method for facile production of thermoresponsive nano-

objects that may find application in several diverse areas, especially in drug delivery systems.71, 
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72 The ability to tune the thermoresponsive behavior by altering polymer properties, such as 

hydrophobicity, also renders PITSA a versatile technique to design functional nanoparticles. 

However, lack of diversity of the range of monomers that can be employed in PITSA for 

different applications and a great number of parameters that are required to be controlled for 

tuning the thermoresponsive behavior of the polymers can be counted as possible limitations 

of this technique. 

1.5 Stimuli-responsive polymers 

Natural polymers such as proteins, peptides, nucleic acids adapt to environmental changes by 

changing their conformation.73 This inspired chemists to mimic this behavior using synthetic 

polymers. Synthetic polymers also have potential to be suitably designed to respond to different 

stimuli such as temperature, light, pH, redox state, ultrasound, or magnetic field.74-78  

Temperature is the most extensively studied stimulus since its earliest report in 1967,79 mostly 

because phase transitions of polymeric systems can be designed to respond at physiologically 

relevant temperatures. This allows their utilization for biological applications such as 

controlled drug delivery, smart surfaces and bioseparations.72, 80-84 

1.5.1 Thermoresponsive polymers 

The first reported, and subsequently most studied thermoresponsive polymer was PNIPAM by 

Heskins and Guillet.85 Production of diverse thermoresponsive systems has accelerated with 

the progress in the area of RDRP methods such as ATRP86 and RAFT44 facilitating the design 

of macromolecular structures and also the advantages that “click” chemistry has provided for 

easy functionalization of macromolecules has led to even more improvements in the design of 

thermoresponsive systems.87 

Thermoresponsive polymers display two distinct behaviors in solution: upper critical solution 

temperature (UCST) or lower critical solution temperature (LCST) providing a versatile 
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synthetic platform for tunable polymer structures.76, 88 UCST and LCST are the temperature 

points at which above or below polymers are completely miscible with solvent, respectively 

(Figure 1.10).89 However, relatively high temperature requirements for UCST-based systems 

make them unfavorable. For this reason and because of the abundance and wider applications 

of LCST polymers, the LCST transition is particularly more attractive than the UCST.69 

In case of the LCST, below the critical temperature there is a negative Gibb’s free energy of 

mixing, ∆𝐺 = ∆𝐻 − 𝑇∆𝑆, therefore the polymer and solvent spontaneously mix. Above the 

critical temperature, the Gibb’s free energy becomes positive leading to phase separation. In 

an LCST polymer-solvent mixture, the enthalpy of dissolution (∆H) and entropy change (∆S) 

are negative. The entropy decreases in the system due to hydrogen bonding of the solvent to 

the polymer chains. As temperature (T) increases hydrogen bonds between the water molecules 

and the polymer chains are disrupted and hydrophobic interactions between the polymer chains 

dominate leading to the collapse and aggregation of the chains. This means phase separation is 

more favorable at elevated temperature, because of the domination of the entropic term (-T∆S) 

caused by water molecules becoming less ordered above a certain temperature.90-92 The 

temperature at which the clear polymer solution undergoes a phase transition and becomes 

cloudy is known as cloud point temperature (TCP) and often used as a proxy of the LCST. This 

is because determining the LCST is laborious since it is the lowest point of TCP versus polymer 

concentration curve and requires multiple experiments to measure it, whereas the TCP is a 

macroscopic effect that can be detected easily.69, 93 
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Figure 1.9. LCST and UCST points of thermoresponsive polymers. Figure reproduced from ref.94 

Tuning the TCP of thermoresponsive polymers can be achieved via several methods such as 

changing polymer molecular weight, solution concentration, or varying polymer 

composition.95-99 For example, Gibson et. al. and Hoogenboom et. al. investigated the effect of 

the molecular weight on thermoresponsive behavior of P(N-vinyl piperidone), P(N-

isopropylacrylamide), P(N-vinylcaprolactam), P(oligo(ethyleneglycol)methacrylate) and P(2-

cyclopropyl-2oxazoline) polymers showing that the TCP decreases as the molecular weight of 

the polymers increased.95, 98 This happens because the phase separation occurs quickly since 

long polymer chains can form inter- and/or intramolecular aggregation at low temperature.100 

There are also polymers with molecular weight-independent thermoresponsive behavior such 

as poly(oligo ethylene glycol methyl methacrylate) (POEGMA)101 and PNIPAM102, 103. 

Additionally, in some cases polymer LCST can increase with increasing molecular weight as 

a study by Ni et. al. showed that the LCST of the poly(2-(methylamino)ethyl methacrylate) 

(PDMAEMA) polymers increased when the polymer molecular weight increased.104 However, 

these differences in molecular weight-dependence might be caused by non-elimination of  

parameters such as influence of hydrophobicity of end groups and tacticity of polymers.105-107 



 

 24 

Another parameter that influences the thermoresponsive behavior is polymer architecture.108, 

109 Especially the difference in the thermal response of linear and brushy versions of the 

polymers have been reported in many studies.108, 110-112 This difference is a result of the effect 

of interactions between the neighboring chains on the phase transition process and depends 

highly upon the packing of the side chains i.e. grafting density.113 In thermodynamics point of 

view, a change in the polymer topography such as altering the grafting density, will have an 

effect on the entropy of the system resulting in a change in the phase transition behavior of the 

polymers, thus affecting their LCST.108 Oligo(ethylene glycol) methacrylate (OEGMA) has 

been widely used for synthesis of brush polymer architectures, where grafting density plays a 

key role in altering the thermoresponsive behavior.114-117 Thermoresponsive behavior of 

OEGMA-based homopolymers is dependent on the length of OEGMA chains whereas in the 

case of OEGMA-based copolymers thermoresponsive behavior depends upon the monomer 

composition. As an example, Luzon et. al. compared linear and hyperbranched copolymers of 

di(ethylene glycol) methacrylate (DEGMA) and OEGMA for their thermoresponsive behavior. 

It was shown that the TCP of polymers increased in both linear and hyperbranched polymer 

series as the hydrophilic OEGMA composition increases. However, a 5-10 °C decrease in the 

TCP of hyperbranched polymers compared to their linear analogs was reported.116 

Another method to control the LCST behavior is the introduction of comonomers into polymer 

structure which has been widely and effectively used. Increasing hydrophilic composition of 

the polymer causes an increase in LCST, hence the TCP, because more energy is required to 

break the H-bonding of hydrated polymer chains. Conversely, increasing the hydrophobic 

nature of the polymer leads to a decrease in the TCP due to increasing hydrophobic interactions 

between the chains.118  

Hoogenboom et al. reported the tuning of LCST by using comonomers to alter polymer 

composition. They synthesized statistical copolymers of 2-ethyl-2-oxazoline (EtOx) and 2-n-
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propyl-2-oxazoline (nPropOx) with varied compositions and found that the TCP of the 

copolymers decreased as more of the hydrophobic nPropOx was introduced to the polymer 

structure.98 This inverse relationship between polymer hydrophobicity and the TCP has 

facilitated altering the thermoresponsive behavior of copolymers leading to many reports in the 

literature.116, 119-123 This relationship has also been intensely investigated in this thesis, therefore 

the next section covers polymer hydrophobicity in detail. 

1.6 Polymer hydrophobicity 

Hydrophobicity is one of the most important parameters that can help to explore polymer 

structure-property relationships amongst many other properties of polymers that influence their 

behavior such as self-assembly, stimuli-responsiveness, degradation behavior, biological 

activity, mechanical properties and solubility.4, 124, 125   

The term “hydrophobicity” has been used for over 100 years in many scientific disciplines such 

as chemistry, physics, biochemistry, and materials science for applications such as self-

assembly, protein folding, thermal transitions.124 However, there is still an uncertainty in the 

predictive models used to explain these phenomena. Prediction of the behavior of small 

molecules in solution has been explained well by Hildebrand and Hansen solubility parameters 

and partition coefficients (LogP values).126-128 However, prediction of hydrophobicity has its 

limits when translating from small molecules, with rigid structures, to large macromolecules 

like polymers which have flexible structures.129 Different predictive models are discussed 

briefly in the following section. Mather’s hydrophobicity parameter (MHP), which is surface 

area normalized LogP (LogP/SA), and its predictive capability is discussed in more detail since 

it was extensively used in this thesis for the prediction of hydrophobicity of several statistical 

copolymer series.   
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1.6.1 Predictive models used for investigating polymer hydrophobicity  

Hydrophobicity of small molecules and macromolecules have been evaluated in three 

categories: theory, simulation and experimental.124, 130-132 There are several methods to quantify 

hydrophobicity experimentally and each of these methods contributes to the measurements in 

different aspects based on their strengths and limitations. Some of these methods include 

contact angle measurements, which is amongst the most widely used experimental method due 

to its facile applicability,133 swelling of crosslinked polymer networks,134 HPLC measurements 

(mostly used to determine the hydrophobicity of biomolecules),135 and solvatochromic dyes 

that investigate the hydrophobicity based upon the change in absorbance/fluorescence.136 In 

recent work by our group it was shown that combining these experimental methods with theory 

and simulations would provide more powerful tools for designing functional, responsive 

materials.124  

The pioneering theoretical evaluation of hydrophobicity was reported in 1950s by Hildebrand 

in an approach named the Hildebrand solubility parameter (δ), which combines enthalpy (ΔH) 

and molar volume (Vm) for predicting the solubility of small molecules (Equation 1).137  

𝛿 = √
∆𝐻𝑣−𝑅𝑇

𝑉𝑚
  (Equation 1) 

Hansen extended the scope of the Hildebrand parameter by including the parameters of polar 

(δp), dispersion (δd), and hydrogen bonding (δh) forces between the solute and solvent 

molecules.138 Later, octanol-water partition coefficients (LogPoct) which involve a free-energy 

approach to define hydrophobicity were introduced by medicinal and pharmaceutical chemists 

during the 1980s and 1990s (Equation 2). LogPoct represents how a molecule partitions between 

lipophilic (mostly n-octanol) and aqueous phases (Equation 3) having negative values for 

soluble compounds and positive for insoluble ones.139  
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𝐿𝑜𝑔𝑃𝑜𝑐𝑡 =  
(−∆𝐺𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟)

𝑅𝑇 𝑙𝑛10
  (Equation 2) 

Log𝑃𝑜𝑐𝑡 = Log (
soluteoctanol

solutewater
)  (Equation 3) 

Then, in 1999 Lum, Chandler and Weeks (LCW) reported how hydrophobicity relates to the 

length scale. In LCW theory, hydrophobicity phenomenon is explained by investigating the 

solvation behavior of small and large hydrophobic solutes in water. Hydrogen bonds in water 

molecules are reorganized differently when around small or large hydrophobic solutes. This 

revealed the information that hydrophobicity scales with molecular volume and surface area 

for small and large length scales, respectively.140, 141  

Based on this fact, Mathers and coworkers have reported the Mathers hydrophobicity parameter 

(MHP) which is determined by surface area normalization of the calculated LogP values 

(LogP/SA).142 MHP brought a different insight to hydrophobicity models than the Hildebrand 

and Hansen parameters for the fact that LogP values are proportional to the Gibbs free energy 

(∆G), contrary to the Hildebrand and Hansen parameters which depend on enthalpy (∆H) and 

molar volume (Vm).  

In recent work by our group, information gathered from all hydrophobicity models was utilized 

to represent polymer hydrophobicity more accurately. Five important parameters were 

highlighted for determining the most versatile hydrophobicity parameter.124 First, the structure 

of the polymer should be determined by using experimental data to factor in the effects of 

stereochemistry, branching, cross-linking and polymer composition. Second, as LCW theory 

suggests hydrophobicity of the polymers are proportionate to their volumes below a specific 

length scale and their surface areas above that length scale. Therefore, an accurate model with 

appropriate length should be built to represent the polymer chains. A thermodynamic parameter 

is the third component that a robust model should include for that it allows accurate 
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quantification and a theoretical basis for prediction. The fourth component is a structural 

parameter that will account for molecular size. A structural parameter is measured after 

molecular dynamic (MD) simulations for more accurate measurements. MD simulations are 

frequently used to determine the physical properties such as surface area (SA) of 

macromolecules. Finally, the model should represent the role of temperature to better reflect 

the direct relationship between hydrophobic interactions and temperature.124 

Considering all of these parameters, both Hildebrand solubility parameter and MHP were 

shown to be effective tools to explain polymer hydrophobicity. Since MHP was extensively 

used in this thesis to explain thermoresponsive behavior of polymers, it is discussed in detail 

in the next section. 

1.6.1.1 Mather’s hydrophobicity parameter (MHP) 

Mather’s hydrophobicity parameter (MHP), i.e., LogP/SA, has been proven to be very useful 

as it fits the five components discussed previously. Representing the hydrophobicity of 

polymers by LogP/SA combines insights from different aspects: physical chemistry via LCW 

theory for designing molecular models to accurately represent the actual polymer, medicinal 

chemistry via prediction of LogP values, MD simulations by using force fields that minimizes 

energy for molecular models to find their best conformation, and surface area calculation that 

uses the information from protein modeling. In Figure 1.10, the mechanism of calculating the 

LogP/SA is explained: an oligomer model with an appropriate size (5-10 monomer units for 

linear polymers, up to 20-25 units for comonomers or branching) is created prior to LogP/SA 

calculations. For the amphiphilic copolymers, oligomer models are designed to contain 

appropriate ratios of all comonomers. LogP of the polymers is calculated computationally 

using an atom-based approach (ALogP98 method)128 for all molecular models containing C, 

H, N, and O atoms. Then, LogP of each polymer is normalized by their surface area.65, 143-145  
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Figure 1.10. A flow diagram showing the steps of calculating LogP/SA values of polymers. Adapted from 

ref.144  

It has been reported that LogP/SA functions well for relating polymer hydrophobicity to 

experimental observations such as polymer degradation, polymer surface energy, self-

assembly and LCST behavior of the polymers.124 Also, the inverse relationship between the 

TCP and polymer hydrophobicity inspired many researchers to design polymers with tunable 

thermoresponsive behaviors as mentioned previously. Based on this, the calculated MHP and 

measured TCP values have been used as proxies in the Chapters 2 and 3 of this thesis to represent 

the inverse relationship between the hydrophobicity and LCST behavior of polymers. 
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1.7 Summary 

Within this Chapter, key concepts investigated in the experimental Chapters of this thesis have 

been reviewed. First, fundamentals about synthetic polymers have been introduced briefly, 

followed by common polymerization techniques including the mechanisms of controlled 

polymerizations. RAFT polymerization has been explained extensively, as it has been used 

heavily for the preparation of block copolymers in all experimental chapters of this thesis. 

Then, self-assembly of block copolymers was briefly explained prior to the description of 

PISA. More specifically, PITSA was described under a separate topic since it was used in this 

thesis in Chapter 4 for the synthesis of thermoresponsive nanoparticles. To better emphasize 

the thermoresponsive behavior of the polymers that was benefited in PITSA method, stimuli 

responsive polymers were introduced and thermoresponsive polymers were explained in detail 

including the theory of thermoresponsive behavior of polymers in solution. As one of the 

methods to control thermoresponsive behavior of polymers, polymer hydrophobicity and its 

effect on the thermoresponsive behavior were explained. The evolution of determination of 

hydrophobicity has been introduced and finally, the concept of LogP/SA, i.e., Mather’s 

Hydrophobicity Parameters (MHP) was highlighted since this parameter was used to determine 

the hydrophobicity of copolymers prepared in Chapters 2 and 3. 
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Overview: The objective of this chapter was to investigate the relationship between 

hydrophobicity and thermoresponsive behavior of copolymer brushes with the aim of developing 

a predictive tool. A specific thermoresponsive behavior known as lower critical solution 

temperature (LCST), and copolymerization is one of a few methods to tune the LCST behavior, 

where a thermoresponsive monomer is diluted with hydrophobic or hydrophilic comonomers to 

increase or decrease the LCST. However, the copolymerization method to tune the LCST remains 

a challenge due to limited knowledge with respect to range of monomers that can be copolymerized 
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to create polymers with LCST behavior or lack of understanding of the polymer solution behavior 

and its effect on the LCST.  

A recent computational method was developed by our group which correlated polymer properties 

like solubility or self-assembly behavior to its hydrophobicity. We aimed to expand use of this 

method to explain LCST phenomena by correlating copolymer hydrophobicity to thermal 

transition temperatures (i.e. cloud point temperature, TCP). To do this, we prepared a library of 

copolymers based on hydrophilic brushy oligo(ethylene glycol) monomethyl ether methacrylate 

(OEGMA) and various hydrophobic alkyl methacrylates (methyl, ethyl, n-butyl, hexyl, and lauryl 

methacrylate) via RAFT polymerization. The hydrophobic composition in each series was 

diversified with the aim of observing the effect of alkyl chain length and initial feed ratios. LCST 

behavior of the copolymers was determined using TCP as a proxy for LCST. TCP of the copolymers 

was measured by using UV-Vis and NanoDSC as complementary methods. On the other hand, 

copolymer hydrophobicity was determined by calculating a hydrophobicity parameter, the surface 

area normalized partition coefficients, LogPoct/SA. Finally, TCP of the copolymers were attempted 

to correlate their LogPoct/SA. Even though the inverse relationship between these two parameters 

was observed for individual copolymer series, no general correlation could be drawn. 

Further statistical study was done to investigate determinants of TCP by employing different 

polymer parameters such as MW, polymer DP, polydispersity, and comonomer mol% and 

weight%. This study revealed that the mol% of the hydrophobic comonomers is the strongest 

influencer of the copolymer TCP. This result was validated by applying the same statistical study 

to the OEGMA based copolymers reported in the literature, which revealed a similar correlation 

between the TCP and LogPoct/SA.  
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The information gained from our experimental and literature data suggested that grafting density 

is the strongest determinant of TCP for brushy OEGMA copolymers. We believe that this principle 

will allow chemists to design new functional thermoresponsive materials by simply altering the 

grafting density as the TCP of copolymers is not dependent on comonomer chemistry. 
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ABSTRACT: Thermoresponsive copolymers that exhibit a lower
critical solution temperature (LCST) have been exploited to prepare
stimuli-responsive materials for a broad range of applications. It is well
understood that the LCST of such copolymers can be controlled by
tuning molecular weight or through copolymerization of two known
thermoresponsive monomers. However, no general methodology has
been established to relate polymer properties to their temperature
response in solution. Herein, we sought to develop a predictive
relationship between polymer hydrophobicity and cloud point
temperature (TCP). A series of statistical copolymers were synthesized
based on hydrophilic oligoethylene glycol monomethyl ether
methacrylate (OEGMA) and hydrophobic alkyl methacrylate monomers and their hydrophobicity was compared using surface
area-normalized partition coefficients (log Poct/SA). However, while some insight was gained by comparing TCP and hydrophobicity
values, further statistical analysis on both experimental and literature data showed that the molar percentage of comonomer (i.e.,
grafting density) was the strongest influencer of TCP, regardless of the comonomer used. The lack of dependence of TCP on
comonomer chemistry implies that a broad range of functional, thermoresponsive materials can be prepared based on OEGMA by
simply tuning grafting density.

The motivation to design polymers to respond to
environmental triggers such as light, ultrasound, pH,

redox state, or temperature has led to significant advances in
the field of stimuli-responsive materials.1−5 These develop-
ments have underwritten their application as biosensors,6

coating materials,7 or drug delivery systems.8 Temperature has
been most widely studied because of the simplicity of its
external application and the availability of methods for tuning
polymer thermoresponsiveness.9 Such thermoresponsive poly-
mers typically display two distinct behaviors in solution, known
as the upper critical solution temperature (UCST) and lower
critical solution temperature (LCST), representing the critical
points above and below which the polymer and solvent are
completely miscible.10 Polymers that exhibit an LCST
transition are soluble below a critical temperature, above
which they undergo a phase transition and demix as a result of
increased entropy (for further details, see the following
representative references).8,11 The LCST transition is partic-
ularly attractive for biological applications due to the relatively
low temperatures required to elicit response.12

There are several ways to control the LCST of a polymer
solution and thus achieve a phase transition at a desired
temperature.13−18 The LCST can be tuned via changing
polymer molecular weight (MW) or solution concentration or
by varying the composition of a copolymer based on two or
more monomers (i.e., P(oligoethylene glycol monomethyl

ether methacrylate-co-diethylene glycol methacrylate), P-
(OEGMA-co-DEGMA), Figure 1).19−22 For example, Gibson
and co-workers studied the thermoresponsive behavior of a
series of P(N-vinylpiperidone) homopolymers with molecular
weights ranging from 4.5 to 83 kDa. The authors showed that
the cloud point (TCP) of P(N-vinylpiperidone) decreased from
99 to 67 °C with increasing polymer MW.14 Lecommandoux
and co-workers investigated the possibility of manipulating the
LCST through copolymerization of 2-isopropyl-2-oxazoline
(hydrophobic) with 2-methyl-2-oxazoline (hydrophilic). The
TCP of the resulting copolymer increased by 21 °C compared
with the P(2-isopropyl-2-oxazoline) homopolymer due to an
overall increase in hydrophilicity.23 However, the scope of
monomers known to yield LCST-responsive materials upon
copolymerization is currently limited, complicating the design
of new and functional polymers with bespoke transition
temperatures.
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We have had recent success correlating polymer properties
such as solubility and self-assembly behavior to descriptors of
their hydrophobicity. In particular, the classification of small
molecule hydrophobicity using octanol−water partition
coefficients (log Poct) has proven exceptionally successful
when leveraged to describe polymer phenomena. For example,
we demonstrated that surface area-normalized log Poct (log
Poct/SA) values provided predictive information to guide the
selection of corona- and core-forming monomers for polymer-
ization-induced self-assembly (PISA) using either reversible
addition−fragmentation chain transfer (RAFT) polymerization
or ring-opening metathesis polymerization (ROMP).24,25 Log
Poct/SA was also used effectively as a tool to optimize solvent
selection for crystallization-driven self-assembly (CDSA) of
P(L-lactic acid) (PLLA)-based block copolymers.26 In order to
further benefit from the advantages of using this computational
tool to dramatically reduce experimental workload, we
postulated that it could be exploited to relate polymer
chemical structure to TCP.
Herein, we synthesized a series of copolymers of OEGMA

and various alkyl methacrylates (RMA, R = methyl, ethyl, n-
butyl, n-hexyl, and n-dodecyl (lauryl)) and studied their LCST
response. Polymer cloud point temperature (TCP), the
temperature at which polymers undergo a solubility-to-
insolubility transition,14 was used as a proxy for the LCST.
We then attempted to correlate TCP to copolymer hydro-
phobicity via log Poct/SA to predict TCP of new polymers.
Surprisingly, we found log Poct/SA to be a secondary descriptor
of TCP for OEGMA copolymers compared to mol % of
comonomer. Indeed, copolymer molar composition (which
can be viewed through the lens of grafting density) correlated
strongly for both copolymers synthesized in this study and for
related copolymers identified from previous literature reports.
These discoveries highlight the importance of copolymer
topology in determining thermal properties and suggest a route
to prepare a wide variety of functional, brush-like copolymers
with precisely defined TCP values.
In the vast majority of studies regarding the manipulation of

the LCST through copolymerization, two monomers known to
produce homopolymers with LCSTs are copolymerized to
produce statistical copolymers possessing intermediate LCSTs
(Figure 1). Luzon, Ramiŕez-Jimeńez, Porsch, Bebis, and Lutz
have all reported thermoresponsive copolymers based on
OEGMA and DEGMA, where TCP decreased as a linear
function of the molar quantity of DEGMA.20,27−30 While

numerous studies have been carried out involving the
copolymerization of these two monomers, no consensus has
been reached regarding the mechanisms underlying the
capability to tune the LCST through copolymerization.
Compared with their homopolymers, copolymers of the
same degree of polymerization (DP) containing two or more
thermoresponsive monomers can have different MW, hydro-
phobicity, surface area, radius of gyration, and so on. It is
unclear if a single factor dominates the LCST or a combination
of multiple factors. Moreover, parameters that contribute to
determining the LCST in one system may not be general for
others.
To isolate influence of copolymer hydrophobicity upon TCP,

we prepared a series of copolymers of OEGMA and various
alkyl methacrylates (RMA), varying the composition within
each series by changing the hydrophobic molar composition in
order to observe the effect of both alkyl chain length
(hydrophobicity) and initial feed ratio. Alkyl methacrylates
(e.g., MMA, nBMA, LMA) were selected as comonomers due
to their commercial availability, compatibility with polymer-
ization conditions, and simple hydrocarbon side chain
structure. Overall copolymer MW and composition range
(i.e., targeted hydrophobic mol %) were maintained as
consistently as possible across each series.
The copolymers were prepared via reversible addition−

fragmentation chain transfer (RAFT) polymerization in 1,4-
dioxane for 6−8 h until targeted DPs were reached (Figure
2A). The final molar and mass composition of the purified
copolymers were determined using 1H NMR spectroscopy by
relative integration of resonances corresponding to each
monomer (Figures 2B and S16−S19). Kinetic analysis was
conducted to confirm the statistical nature of the copoly-
merizations. As shown in Figure 2C (and Figures S12−S15),
both OEGMA and RMA monomers were consumed at an
approximately equal rate. Molecular weight distributions
(MWDs) for the P(OEGMA-co-RMA) copolymers were
determined using size-exclusion chromatography (SEC). As
shown in Figure 2D (and Figures S12−S15), copolymers were
obtained with narrow and symmetrical MWDs. Variations in
number-average MW (Mn) and dispersity (ĐM) values were
determined by calculating coefficients of variance. Using this
measure, Mn varied by only 17% across the entire data set,
while ĐM varied by 5% with all values <1.40.
Turbidity measurements were conducted using UV−vis

spectroscopy in order to measure the TCP of the copolymers.
Changes in the percentage transmittance were recorded at λ =
550 nm within the temperature range of 20 to 93 °C.
Temperature points that corresponded to 50% transmittance
values were taken as the TCP of polymers (see Supporting
Information for the detailed method). In general, TCP
decreased for P(OEGMA-co-RMA) copolymers with increas-
ing RMA content (Figure 2E). This inverse relationship was
further corroborated by microcalorimetry (μDSC), which
measures changes in heat flow as a function of temperature for
dilute liquid samples. For these data, the maximum point of the
first derivative of the heating traces were chosen as the TCP
values. Figure 2F shows a similar decrease in TCP as the
hydrophobic content of the copolymers increased. Good
agreement between the TCP values obtained from both
measurements confirmed their consistency. A similar analysis
was performed for the other copolymer series (see Supporting
Information).

Figure 1. Previous studies have focused on the influence of MW or
composition on LCST. Herein, we investigate how hydrophobicity
influences thermoresponsive behavior.
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We next sought to understand the relationship between
measured TCP values and copolymer hydrophobicity.
Log Poct, which describes the partitioning of a substance

between octanol and water and reflects transfer free energy,
was used as the means of quantifying and comparing
hydrophobicity.31−33 Toward this end, we calculated log Poct
values for short oligomers as proxies for the synthesized
copolymers and normalized them with surface areas of
optimized conformations using Molecular Dynamics (MD)
simulations (see Supporting Information for the detailed
model). We then attempted to relate these calculated log Poct/
SA values to measured TCP values.
As shown in Figure 3A, log Poct/SA increased with increasing

RMA content, consistent with the established relationship

between hydrophobicity and log P. Comonomers with longer
alkyl chains had a more dramatic impact on log Poct/SA than
those with shorter ones and thus produced relationships with
relatively steeper slopes. Figure 3B shows the relationship
between TCP and log Poct/SA. Here, inverse linear relationships
were observed for each series, confirming our hypothesis that
increased copolymer hydrophobicity, resulting from increasing
the molar ratio of hydrophobic comonomer in the P(OEGMA-
co-RMA) copolymers, acted to decrease TCP. We also
hypothesize log Poct/SA values reflect localized degrees of
hydrophobicity and the size of the oligomeric models
represents a length scale that may not extend to longer range
topological influences. As such, each series possessed a unique
slope that was related to the alkyl chain length of the
comonomer and thus no general correlation could be drawn
between copolymer log Poct/SA and TCP.
The complexity of the LCST process was further reinforced

by investigating the influence of hydrophobicity on the heat of
phase separation (ΔH) calculated from the μDSC data.34 As
shown in Figure S22, weak correlations and lack of a general
linear relationship were noted between log Poct/SA or polymer
composition and ΔH. These data indicate that hydrophobicity
contributes to the LCST for statistical copolymers. However,
they also imply that a picture of hydrophobicity based on
transfer free energy (log P) and conformational insight (SA)
only partially captures the LCST process for brush-like
copolymers and that other factors must be considered.
The mixing of polymer molecules with H2O, described by

ΔGmix, represents a balance of the enthalpically favorable
binding of H2O molecules (ΔHmix > 0) and their increased
ordering upon binding (ΔSmix > 0). The LCST phenomenon is
thus understood as a disruption in the balance of these
contributors at higher temperatures, where the entropic term
dominates.10,35 Based on this argument and the fact that log P
represents a transfer free energy term,36 it was somewhat
surprising that a general relationship could not be drawn
between copolymer hydrophobicity and TCP, as we anticipated
ΔHmix to be directly relatable to hydrophobicity. To better
understand determinants of TCP, we searched for relationships
involving other polymer descriptors such as molar (mol %
RMA) and mass (wt % RMA) composition, Mn, ĐM, and DP.
Figure S1 shows a scatterplot matrix highlighting the

intercorrelations between descriptors or correlations with the
response variable TCP. It should be noted that data from all of
the copolymer series were combined prior to analysis. From
these data, relationships were apparent between TCP and each
of the descriptors, with the molar and mass compositions
exhibiting the strongest correlations. Intriguingly, this initial
visualization seemed to imply that the identity (chemistry) of

Figure 2. (A) Representative synthetic scheme for the preparation of
P(OEGMA-co-RMA) statistical copolymers. MMA is used as the
comonomer in this example. (B) Composition of P(OEGMA-co-
MMA) copolymers, as determined by 1H NMR spectroscopy. (C)
Kinetics of monomer conversion during the synthesis of P(OEGMA-
co-MMA) with an initial monomer molar feed ratio of 1:1 OEGMA/
MMA. (D) Normalized SEC molecular weight distributions for the
P(OEGMA-co-MMA) series (eluent: CHCl3 + 0.5 v/v% NEt3, PS
standards). (E) Percent transmittance as a function of temperature for
the P(OEGMA-co-MMA) copolymers dissolved in H2O at 5 mg/mL
as measured by UV−vis spectroscopy (λ = 550 nm, 20−93 °C, 1 °C
min−1). (F) μDSC thermograms for the P(OEGMA-co-MMA)
copolymers (3 atm, 0−115 °C, 0.5 °C min−1). (G) Comparison of
TCP values measured by UV−vis spectroscopy and μDSC. The solid
red line represents a linear fit of the data. The colors in (D), (E), and
(F) correspond to those assigned to the various copolymers in (B).

Figure 3. (A) Calculated log Poct/SA values for various copolymer
oligomers as a function of the mol % of hydrophobic comonomer. (B)
Plot of TCP as measured by UV−vis spectroscopy vs log Poct/SA for
the same copolymer series.
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the comonomer was less important in determining TCP than
was its quantity in the copolymers. Single and stepwise
multivariable linear regression analyses were then applied to
the collected data set to develop a quantitative structure−
activity relationship (QSAR) model (see SI for full discussion).
The model was trained on experimental data using stratified k-
fold data sets. An initial optimized model based on two
descriptors, the mol % and wt % RMA comonomer, was
obtained using either R2 or RMSE as the selection parameter.
However, this model was deemed inappropriate due to
concerns regarding the influence of collinearity between
these parameters on model predictive power for future data
sets. Instead, a simplified model using only the mol % of
comonomer was adopted, allowing for a simple prediction of
TCP based on copolymer composition.
We then sought to validate this simple model against TCP

data for OEGMA copolymers in the literature. A total of 94
TCP values for OEGMA copolymers with two different side
chain lengths were extracted from about 20 reports.37 These
data were selected based on the following criteria: (1) they
pertained to OEGMA500/300 statistical copolymers; (2) they
included TCP measurements obtained via UV−vis spectroscopy
on dilute polymer solutions (i.e., ≤5 mg mL−1) in H2O; (3)
the comonomers were ideally simple in structure and/or
commercially available; and (4) the comonomers did not
possess ionizable groups that would introduce additional
stimuli-responsiveness. Comonomers included diethylene
glycol methyl ether methacrylate (DEGMA), methyl meth-
acrylate (MMA), N-isopropylacrylamide, pentafluorostyrene
(PFS), and others (Figure 4A). Again, the data was visualized

using a scatterplot matrix (Figure S4), revealing a similarly
strong correlation between TCP and comonomer molar
composition. As shown in Figure 4B, linear relationships
could generally be drawn between TCP and mol %, with two
clusters similar in slope that corresponded to OEGMA
copolymers with different OEG side chain lengths.
OEGMA300-co-DEGMA copolymers exhibited exceptional
behavior, sharing slopes with both clusters depending on
composition. Interestingly, the data collected from the
literature for OEGMA500 copolymers agreed strongly with
our experimental observations (Figure 5A). The same model
describing the relationship between TCP and mol % was used
to evaluate these literature data. As shown in Figure 5B, this
model was reasonably successful in predicting the literature
TCP values. This further supported the hypothesis that
comonomer chemistry plays a limited role in determining

TCP for OEGMA copolymers. Given the “brushy” nature of
poly(OEGMA), an increase in comonomer molar quantity can
be viewed as a decrease in grafting density. A simple model
relating TCP to grafting density may be generally appropriate
for other brush copolymers.
To conclude, we report the synthesis of a series of

P(OEGMA-co-RMA) copolymers via copolymerization of
OEGMA and different alkyl methacrylate monomers. LCST
behavior of the brush-like copolymers was investigated by
using complementary methods. We then attempted to relate
TCP to hydrophobicity based on a thermodynamic perspective
(log P) and a structural parameter (SA); however, the
multifaceted nature of TCP complicated a predictive model.
Instead, linear and stepwise regression analysis using a variety
of predictors revealed that TCP appeared to depend most
significantly on the mol % of comonomer, suggesting that
grafting density is the most important determinant of the
LCST for OEGMA brush copolymers. Our analysis of both
experimental and literature data implies that a wide variety of
functional copolymers can be prepared using this guiding
principle, as the identity of the comonomer in P(OEGMA-co-
R) copolymers does not appear to influence TCP.
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Materials and Methods 

Materials 

Methyl methacrylate (MMA, Sigma-Aldrich, 99%), ethyl methacrylate (EMA, Sigma-Aldrich, 99%), n-

butyl methacrylate (BMA, Sigma-Aldrich, 99%), hexyl methacrylate (HMA, Sigma-Aldrich, 98%), lauryl 

methacrylate (LMA, Sigma-Aldrich, 96%), oligoethyleneglycol glycol methyl ether methacrylate 

(OEGMA, Sigma-Aldrich, Mn = 500 g mol-1), and 1,4-dioxane (Sigma-Aldrich, 99.8%) were filtered 

through basic alumina prior to use. AIBN 2,2′-Azobis(2-methylpropionitrile) (AIBN) was received from 

Molekula, recrystallized from methanol and stored at  4 °C. Methyl 4-cyano-4-(((ethylthio)carbonothioyl) 

thio)pentanoate (MCETP) was prepared according to a previously described procedure.1 

Characterization Techniques 

NMR Spectroscopy. 1H-NMR and 13C-NMR spectra were recorded at 300 MHz on a Bruker DPX-300 

spectrometer, using chloroform-d (CDCl3) as the solvent. Chemical shifts of protons are reported as δ in 

parts per million (ppm) and are relative to solvent residual peaks.  

Size Exclusion Chromatography. Size exclusion chromatography (SEC) analysis was performed on a 

system composed of an Agilent 1260 Infinity II LC system equipped with an Agilent guard column (PLGel 

5 μM, 50 × 7.5 mm) and two Agilent Mixed-C columns (PLGel 5 μM, 300 × 7.5 mm). The mobile phase 

used was CHCl3 (HPLC grade) containing 0.5% v/v NEt3 at 40 °C at flow rate of 1.0 mL min-1 (polymethyl 

methacrylate (PM) standards were used for calibration). Detection was conducted using a differential 

refractive index (RI) detector. Number-average molecular weights (Mn), weight-average molecular weights 

(Mw) and dispersities (ĐM = Mw/Mn) were determined using the Agilent GPC/SEC software. 

UV-Vis Spectroscopy. UV-Vis analysis was performed on a Thermo Scientific Evolution™ 350 

spectrophotometer equipped with a Peltier heating and cooling system to record the LCST behaviour, 

temperature dependent transmittance spectra of polymers by heating the samples in solution from 20 oC to 

93 oC at a rate of 1 oC min-1. Samples were corrected against a background of DI water. Measurements were 

carried out using glass cuvettes with a path length of 10.00 mm.  

Micro-Differential Scanning Calorimetry. Temperature vs heat rate spectra for OEGMA500-co-RMA 

copolymer samples were recorded at a TA Instruments NanoDSC differential scanning calorimeter (µDSC) 

by heating the samples in solution from 0 oC to 115 oC at a rate of 0.5 oC min-1. Samples were degassed for 

15 min prior to injection of 600 μL into the instrument and corrected against a background of DI water. 

Collected data were processed using NanoAnalyze Software.  
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Synthetic Methods 

Synthesis of P(OEGMA) and P(RMA) homopolymers  

 

Homopolymerization of OEGMA500 (Mn = 500 g mol-1) or RMA monomers was conducted using AIBN as 

the initiator, MCETP as the RAFT agent, 1,3,5-Trioxane as an internal reference, and 1,4-dioxane as the 

solvent ([Monomer]/[1,3,5-Trioxane]/[MCETP]/[AIBN] = 120:20:1:0.1, monomer/1,4-dioxane = 1:1 by 

volume). A stock solution of 10 mg mL-1 AIBN was prepared in 1,4-dioxane and 60 µL of this solution (0.6 

mg, 3.6 x 10-3 mmol, 0.1 eq) was added to a vial of MCETP (10 mg, 3.6 x 10-2 mmol, 1.0 eq), monomer 

(4.3 mmol, 120 eq), 1,3,5-Trioxane (65 mg, 7.2 x 10-1  mmol, 20 eq) and 1,4- dioxane and was stirred in an 

oven-dried ampoule containing a magnetic stir bar until all solids dissolved. The resulting solution was 

degassed using at least three freeze-pump-thaw cycles, back-filled with N2, and placed in a preheated oil 

bath at 70 °C. Samples were taken periodically to determine monomer conversion using 1H NMR 

spectroscopy. After 6-8 h, the polymerizations were quenched by submerging into liquid nitrogen and 

exposing the reaction solutions to air. Purification of P(RMA) homopolymers was achieved via 

precipitation into methanol three times while P(OEGMA) was purified via dialysis (6-8 kDa MWCO) 

against nanopure water followed by lyophilisation. 

Synthesis of P(OEGMA500-co-RMA) copolymers  

 

Copolymerization of RMA monomers with OEGMA500 (Mn = 500 g mol-1) was conducted using AIBN as 

the initiator, MCETP as the RAFT agent, 1,3,5-trioxane as an internal reference, and 1,4-dioxane as the 
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solvent. RMA content was varied between 50-90% for MMA, 50-80% for EMA, 50-80% for BMA, 40-

70% for HMA and 10-40% for LMA, targeting the total DP of 80 to 85 with a molar ratio of 

[Monomer]/[1,3,5-Trioxane]/[MCETP]/[AIBN] = 120:20:1:0.1 in 1,4-dioxane (monomer/1,4-dioxane = 

1:1 by volume). For the synthesis of a copolymer with 50% RMA: A stock solution of 10 mg mL-1 AIBN 

was prepared in 1,4-dioxane and 60 µL of the solution (0.6 mg, 3.6 x 10-3 mmol, 0.1 eq) was added to a 

vial containing MCETP (10 mg, 3.6 x 10-2 mmol, 1.0 eq), OEGMA (1.0 mL, 2.2 mmol, 60 eq), RMA 

monomer (2.2 mmol, 60 eq) and 1,3,5-Trioxane (65 mg, 7.2 x 10-1  mmol, 20 eq) in 1,4-dioxane and mixed 

in an oven-dried ampoule containing a magnetic stir bar until all solids dissolved. The resulting solution 

was degassed using at least three freeze-pump-thaw cycles, back-filled with N2, and placed in a preheated 

oil bath at 70 °C. Samples were taken periodically to determine the overall and relative conversion of 

comonomers. Purification was achieved by dialysis (6-8 kDa MWCO) against nanopure water followed by 

lyophilisation. 

  



S5 

 

Experimental Methods 

Copolymerization kinetic studies. Kinetic experiments for one polymer from each series (50% RMA for 

P(OEGMA500-co-MMA), P(OEGMA500-co-EMA), P(OEGMA500-co-BMA), P(OEGMA500-co-HMA) and 

30% RMA for P(OEGMA500-co-LMA) were carried out in order to determine the conversion of each 

monomer at the same time intervals (i.e., 60, 120, 180, 240, 300, 360, 420 and 480 min). Samples were 

periodically taken from the polymerization mixtures under nitrogen and then diluted with CDCl3 prior to 

1H NMR analysis. Integrations of monomer signals were compared to those internal standard resonances to 

determine monomer conversions. 

Determination of TCP by UV-Vis spectroscopy. Solutions of P(OEGMA) homopolymer or P(OEGMA500-

co-RMA) copolymer were prepared at 5 mg mL-1 in nanopure water. The temperature-dependent change in 

transmittance % was recorded at λ = 550 nm within the temperature range of 20 oC to 93 oC at a heating rate 

of 1 oC min-1. Samples were run for two heating/cooling cycles and TCP values taken as the temperature at 

which the sample transmittance had decreased to 50% on the second heating cycle. 

Determination of TCP by µDSC. Solutions of P(OEGMA) homopolymer or P(OEGMA500-co-RMA) 

copolymer were prepared at 5 mg mL-1 in nanopure water. Samples and reference solvent (nanopure water) 

were degassed for 15 min prior to measurement by using the degassing unit of the instrument. 

Measurements were conducted within the temperature range of 0 oC to 115 oC under a constant pressure of 

3 atm. Samples were run two for heating/cooling cycles, with heating and cooling rates for the first and 

second cycles of 2 oC min-1 and 0.5 oC min-1, respectively. Data were processed using NanoAnalyze software 

and TCP values were determined by taking the maximum of the first derivative of the corrected heat rate (µJ 

s-1) vs. temperature (oC) plots of the second heating trace. 

Determination of ΔHmix by µDSC. Data obtained from µDSC as described above were normalized based 

on their peak maxima. Normalized ΔH values were then calculated via integration of the signal associated 

with the demixing transition using straight line baseline correction across the collected temperature range 

from ca. 5-100 oC.  



S6 

 

Evaluation of Oligomer Hydrophobicity 

LogPoct Analysis. Octanol-water partition coefficients (LogPoct) were calculated for monomers and 

oligomeric models in Materials Studio 2019,2 using an atom-based approach (ALogP98 method)3 for all 

molecular models containing C, H, N, and O atoms. 

Surface Area Analysis. Octanol-water partition coefficients (LogPoct) were normalized by solvent 

accessible surface area (SA) using Materials Studio 2019.4-7 First, single oligomers were subjected to a 

Geometry Optimization procedure using the Forcite Molecular Dynamics (MD) module with a COMPASS 

II force field. The force field contains information on important parameters, like preferred bond lengths, 

bond angles, torsion angles, partial charges, and van der Waals radii that influence the conformation.8 To 

minimize energy and determine a preferred conformation, these simulations ran until the energy of the 

oligomer decreased below predetermined convergence criteria (1 × 10-4 kcal mol-1 energy convergence, 

0.005 kcal mol-1 /Å force convergence, and 5 × 10-5 Å displacement convergence). Second, these SA values 

represent the Connolly surface area created by an algorithm that rolls a ball over the surface of the oligomer. 

To ensure the SA values are meaningful in the context of octanol-water partition coefficients (LogPoct), the 

probe had a 1.4 Å radius to match the size of a water molecule. Third, to monitor variations in surface area 

calculations as the n-mer size increased, oligomers were annealed for 25 cycles using a sinusoidal 

temperature ramp (300 – 700 K) to maximize variability in SA values. After averaging SA values for cycles 

23-25, the standard deviation ranged from 0.2-1.2% with an average of 1.0%. 

Models. Oligomeric models contained appropriate ratios of OEGMA and alkyl methacrylate units to mimic 

experimental conditions. In addition, models were proton terminated and contained OEGMA units 

randomly distributed throughout the oligomer. For example, MMA/OEGMA oligomers contained 3-10 

OEGMA units with 9-20 MMA units for a total of 16-23 units such that the amount of MMA ranged from 

47.4-87.0 mol %. EMA/OEGMA oligomers combined 4-9 OEGMA units and 8-14 EMA units for a total 

of 17-20 units with 47.1-76.5 mol % EMA. BMA/OEGMA oligomers contained 4-8 OEGMA units and 8-

15 BMA units for a total of 16-22 units in order that the amount of BMA varied from 50-78.9 mol %. 

HMA/OEGMA oligomers contained 6-10 OEGMA units with 7-14 HMA units for a total of 16-20 

monomer units to achieve 41.2-70.0 mol % HMA. The quantity of monomers in LMA/OEGMA oligomers 

ranged from 6-11 OEGMA units and 1-3 LMA units for a total of 9-14 units with 11.1-33.3 mol % LMA. 
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Data Analysis 

Initial Screening of Descriptors 

Correlations between polymer descriptors and TCP were initially screened by visual inspection of the scatter 

plot matrix shown below in Figure S1. This scatterplot matrix was constructed using the R language 

environment (v 3.6.3) and the RStudio integrated development environment (v 1.2.5033). Experimental 

descriptors were the molar percentage of comonomer (Mol), the weight percentage of comonomer (Wt), 

copolymer Mn (MW), ƉM (D), and degree of polymerization (DP), and computational descriptors included 

LogPoct (LP), polar surface area (SA), and surface area-normalized LogPoct (LPSA). Both the molar 

percentage of comonomer (Mol) and the weight percentage (Wt) of comonomer appeared to be linearly 

related to the measured TCP values (UV). In addition, there were several instances of collinearity that could 

be observed between descriptors such as between Mol and Wt or LP and LPSA. However, since the 

relationships between these descriptors were not expected change beyond the range of the training dataset 

and the aim of the model discussed below was the prediction of new cases, these descriptors were included 

in model development. 

 

Figure S1. Scatterplot matrix of experimental data collected for P(OEGMA500-co-RMA) copolymers. 
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These relationships were further investigated using a correlation plot (Figure S2, generated via the corrplot 

package). Here, positive correlations are displayed in blue and negative in red. The color intensity of the 

circles is proportional to the Pearson correlation coefficients, ρ, which describes the “degree of correlation” 

between the two variables as defined by the relationship 

𝜌𝑥,𝑦 =
𝐸[(𝑋 − 𝜇𝑥)(𝑌 − 𝜇𝑦)]

𝜎𝑥𝜎𝑦
 

where σx and σx are the standard deviation of x and y, respectively, µx and µy are the means of x and y, 

respectively, and E is the expectation. Cells with significance test values of p ≤ 0.05 are marked with an 

asterisk. This analysis suggested that several descriptors (Mol, Wt, MW, D, LP, and LPSA) were related to 

the response variable, UV, and were considered as potential model predictors. Non-significant parameters 

were excluded from the model development discussed below. 

 

Figure S2. Correlation plot to understand relationships between experimental descriptors and the response 

variable, UV. Color intensity is related to the Pearson correlation coefficient, as indicated by the legend. 

An asterisk denotes a linear relationship with p < 0.05. 
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Predictive Model Development 

A rigorous elimination/selection stepwise regression analysis was performed to construct a quantitative 

structure-activity relationship (QSAR) model from the experimental data. The model was trained on the 19 

OEGMA copolymers using 4 experimental descriptors (Mol, Wt, MW, and D) and 2 computational 

descriptors (LP and LPSA) identified as significant in the analysis above. The models were validated via a 

5-fold repeated resampling method wherein stratified k-fold datasets were used. This analysis was 

implemented using the R language environment (v 3.6.3) and the RStudio integrated development 

environment (v 1.2.5033). Algorithms for model training and cross-validation were implemented using the 

classification and regression training (CARET) package developed by Dr. Max Kuhn.9 

Table S1 shows the results of the stepwise regression, expressed in terms of the fitness of each model as a 

function of the number of included descriptors. Based on these data, the optimum model includes 2 

descriptors: Mol and Wt. Linear regression statistics for this model are provided in Table S2 and model 

validation using the training dataset is shown in Figure S3. 

Table S1. Summary of linear regression with stepwise selection. 

Number of 

descriptors 

R2 RMSEa 

1 0.955 3.073 

2 0.976 2.530 

3 0.970 2.764 

4 0.958 3.248 

5 0.961 3.337 

6 0.957 3.522 
aRoot-mean-squared error. 

Table S2. Liner regression statistics for 2-descriptor model. 

Coefficient Estimate Std. Error t-value p-value Significancea 

Intercept 92.34 1.42 65.01 < 2 x 10-16 *** 

Mol -0.39 0.07 -6.02 1.8 x 10-5 *** 

Wt -0.39 0.11 -3.49 3.1 x 10-3 ** 
aSignificance codes: ‘***’ p ≤ 0.001; ‘**’ p ≤ 0.01; ‘*’ p ≤  0.05. 
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Figure S3. Validation of 2-descriptor model using training data. Measured TCP values are plotted against 

those generated by the model (shown in teal) using experimentally determined Mol and Wt inputs. The 

solid red line represents a linear fit of the data. 

 

Screening of Literature Descriptors 

As before, correlations between descriptors and the response variable UV were screened using a scatter plot 

matrix. These data include a total of 44 unique entries from 10 literature reports (see below for a complete 

list of raw data and literature references). Data selection was restricted to P(OEGMA-co-R) containing 

OEGMA units with Mn ~ 500 g mol-1 where the apparent linear relationship between UV and the descriptors 

was most obvious (see Figure 4 in main text). Scatter plot and correlation matrices for these data are shown 

in Figures S4 and S5, respectively. As before, Mol and Wt were most strongly correlated to UV. 

 

Figure S4. Scatterplot matrix of literature data for P(OEGMA500-co-RMA) copolymers. 
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Figure S5. Correlation plot to understand relationships between literature descriptors and the response 

variable UV. Color intensity is related to the Pearson correlation coefficient, as indicated by the legend. An 

asterisk denotes a linear relationship with p < 0.05. 

 

Model Validation with Literature (Test) Data 

The 2-descriptor model was validated using a test dataset consisting of literature Mol, Wt, and UV values. 

Whilst the predicted values appear to be linearly correlated with literature UV data, R2 and RMSE values 

(R2 = 0.920, RMSE = 8.42) obtained from this prediction were comparatively worse than for the training 

dataset (R2 = 0.976, RMSE = 2.53). This result was diagnostic of “overfitting” of the initial training dataset, 

likely the result of the strong intercorrelation between the Mol and Wt descriptors that differed between the 

experimental and literature datasets. Thus, a standard single variable linear regression model was employed 

in further analysis that related measured or literature UV values to Mol which yielded similar R2 and RMSE 

for both the training and test (R2 = 0.970, RMSE = 4.57) datasets. Linear regression statistics for this model 

using training (experimental) data are provided in Table S3. 

Table S3. Linear regression statistics for simple single variable model. 

Coefficient Estimate Std. Error t-value p-value Significancea 

Intercept 92.22 1.80 51.81 < 2 x 10-16 *** 

Mol -0.598 0.03 -18.63 9.49 x 10-13 *** 
aSignificance codes: ‘***’ p ≤ 0.001; ‘**’ p ≤ 0.01; ‘*’ p ≤  0.05. 
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Raw Literature Data and Citations 

Copolymer Mol Wt MW (kDa) UV (°C) DOI 

OEGMA500-co-DEGMA 

0 0 10.0 90 

10.1021/ma0517042 

67 44 35.0 59 

80 60 29.7 49 

84 67 19.9 44 

90 77 24.3 39 

92 81 24.8 37 

94 86 18.3 32 

100 100 16.7 28 

OEGMA500-co-MAA 

80 41 12.0 40 

10.1002/pola.23018 

60 21 15.8 52 

50 15 17.0 61 

40 10 20.0 72 

30 7 19.0 78 

20 4 19.0 82 

10 2 19.0 85 

0 0 19.5 89 

OEGMA500-co-DEGMA 

100 100 13.0 26 

10.1002/pola.24027 90 77 14.0 42 

80 60 15.0 55 

OEGMA500-co-PFS 

60 37 17.4 55 

10.1002/pola.23872 
50 28 19.5 62 

26 12 24.0 76 

11 5 23.7 87 

OEGMA500-co-DEGMA 

90 77 37.8 41 

10.1002/marc.201000713 80 60 47.0 51 

70 47 7.5 61 

OEGMA500-co-DEGMA-

co-VBK 

93 83 12.0 30 

10.1021/ma202648k 

88 74 18.5 35 

90 77 23.1 50 

70 47 23.4 54 

68 45 28.7 66 

53 30 35.9 70 

41 21 22.9 72 

25 11 43.2 78 

24 11 39.2 81 

2 1 47.7 90 

OEGMA500-co-DEGMA-

co-4-DMN 
80 60 59.0 51 10.1039/C3TC31304B 

OEGMA500-co-DEGMA 90 77 22.0 38 10.1007/s00396-016-4006-4 

OEGMA500-co-DEGMA 
90 77 20.1 40 

10.1021/ma062925q 
80 60 19.5 53 

OEGMA500-co-MMA 

76 43  N/A 43 

10.1021/ma030485m 70 36  N/A 50 

60 26  N/A 56 
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0 0  N/A 90 

OEGMA300-co-DMAEMA 

100 100 9.5 35 

10.1021/ma062199r 

89 81 9.0 42 

78 65 9.0 47 

70 55 10.9 51 

59 43 11.2 54 

51 34 13.2 56 

41 27 13.3 58 

29 18 14.2 59 

20 12 15.5 61 

10 6 17.4 63 

0 0 17.6 65 

OEGMA300-co-DEGMA 

100 100 13.3 25 

10.3390/polym11101657 

86 79 18.6 32 

76 66 20.6 36 

69 58 21.4 41 

50 39 23.0 46 

21 14 26.7 56 

0 0 11.8 67 

OEGMA300-co-DEGMA 

100 100 30.4 27 

10.1039/C0PY00417K 

85 78 25.8 33 

81 73 33.0 36 

73 63 53.4 38 

63 52 58.1 42 

36 26 21.2 55 

27 19 30.0 59 

0 0 14.1 73 

OEGMA300-co-MAEBA 

50 28 13.7 22 

10.1039/C0CC03856C 

33 21 13.0 31 

25 17 13.8 39 

13 9 12.2 49 

6 5 15.8 58 

0 0 17.7 66 

OEGMA300-co-TFEA 20 11 39.7 45 10.1021/acs.macromol.5b00641 

OEGMA300-co-MAECA 

0 0 12.8 72 

10.1039/c3py01317k 
6 10 17.0 61 

12 20 20.3 56 

23 35 21.8 42 

OEGMA300-co-SAMA 

0 0 9.2 65 

10.1039/C6RA00336B 

12 16 8.8 61 

18 23 14.3 56 

21 27 13.5 52 

27 34 20.5 48 

31 39 15.3 44 

OEGMA300-co-PFS 

0 0 69.0 65 

10.1016/j.polymer.2017.01.080 18 19 81.0 50 

25 27 82.0 48 
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31 35 75.0 38 

38 45 83.0 30 

42 49 56.0 26 

OEGMA300-co-NIPAM 48 26 39.1 35 10.1039/B105990B 
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Supplementary Characterization Data for p(OEGMA) and p(RMA) 

Homopolymers 

Table S4. Molecular characteristics of P(RMA) homopolymers prepared via RAFT, as determined by 1H 

NMR spectroscopy and SEC analyses.a 

Homopolymer Conversion 

(%)b 

DP based on 

Mn, theo
c 

Mn, theo
c 

(kDa) 

Mn, SEC
d 

(kDa) 

ĐM
d 

P(MMA) 60 72 7.5 13.6 1.13 

P(BMA) 59 71 10.4 4.7 1.14 

P(HMA) 68 82 14.2 12.4 1.13 

P(LMA) 59 71 18.3 16.0 1.16 

P(OEGMA) 71 85 42.8 27.0 1.29 

a Conditions – [Monomer]/[1,3,5-Trioxane]/[MCETP]/[AIBN] = 120:20:10:0.1 in 1,4-dioxane (monomer/1,4-dioxane 

= 1:1 by volume). 
b Determined by 1H NMR spectroscopy (CDCl3, 300 MHz). 
c Calculated from monomer conversion. 
d Mn and ĐM determined by SEC (in CHCl3 + 0.5% NEt3, calibrated against PMMA standards). 
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Figure S6. Normalized molecular weight distributions determined by SEC (CHCl3 + 0.5% NEt3 as the 

eluent and calibrated against PMMA standards) using an RI detector for P(OEGMA) and P(RMA) 

homopolymers. 
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Figure S7. 1H-NMR spectrum of P(OEGMA)85 in CDCl3 (300 MHz). 

 

Figure S8. 1H-NMR spectrum of P(MMA)72 in CDCl3 (300 MHz). 
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Figure S9. 1H-NMR spectrum of P(BMA)71 in CDCl3 (300 MHz). 

 

Figure S10. 1H-NMR spectrum of P(HMA)82 in CDCl3 (300 MHz). 
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Figure S11. 1H-NMR spectrum of P(LMA)71 in CDCl3 (300 MHz). 
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Supplementary Characterization Data for OEGMA500-co-RMA Copolymers 

Table S5. Molecular characteristics of P(OEGMA500-co-RMA) copolymers prepared via RAFT, as 

determined by 1H NMR spectroscopy and SEC analyses.a 

Polymer Target RMA 

Percentage 

Final RMA 

Percentageb 

DPc Mn, NMR
c
 

(kDa) 

Mn, SEC
d
 

(kDa) 

ĐM
e 

P(OEGMA0.54-co-MMA0.46) 50 46 85 27.2 24.4 1.25 

P(OEGMA0.4-co-MMA0.6) 60 60 87 23.0 21.5 1.18 

P(OEGMA0.32-co-MMA0.68) 70 68 82 18.9 18.5 1.23 

P(OEGMA0.22-co-MMA0.78) 80 78 87 16.6 15.7 1.19 

P(OEGMA0.53-co-EMA0.47) 50 47 85 27.3 21.8 1.28 

P(OEGMA0.4-co-EMA0.6) 60 60 84 22.6 18.7 1.19 

P(OEGMA0.3-co-EMA0.7) 70 70 84 19.5 15.7 1.19 

P(OEGMA0.2-co-EMA0.8) 80 80 83 15.2 17.7 1.2 

P(OEGMA0.45-co-BMA0.55) 50 55 76 26.1 22.4 1.28 

P(OEGMA0.39-co-BMA0.61) 60 61 79 22.6 21.2 1.24 

P(OEGMA0.29-co-BMA0.71) 70 71 72 18.0 17.4 1.18 

P(OEGMA0.20-co-BMA0.80) 80 80 76 16.5   14.1 1.14 

P(OEGMA0.59-co-HMA0.41) 40 41 88 32.4 26.4 1.24 

P(OEGMA0.49-co-HMA0.51) 50 51 87 29.3 24.5 1.22 

P(OEGMA0.37-co-HMA0.63) 60 63 90 26.5 23.3 1.27 

P(OEGMA0.29-co-HMA0.71) 70 71 84 22.5 19.9 1.24 

P(OEGMA0.9-co-LMA0.1) 10 10 87 40.6 24.6 1.29 

P(OEGMA0.81-co-LMA0.19) 20 19 84 38.3 24.2 1.40 

P(OEGMA0.7-co-LMA0.3) 30 30 84 36.1 20.0 1.37 

a Conditions – [Monomer]/[1,3,5-Trioxane]/[MCETP]/[AIBN] = 120:20:1:0.1 in 1,4-dioxane (monomer/1,4-dioxane  

= 1 : 1 by volume). 
b Determined by 1H NMR spectroscopy (CDCl3, 300 MHz). 
c Calculated from monomer conversion. 
d Mn and ĐM determined by SEC (in CHCl3 + 0.5% NEt3, calibrated against PM standards). 
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Figure S12. (A) Normalized molecular weight distributions for P(OEGMA-co-EMA) copolymers 

determined by SEC (CHCl3 + 0.5% NEt3 as the eluent and calibrated against PMMA standards) using an 

RI detector. The legend shows the molar percentage of EMA in the final copolymers. (B) Conversion of 

EMA and OEGMA monomers for the 47% EMA system determined by 1H NMR spectroscopy (CDCl3, 

300 MHz). 

 

Figure S13. (A) Normalized molecular weight distributions for P(OEGMA-co-BMA) copolymers 

determined by SEC (CHCl3 + 0.5% NEt3 as the eluent and calibrated against PMMA standards) using an 

RI detector. The legend shows the molar percentage of BMA in the final copolymers. (B) Conversion of 

BMA and OEGMA monomers for the 55% BMA system determined by 1H NMR spectroscopy (CDCl3, 

300 MHz).  
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Figure S14. (A) Normalized molecular weight distributions for P(OEGMA-co-HMA) copolymers 

determined by SEC (CHCl3 + 0.5% NEt3 as the eluent and calibrated against PMMA standards) using an 

RI detector. The legend shows the molar percentage of HMA in the final copolymers. (B) Conversion of 

HMA and OEGMA monomers for the 51% HMA system determined by 1H NMR spectroscopy (CDCl3, 

300 MHz). 

 

Figure S15. (A) Normalized molecular weight distributions for P(OEGMA-co-LMA) copolymers 

determined by SEC (CHCl3 + 0.5% NEt3 as the eluent and calibrated against PMMA standards) using an 

RI detector. The legend shows the molar percentage of LMA in the final copolymers. (B) Conversion of 

LMA and OEGMA monomers for the 30% LMA system determined by 1H NMR spectroscopy (CDCl3, 

300 MHz). 
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Figure S16. 1H-NMR spectrum of P(OEGMA-co-MMA)85 in CDCl3 (300 MHz). 

 

Figure S17. 1H-NMR spectrum of P(OEGMA-co-BMA)76 in CDCl3 (300 MHz). 
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Figure S18. 1H-NMR spectrum of P(OEGMA-co-HMA)87 in CDCl3 (300 MHz). 

 

Figure S19. 1H-NMR spectrum of P(OEGMA-co-LMA)84 in CDCl3 (300 MHz). 
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Table S6. TCP of P(OEGMA500-co-RMA) copolymers determined by UV-Vis spectrometry. 

Polymera TCP from UV-Vis 

(oC)b 

Polymera TCP from UV-Vis 

(oC)b 

P(OEGMA0.53-co-EMA0.47) 66 p(OEGMA0.59-co-HMA0.41) 68 

P(OEGMA0.4-co-EMA0.6) 61 p(OEGMA0.49-co-HMA0.51) 63 

P(OEGMA0.3-co-EMA0.7) 55 p(OEGMA0.37-co-HMA0.63) 52 

P(OEGMA0.2-co-EMA0.8) 44 p(OEGMA0.29-co-HMA0.71) 49 

P(OEGMA0.45-co-BMA0.55) 62 p(OEGMA0.9-co-LMA0.1) 84 

P(OEGMA0.39-co-BMA0.61) 55 p(OEGMA0.81-co-LMA0.19) 81 

P(OEGMA0.29-co-BMA0.71) 43 p(OEGMA0.7-co-LMA0.3) 79 

a Aqueous solution of copolymers were prepared at 5 mg mL-1 in nanopure water. 
b Data obtained from the second heating of the samples within the temperature range of 20 oC to 93 oC at a heating 

rate of 1 oC min-1. 

 

 

Figure S20. Turbidimetry analysis for P(OEGMA500-co-RMA) copolymers determined by UV-Vis 

spectrometry (20 °C to 93 °C, 1 °C min-1, recorded at λ = 550 nm) at 5 mg ml-1. 
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Table S7. TCP of P(OEGMA500-co-RMA) copolymers determined by µDSC. 

Polymera TCP from µDSC 

(oC)b 

Polymera TCP from µDSC 

(oC) b 

P(OEGMA0.53-co-EMA0.47) 66 P(OEGMA0.59-co-HMA0.41) 70 

P(OEGMA0.4-co-EMA0.6) 61 P(OEGMA0.49-co-HMA0.51) 62 

P(OEGMA0.3-co-EMA0.7) 54 P(OEGMA0.37-co-HMA0.63)c 56 

P(OEGMA0.2-co-EMA0.8) 
d P(OEGMA0.29-co-HMA0.71) 50 

P(OEGMA0.45-co-BMA0.55) 63 P(OEGMA0.9-co-LMA0.1) 84 

P(OEGMA0.39-co-BMA0.61) 56 P(OEGMA0.81-co-LMA0.19) 82 

P(OEGMA0.29-co-BMA0.71)  43 P(OEGMA0.7-co-LMA0.3) 80 

a Aqueous solution of copolymers were prepared at 5 mg mL-1 in nanopure water. 
b Data obtained by taking the first derivative of second heating of the samples within the temperature range of 0 oC to 

115 oC at a heating rate of 0.5 oC min-1. 
c First derivative of second heating of P(OEGMA0.37-co-nHMA0.63) polymer did not give a peak. Therefore, TCP data 

for this polymer was determined directly from the heating trace. 
d Not determined. 

 

 

Figure S21. Turbidimetry analysis for P(OEGMA500-co-RMA) copolymers determined by µDSC (0 °C to 

115 °C, 0.5 °C min-1) at 5 mg ml-1. 
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Figure S22. Normalized enthalpies of LCST phase transitions for the various P(OEGMA500-co-RMA) 

copolymers as a function of TCP (A), molar composition (B), or hydrophobicity (C) as determined by µDSC 

(0 °C to 115 °C, 0.5 °C min-1) at 5 mg ml-1. 
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Overview: In this Chapter, based on the information gained from the previous chapter, we sought 

to establish correlations between polymer hydrophobicity and LCST behavior when using non-

brushy monomers. Using series of polymers based on N, N-dimethylacrylamide (DMA) and 

various alkyl acrylates (n-butyl, benzyl, tetrahydrofurfuryl and tert-butyl acrylate), a library of 

copolymers were synthesized by varying the mol% of the alkyl acrylates in each copolymer series. 

Similarly to our previous study, thermoresponsive behavior of the copolymers were determined 

by measuring their TCP, and hydrophobicity was determined by calculating the LogPoct/SA by 

using a computational tool. We were able to demonstrate a good correlation between TCP and 

LogPoct/SA for P(DMA-co-RA) copolymers. In order to validate this finding, TCP of a new non-

brushy copolymer, P(DMA-co-MMA), was predicted prior to synthesis.  

Of particular importance, this study shows and validates a method to predict the TCP of 

thermoresponsive copolymers derived from monomers which produce nonresponsive 

homopolymers (DMA and alkyl acrylates). In such cases, conventional methods like the Flory-
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Fox equation cannot be used for predicting their thermal behavior, and thus this study provides an 

invaluable predictive tool for designing new thermoresponsive polymers. 

We believe that our study holds great potential as a guiding principle, as it shows that copolymer 

LCST behavior can be tuned via changing hydrophobic composition of non-brushy copolymers in 

a manner that is predictable using computational tools. Overall, this provides a significant advance 

and guidance for generating design rules for functional polymers with precisely defined LCST. 



Log Poct/SA Predicts the Thermoresponsive Behavior of P(DMA-co-
RA) Statistical Copolymers
Irem Akar, Jeffrey C. Foster, Xiyue Leng, Amanda K. Pearce, Robert T. Mathers,*
and Rachel K. O’Reilly*

Cite This: ACS Macro Lett. 2022, 11, 498−503 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Polymers that exhibit a lower critical solution temperature (LCST) have been of great interest for various biological
applications such as drug or gene delivery, controlled release systems, and biosensing. Tuning the LCST behavior through control
over polymer composition (e.g., upon copolymerization of monomers with different hydrophobicity) is a widely used method, as the
phase transition is greatly affected by the hydrophilic/hydrophobic balance of the copolymers. However, the lack of a general
method that relates copolymer hydrophobicity to their temperature response leads to exhaustive experiments when seeking to obtain
polymers with desired properties. This is particularly challenging when the target copolymers are comprised of monomers that
individually form nonresponsive homopolymers, that is, only when copolymerized do they display thermoresponsive behavior. In
this study, we sought to develop a predictive relationship between polymer hydrophobicity and cloud point temperature (TCP). A
series of statistical copolymers were synthesized based on hydrophilic N,N-dimethyl acrylamide (DMA) and hydrophobic alkyl
acrylate monomers, and their hydrophobicity was compared using surface area-normalized octanol/water partition coefficients (Log
Poct/SA). Interestingly, a correlation between the Log Poct/SA of the copolymers and their TCPs was observed for the P(DMA-co-RA)
copolymers, which allowed TCP prediction of a demonstrative copolymer P(DMA-co-MMA). These results highlight the strong
potential of this computational tool to improve the rational design of copolymers with desired temperature responses prior to
synthesis.

“Smart” polymers that change their physical or chemical
structures upon exposure to external stimuli such as light, pH,
redox state, ultrasound, and temperature have been used
extensively in a range of applications from biosensors to drug
delivery systems.1−5 Among these stimuli, temperature has
been the most widely studied on account of its easy external
applicability and the abundance of methods to tune
thermoresponsive behavior within the desired range.6

Thermoresponsive polymers display either a lower critical
solution temperature (LCST) or an upper critical solution
temperature (UCST) behavior in water, where they undergo
structural changes and thus changes in their solubility upon
heating up above or cooling down below a specific temper-
ature, respectively.3,7 In general, LCST-based systems are more
preferable than UCST-based systems, particularly for biological
applications, because of the high-temperature requirements of

the latter.8,9 In an LCST-based system, polymers are soluble
below their LCST on account of strong interactions between
polymer chains and the solvent (water); however, upon
heating above a specific temperature, they undergo a phase
transition where they become immiscible as a consequence of
the weakening of the polymer−solvent interactions.10
It is desirable to be able to tune polymer LCST temperatures

in order to suit the requirements of a particular application.
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Several methods have been studied toward this, such as
changing the polymer molecular weight, hydrophobicity, or
solution concentration.11−16 In particular, tuning polymer
hydrophobicity is an interesting strategy, as changes to overall
hydrophobicity can readily modulate polymer−solvent inter-
actions.17 For example, Sumerlin and Vogt reported a method
to decrease poly(N-isopropylacrylamide) (PNIPAM) LCST by
moving from a linear to branched architecture, which increased
polymer hydrophobicity through an increase in hydrophobic
end groups. They confirmed that the hydrophobic end groups
had the greatest impact on polymer LCST (rather than
branching) by showing that polymer LCSTs increased
significantly upon removal of the end groups.18 Another
route to tune polymer hydrophobicity is via copolymerization
of a high LCST monomer with monomers of lower
LCST.19−24 For example, Lutz and Hoth reported copolymers
of oligoethylene glycol monomethyl ether methacrylate
(OEGMA) and diethylene glycol methacrylate (DEGMA)
where they showed that the cloud point temperature (TCP) of
the copolymers decreased from 90 to 28 °C as the molar
quantity of DEGMA increased.25 Additionally, previous work
has shown linear correlations of TCP to hydrophobic mole
fraction for copolymers of N-isopropylacrylamide (NiPA) and
N-isopropylmethacrylamide (NiPMA) and poly(ethylene
glycol) monomethyl ether methacrylate (PEGMA) and methyl
methacrylate (MMA);26,27 however, nonlinear TCP behavior
has also been reported.28 These inconsistencies could be due
to differences in experimentation, chain end effects, or the type
of polymerization employed. Thus, despite some work in the
field to date, there are still fundamental gaps in our
understanding of how LCST behavior can be tuned using
copolymerization, such as isolating the effect of polymer
structure and specific monomer chemistry. Specifically, the
ability to generate overall design rules for achieving desired
thermoresponsive behavior would contribute essential knowl-
edge toward the design of copolymers for many given
applications.
Hydrophobicity is one of the most important phenomena

that has been investigated to explain polymer behavior in bulk
or solution; however, the influence of polymer hydrophobicity
on solution behavior from a theoretical perspective is relatively
underexplored.29 In medicinal chemistry, hydrophobicity of
small molecules can be quantified via octanol−water partition
coefficient (Log Poct) calculations, which describes the
partitioning of a substance between octanol and water.30,31

Inspired by this, Mathers and co-workers sought to adapt this
method to computationally predict the hydrophobicity of
macromolecules, developing a surface-area-normalized method
(Log Poct/SA). Subsequent studies have shown that the
addition of the surface area normalization improves the
predictive power for polymers compared to standard small
molecule methods.32−36

In our previous study we were interested in correlating the
polymer hydrophobicity to its LCST behavior by investigating
the relationship between the Log Poct/SA of a series of
statistical copolymers of hydrophilic OEGMA with different
hydrophobic methacrylate comonomers (Figure 1A). We
aimed to determine a correlation between a polymer
hydrophobicity and its TCP, thereby reducing the experimental
workload by predicting the TCP of new copolymers prior to
synthesis. However, we found that the strongest influence of
the copolymer TCP was the hydrophobic comonomer mol %,
that is, the grafting density rather than the chemical identity of

the comonomers, as the brushy nature of the OEGMA
dominated the phase transition.21 This finding inspired us to
investigate whether a correlation could be found between
polymer hydrophobicity and the TCP when using nonbrushy
monomers; thus, providing a route to uniquely tune polymer
LCST behavior using specific monomer chemistry (Figure
1B).
With the goal of realizing this, we selected hydrophilic N,N-

dimethyl acrylamide (DMA) as our nonbrushy monomer of
interest, due to its simple chain structure and commercial
availability, and alkyl acrylates such as n-butyl acrylate (nBuA),
benzyl acrylate (BA), tetrahydrofurfuryl acrylate (THFA), and
tert-butyl acrylate (tBuA) for the hydrophobic component on
account of their commercial availability and compatibility with
polymerization conditions. Interestingly, to the best of our
knowledge, no literature studies report DMA homopolymers
displaying LCST behaviors under the dilute conditions that are
typically employed during TCP measurements (ca. 1−10 mg
mL−1 polymer), with only one study by Fischer et al. reporting
a DMA homopolymer with a very high TCP at a solution
concentration of 20 mg mL−1.37 Thus, our aim was two-fold:
to not only establish correlations for polymer hydrophobicity
and TCP, but to investigate the intriguing LCST behavior of
this largely nonthermoresponsive monomer at lower concen-
trations and temperature windows.
To this end, we initially synthesized a library of copolymers

based on DMA and various hydrophobic alkyl acrylates (RA, R
= n-butyl, benzyl, tetrahydrofurfuryl, and tert-butyl) in order to
observe the effect of monomer chemistry and copolymer
composition and studied their LCST response. TCP was used as
a proxy of the LCST behavior as it is a macroscopic effect that
can be detected easily via dynamic light scattering,38

differential scanning calorimetry,39 microdifferential scanning
calorimetry,21 and UV−vis spectroscopy.21 Then, we attemp-
ted to correlate the TCP of the copolymers to their
hydrophobicity, which was determined by calculating the
Log Poct/SA of oligomeric models representative of the final
copolymers. Overall, copolymer MW and the targeted
hydrophobic mol % were maintained as consistently as
possible across each series. The copolymers were prepared
via reversible addition−fragmentation chain transfer (RAFT)
polymerization in 1,4-dioxane for 4 h until targeted DPs were
reached (Figure 2A). The final molar composition of the
purified copolymers was determined using 1H NMR spectros-
copy by relative integration of resonances corresponding to
each monomer (Figures 2B and S1−S4). Kinetic analysis
showed that both DMA and RA monomers were consumed at

Figure 1. Our studies on how hydrophobicity influences thermores-
ponsive behavior of (A) brushy polymers and (B) nonbrushy
polymers.
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an approximately equal rate, confirming the statistical nature of
the copolymerizations (Figures S5−S8). Molecular weight
distributions (MWDs) for the P(DMA-co-RA) copolymers
were determined using size-exclusion chromatography (SEC).
Copolymers were obtained with narrow and symmetrical
MWDs (Figures 2D and S6−S8). Variations in number-
average MW (Mn) and dispersity (ĐM) values were determined
by calculating the coefficients of variance. Using this measure,
Mn varied by only 2% across the entire data set, while ĐM
varied by 0.04% with all values <1.36. Turbidity measurements
were conducted using UV−vis spectroscopy in order to
measure the TCP of the copolymers. Changes in the percentage
transmittance were recorded at λ = 550 nm within the
temperature range of 0 to 90 °C. Temperature points that
correspond to 50% transmittance values were taken as the TCP
of polymers (see Supporting Information for a detailed
method). In general, an inverse relationship was observed
between the TCP of P(DMA-co-RA) copolymers and the RA
content (Figures 2E and S9).
Log Poct values of short oligomer models that represent each

P(DMA-co-RA) copolymer were calculated (at T = 298 K) for
quantifying hydrophobicity. Then, the Log Poct value of each
representative model was normalized by surface area using
Molecular Dynamics (MD) simulations (see Supporting
Information for a detailed model). Normalizing a thermody-
namic parameter (i.e., Log Poct) with a structural parameter
(i.e., SA) facilitates comparison of architectural differences
resulting from monomer size and functionality as well as
oligomer length.36,40,41 Furthermore, this strategy conforms to
the Lum−Chandler−Weeks theory, which states that above a
critical length scale, hydrophobicity scales with surface area

rather than volume.29,42 Consequently, Log Poct/SA values
provide a general method for correlating hydrophobicity to
TCP that accommodates models with enough repeating units to
represent the actual polymer. Figure 3A shows the repeating

units for each of the P(DMA-co-RA) copolymers that were
used to build oligomer models to calculate the Log Poct/SA
values. The length of the oligomer models varied between 17
and 27 units and the models were built based on the
hydrophobic mol % that each copolymer contains (see
Supporting Information for detailed model). Log Poct/SA
increased as the hydrophobic mol % in the copolymers
increased, confirming the relationship between hydrophobicity
and Log Poct (Figure 3B).

36 Comonomers nBuA, BA, and tBuA
produced copolymers with similar slopes, while P(DMA-co-
THFA) copolymers differed from the others. The ether oxygen
in the tetrahydrofuran ring of THFA had a significant influence
on Log Poct/SA values. Importantly, this data demonstrates
that the comonomer chemistry plays an important role in
overall hydrophobicity of P(DMA-co-RA) copolymers. Figure
3C shows the inverse linear relationships between the
hydrophobic mol % and TCP of the copolymers for each
series. Linear regression data for each series is shown in Table
S3. This clearly illustrates that the increase in the hydrophobic
comonomer content results in an increase in the overall
copolymer hydrophobicity, causing the copolymer TCP to
decrease. Motivated by this, we next plotted the calculated Log
Poct/SA values against the measured TCPs in order to see if any
correlation could be built. Figure 3D shows the inverse
relationship between the Log Poct/SA (polymer hydro-

Figure 2. (A) Synthetic scheme for the preparation of P(DMA-co-
RA) statistical copolymers. THFA is used as the comonomer in this
example. (B) Molar composition (determined by 1H NMR spectros-
copy), number-average MW (Mn), and dispersity (ĐM; determined by
SEC) of P(DMA-co-THFA) copolymers. (C) 1H NMR spectra of
P(DMA-co-THFA) copolymers in CDCl3 (300 MHz). (D)
Normalized SEC molecular weight distributions for the P(DMA-co-
THFA) series (eluent: CHCl3 + 0.5 v/v% NEt3, PMMA standards).
(E) Percent transmittance as a function of temperature for the
P(DMA-co-THFA) copolymers dissolved in H2O at 10 mg/mL as
measured by UV−vis spectroscopy (λ = 550 nm, 0−90 °C, 1 °C
min−1).

Figure 3. (A) Chemical structures of the repeating units for the
P(DMA-co-nBuA), P(DMA-co-BA), P(DMA-co-THFA), and P-
(DMA-co-tBuA) copolymers, respectively. (B) Calculated Log Poct/
SA values for P(DMA-co-RA) copolymer oligomers as a function of
the mol % of the hydrophobic comonomer. (C) Plot of TCP as
measured by UV−vis spectroscopy vs the mol % of hydrophobic
comonomer. (D) Plot of TCP as measured by UV−vis spectroscopy vs
the calculated Log Poct/SA values for P(DMA-co-RA) copolymer
oligomers. The solid line represents a linear fit of these data. (E)
Comparison between measured TCP values of P(DMA-co-RA)
copolymers and those predicted from their Log Poct/SA. The solid
line represents a linear fit of these data. The equation was generated
using the linear fit of the data in the plot of Figure 3D.
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phobicity) and the TCP of P(DMA-co-RA) copolymers with
each series possessing a similar slope. This indicates that
copolymer hydrophobicity can be directly correlated to its TCP
for these nonbrushy copolymers, unlike the OEGMA-based
brushy copolymers we studied in our previous work. Of
importance, the data shown in Figure 3D was fitted using
linear, exponential, and polynomial fits. We found that the
prediction capability of the linear fit was superior to the
polynomial fit and very similar to the exponential fit in terms of
the similarity of the measured and calculated TCP of the
P(DMA-co-RA) copolymers. Therefore, we chose the linear fit
for the TCP prediction due to its greater simplicity. Comparison
of the measured and predicted TCP for P(DMA-co-RA)
copolymers showed a reasonably strong correlation, suggesting
that this tool could be used for predicting the TCP of new
nonbrushy copolymers (Figure 3E). Thus, we suggest that the
experimental TCP of new copolymers can be reliably predicted
using this computational method.
It is important to note the significance of these findings in

the context of facilitating the targeted design of new
copolymers based on monomers known to produce non-
responsive homopolymers. In such cases, conventional
methods like the Flory−Fox equation, which determines the
thermal properties of polymers based on both weight fraction
and thermoresponse of the two homopolymers, cannot be
used. Therefore, the predictive tool developed in this work
significantly increases ease of access to new thermoresponsive
copolymers with varied chemistries and tunable on-demand
temperature responses.
Finally, to prove this hypothesis, we chose to design a new

copolymer of DMA and the well-known hydrophobic
monomer methyl methacrylate (MMA), which was one of
the hydrophobic comonomers used in our previous work.
Log Poct/SA of the P(DMA-co-MMA) copolymer with 31%

hydrophobic mol % was calculated prior to synthesis, giving a
predicted TCP of 41 °C when using the equation generated
based on the relationship between Log Poct/SA and measured
TCP. Following the polymer synthesis, the measured TCP of the
copolymer was determined as 42 °C using UV−vis spectros-
copy. This confirmed that the TCP of new copolymers could be
predicted using this guidance with only minor deviations from
the targeted TCP. Interestingly, unlike the P(DMA-co-RA)
polymerizations, the copolymerization of DMA and MMA
yielded a copolymer with a gradient topology (Figure S10).
Based on the fact that Log Poct/SA could still predict TCP for
this copolymer, it was hypothesized that the exact copolymer
sequence may not be a critical determinant of thermores-
ponsiveness. Further investigation is warranted to test this
hypothesis.
To conclude, we report the synthesis of a series of

thermoresponsive P(DMA-co-RA) copolymers via copolymer-
ization of DMA and different alkyl acrylate monomers and the
investigation of their LCST behavior by measuring the
copolymer TCPs using UV−vis spectroscopy. Analysis of our
experimental data using computational modeling of Log Poct/
SA revealed that the thermoresponsive behavior of nonbrushy
P(DMA-co-RA) copolymers could be related to their hydro-
phobicity. We validated this method by predicting the TCP of a
P(DMA-co-MMA), which showed good correlation with the
experimentally measured TCP (1 °C difference from targeted
TCP). Overall, this study demonstrates the strength of the Log
Poct/SA computational modeling tool for the prediction of
copolymer interactions in solution. We envisage this to be

particularly powerful in the study of thermoresponsive
copolymers comprised of monomers that produce non-
responsive homopolymers, thus, widening access to new
monomer chemistries that can be used in the rational design
of polymers with thermoresponsive behavior.
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Materials and Methods

Materials

Benzyl acrylate (BA, Alfa-Aesar, 97%), n-butyl acrylate (nBA, Sigma-Aldrich, 99%), tetrahydrofurfuryl 

acrylate (THFA, Sigma-Aldrich), tert-butyl acrylate (tBA, Sigma-Aldrich, 98%), N,N-dimethyl acrylamide 

(DMA, Sigma-Aldrich, 99%), methyl methacrylate (MMA, Sigma-Aldrich, 99%), and 1,4-dioxane (Sigma-

Aldrich, 99.8%) were filtered through basic alumina prior to use. 2,2′-Azobis(2-methylpropionitrile) 

(AIBN) was received from Molekula, recrystallized from methanol and stored at  4 °C. Methyl 2-(butylthio-

carbonothioylthio)-2-methylpropanoate (MBTMP) was prepared according to a previously described 

procedure.1 

Characterization Techniques

NMR Spectroscopy. 1H-NMR and 13C-NMR spectra were recorded at 300 MHz on a Bruker DPX-300 

spectrometer, using chloroform-d (CDCl3) as the solvent. Chemical shifts of protons are reported as δ in 

parts per million (ppm) and are relative to solvent residual peaks. 

Size Exclusion Chromatography. Size exclusion chromatography (SEC) analysis was performed on a 

system composed of an Agilent 1260 Infinity II LC system equipped with an Agilent guard column (PLGel 

5 μM, 50 × 7.5 mm) and two Agilent Mixed-C columns (PLGel 5 μM, 300 × 7.5 mm). The mobile phase 

used was CHCl3 (HPLC grade) containing 0.5% v/v NEt3 at 40 °C at flow rate of 1.0 mL min-1 (polymethyl 

methacrylate (PM) standards were used for calibration). Detection was conducted using a differential 

refractive index (RI) detector. Number-average molecular weights (Mn), weight-average molecular weights 

(Mw) and dispersities (ĐM = Mw/Mn) were determined using the Agilent GPC/SEC software.

UV-Vis Spectroscopy. UV-Vis analysis was performed on an Agilent Cary 3500 UV-Vis Spectrophotometer 

to record the LCST behavior and temperature dependent transmittance spectra of polymers by heating the 

samples in solution from 0 oC to 90 oC at a rate of 1 oC min-1. Samples were corrected against a background 

of DI water. Measurements were carried out using glass cuvettes with a path length of 10.00 mm. 
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Synthetic Methods

Synthesis of P(DMA-co-RA) copolymers 

Copolymerization of RA monomers with DMA was conducted using AIBN as the initiator, MBTMP as the 

RAFT agent, 1,3,5-trioxane as an internal reference, and 1,4-dioxane as the solvent. RA content was varied 

between 10-20% for nBuA, 10-20% for BA, 30-60% for THFA, and 15-25% for tBuA, targeting the total 

DP of 80 to 85 with a molar ratio of [Monomer]/[1,3,5-Trioxane]/[MCETP]/[AIBN] = 85:20:1:0.1 in 1,4-

dioxane (monomer/1,4-dioxane = 1:2 by volume). For the synthesis of a copolymer with 20% RA: a stock 

solution of 10 mg mL-1 AIBN was prepared in 1,4-dioxane and 62 µL of this solution (0.6 mg, 3.8 x 10-3 

mmol, 0.1 eq) was added to a vial of MBTMP (10 mg, 3.8 x 10-2 mmol, 1.0 eq), RA monomer (0.6 mmol, 

17 eq), DMA (0.26 mL, 2.6 mmol, 68 eq), and 1,3,5-trioxane (68 mg, 7.5 x 10-1  mmol, 20 eq) in 1,4-

dioxane and mixed in an oven-dried ampoule containing a magnetic stir bar until all solids dissolved. The 

resulting solution was degassed using at least three freeze-pump-thaw cycles, back-filled with N2, and 

placed in a preheated oil bath at 70 °C. Samples were taken periodically to determine the overall and relative 

conversion of comonomers. Purification was achieved by dialysis (6-8 kDa MWCO) against nanopure 

water followed by lyophilisation.
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Experimental Methods

Copolymerization kinetic studies. Kinetic experiments for one polymer from each series (10% nBuA for 

P(DMA-co-nBuA), 20% BA P(DMA-co-BA), 30% THFA P(DMA-co-THFA), and 23% tBuA for P(DMA-

co-tBuA) were carried out in order to determine the conversion of each monomer at the same time intervals 

(i.e., 60, 90, 120, 150, and 180 min). Samples were periodically taken from the polymerization mixtures 

under nitrogen and then diluted with CDCl3 prior to 1H NMR analysis. Integrations of monomer signals 

were compared to those internal standard resonances to determine monomer conversions.

Determination of TCP by UV-Vis spectroscopy. Solutions of P(DMA-co-RA) copolymers were prepared 

at 10 mg mL-1 in nanopure water. The temperature-dependent change in transmittance % was recorded at 

λ = 550 nm within the temperature range of 0 oC to 90 oC at a heating rate of 1 oC min-1. Samples were run 

for two heating/cooling cycles and TCP values taken as the temperature at which the sample transmittance 

had decreased to 50% on the second heating cycle.
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Evaluation of Oligomer Hydrophobicity

LogPoct Analysis. Octanol-water partition coefficients (LogPoct) were calculated for monomers and 

oligomeric models in Materials Studio 2020,2 using an atom-based approach (ALogP98 method)3 for all 

molecular models containing C, H, N, and O atoms.

Surface Area Analysis. Octanol-water partition coefficients (LogPoct) were normalized by solvent 

accessible surface area (SA) using Materials Studio 2020.4-7 First, single oligomers were subjected to a 

Geometry Optimization procedure using the Forcite Molecular Dynamics (MD) module with a COMPASS 

II force field. The force field contains information on important parameters, like preferred bond lengths, 

bond angles, torsion angles, partial charges, and van der Waals radii that influence the conformation.8 To 

minimize energy and determine a preferred conformation, these simulations ran until the energy of the 

oligomer decreased below predetermined convergence criteria (1 × 10-4 kcal mol-1 energy convergence, 

0.005 kcal mol-1 /Å force convergence, and 5 × 10-5 Å displacement convergence). Second, these SA values 

represent the Connolly surface area created by an algorithm that rolls a ball over the surface of the oligomer. 

To ensure the SA values are meaningful in the context of octanol-water partition coefficients (LogPoct), the 

probe had a 1.4 Å radius to match the size of a water molecule. Third, to monitor variations in surface area 

calculations as the n-mer size increased, oligomers were annealed for 200 cycles using a sinusoidal 

temperature ramp (300 – 700 K) to maximize variability in SA values. After averaging SA values for cycles 

100, 150 and 200, the standard deviation ranged from 0.4-2.7% with an average of 1.2%.

Models. Oligomeric models contained appropriate ratios of DMA and alkyl acrylate units to mimic 

experimental conditions. In addition, models were proton terminated and contained DMA units randomly 

distributed throughout the oligomer. For example, nBuA/DMA oligomers contained 16-17 DMA units with 

2-4 nBuA units for a total of 19-20 units such that the amount of nBuA ranged from 10.7-19.3 mol %. The 

quantity of monomers in BA/DMA oligomers ranged from 15-19 DMA units and 2-5 BA units for a total 

of 17-24 units with 11.8-20.8 mol % BA. THFA/DMA oligomers contained 8-16 DMA units with 4-13 

THFA units for a total of 19-27 monomer units to achieve 20.0-57.9 mol % THFA. tBuA/DMA oligomers 

combined 16-18 DMA units with 3-5 tBuA units for a total of 20-22 units such that the amount of tBuA 

ranged from 14.3-22.7 mol %. 
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Supplementary Characterization Data for DMA-co-RA Copolymers

Table S1. Molecular characteristics of P(DMA-co-RA) copolymers prepared via RAFT, as determined by 
1H NMR spectroscopy and SEC analyses.a

Polymer Target RA 

Percentage

Final RA 

Percentageb

DPc Mn, NMR
c
 

(kDa)

Mn, SEC
d
 

(kDa)

ĐM
e

P(DMA-co-nBuA) 10 11 84 8.9 10.5 1.10

15 15 84 9.0 10.7 1.15

20 19 83 9.0 12.1 1.11

P(DMA-co-BA) 10 12 84 9.2 9.6 1.21

15 17 82 9.3 10.4 1.13

20 20 83 9.6 11.0 1.13

P(DMA-co-THFA) 20 21 80 9.0 12.1 1.12

30 30 80 9.6 10.9 1.12

40 40 73 9.2 14.2 1.18

50 49 73 9.6 14.2 1.23

60 58 81 11.0 13.3 1.29

P(DMA-co-tBuA) 15 14 83 8.8 13.4 1.35

20 20 83 9.0 10.4 1.09

25 23 83 9.0 11.4 1.10

P(DMA-co-MMA) 30 31 81 8.3 12.9 1.93
a Conditions – [Monomer]/[1,3,5-Trioxane]/[MBTMP]/[AIBN] = 85:20:1:0.1 in 1,4-dioxane (monomer/1,4-dioxane  
= 1 : 2 by volume).
b Determined by 1H NMR spectroscopy (CDCl3, 300 MHz).
c Calculated from monomer conversion.
d Mn and ĐM determined by SEC (in CHCl3 + 0.5% NEt3, calibrated against PMMA standards).
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Figure S1. 1H-NMR spectrum of P(DMA-co-nBuA)84 in CDCl3 (300 MHz).

Figure S2. 1H-NMR spectrum of P(DMA-co-BA)82 in CDCl3 (300 MHz).
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Figure S3. 1H-NMR spectrum of P(DMA-co-THFA)81 in CDCl3 (300 MHz).

Figure S4. 1H-NMR spectrum of P(DMA-co-tBuA)84 in CDCl3 (300 MHz).
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Figure S5. Conversion of THFA and DMA monomers for the 30% THFA system determined by 1H NMR 

spectroscopy (CDCl3, 300 MHz). 

Figure S6. (A) Normalized molecular weight distributions for P(DMA-co-nBuA) copolymers determined 

by SEC (CHCl3 + 0.5% NEt3 as the eluent and calibrated against PMMA standards) using an RI detector. 

The legend shows the molar percentage of nBuA in the final copolymers. (B) Conversion of nBuA and 

DMA monomers for the 10% nBuA system determined by 1H NMR spectroscopy (CDCl3, 300 MHz). 
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Figure S7. (A) Normalized molecular weight distributions for P(DMA-co-BA) copolymers determined by 

SEC (CHCl3 + 0.5% NEt3 as the eluent and calibrated against PMMA standards) using an RI detector. The 

legend shows the molar percentage of BA in the final copolymers. (B) Conversion of BA and DMA 

monomers for the 20% BA system determined by 1H NMR spectroscopy (CDCl3, 300 MHz).

Figure S8. (A) Normalized molecular weight distributions for P(DMA-co-tBuA) copolymers determined 

by SEC (CHCl3 + 0.5% NEt3 as the eluent and calibrated against PMMA standards) using an RI detector. 

The legend shows the molar percentage of tBuA in the final copolymers. (B) Conversion of tBuA and DMA 

monomers for the 23% tBuA system determined by 1H NMR spectroscopy (CDCl3, 300 MHz).
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Figure S9. Turbidimetry analysis for P(DMA-co-RA) copolymers determined by UV-Vis spectrometry (0 

°C to 93 °C, 1 °C min-1, recorded at λ = 550 nm) at 10 mg ml-1.
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Figure S10. Conversion of MMA and DMA monomers for the 31% MMA system determined by 1H NMR 

spectroscopy (CDCl3, 300 MHz). 
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Table S2. TCP of P(DMA-co-RA) copolymers determined by UV-Vis spectrometry.

Polymera TCP from UV-Vis 

(oC)b

Polymera TCP from UV-Vis 

(oC)b

P(DMA0.89-co-nBuA0.11) 56 P(DMA0.79-co-THFA0.21) soluble

P(DMA0.85-co-nBuA0.15) 38 P(DMA0.70-co-THFA0.30) 58

P(DMA0.81-co-nBuA0.19) 26 P(DMA0.60-co-THFA0.40) 37

P(DMA0.94-co-BA0.06) soluble P(DMA0.51-co-THFA0.49) 27

P(DMA0.88-co-BA0.12) 51 P(DMA0.42-co-THFA0.58) 15

P(DMA0.83-co-BA0.17) 19 P(DMA0.86-co-tBuA0.14) 61

P(DMA0.80-co-BA0.20) 10 P(DMA0.80-co-tBuA0.20) 43

P(DMA0.77-co-tBuA0.23) 29
a Aqueous solution of copolymers were prepared at 10 mg mL-1 in nanopure water.
b Data obtained from the second heating of the samples within the temperature range of 0 oC to 90 oC at a heating rate 
of 1 oC min-1.

Table S3. Linear regression data for the P(DMA-co-RA) copolymers.

Polymer Intercept Slope

P(DMA-co-nBuA) 98 -3.8
P(DMA-co-BA) 117 -5.6

P(DMA-co-THFA) 101 -1.5
P(DMA-co-tBuA) 83 -1.9
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Affiliations: †School of Chemistry, University of Birmingham, Edgbaston, Birmingham B15 

2TT, United Kingdom 

§ Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany 

Manuscript Prepared 

Co-author contributions: Dr Amanda K. Pearce provided technical and synthetic advice. Dr. 

Calum Ferguson provided technical and synthetic advice. Prof. Rachel O’Reilly supervised the 
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Overview: In this Chapter, PITSA is employed as a methodology for the fabrication of azide 

functionalized DMA-based thermoresponsive nanoparticles. In our previous study we investigated 

the thermoresponsive behavior of copolymers of DMA and alkyl acrylate which produce 

nonresponsive homopolymers but provide thermoresponsive polymers when copolymerized 

together. Based on this, we wanted to explore the self-assembly behavior of the DMA-based 

copolymers.  
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First, we synthesized a simple system by using a PEG-CTA and chain extended it with DMA and 

hexyl acrylate via PITSA. Formation of nanoparticles was confirmed via DLS measurements at 50 

C followed by disassembling of the particles as the temperature decreases. After confirming the 

successful synthesis of nanoparticles, azidopropyl methacrylate and acrylic acid monomers were 

introduced to the system enabling functionalization through azide units and crosslinking through 

acrylic acid units to prevent disassembly at room temperature. Crosslinking of nanoparticles were 

confirmed via DLS measurements which remained stable at room temperature. Then, crosslinked 

particles were functionalized through the azide units with short (WR)3 antibacterial peptides 

synthesized on an automated solid-phase peptide synthesizer. 

In this contribution, we were interested in developing functional nanoparticles by combining the 

advantages of PISA with the thermoresponsive polymers. We have shown that functional 

thermoresponsive systems can be designed by using alternative monomers to the widely-used 

thermoresponsive monomers in the literature such as NIPAM, and believe that this study will 

provide insight into diversifying thermoresponsive systems used for therapeutic applications. 
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ABSTRACT: Self-assembled polymeric nanoparticles have been of great interest for various biological 
applications such as drug delivery, catalysis, and biosensing. In this regard, polymerization-induced self-
assembly (PISA) has been widely explored as a more efficient technique than conventional self-assembly 
methods as it can be conducted in one pot and does not require harsh conditions. Recently, a method 
known as polymerization-induced thermal self-assembly (PITSA) has emerged, exploiting the inherent 
phase transition behavior of thermoresponsive polymers at a critical temperature point to generate ther-
moresponsive nanoparticles in situ. However, the narrow range of monomers suitable for PITSA limits 
the design of diverse thermoresponsive nanoparticles, and therefore this process has not yet been explored 
to its fullest capacity. In this study, we demonstrate the preparation of thermoresponsive nanoparticles 
based on hydrophilic N,N-dimethyl acrylamide	(DMA) and hydrophobic hexyl acrylate (HA) monomers. 
This is particularly interesting as these monomers produce non-responsive homopolymers but display 
thermoresponsive behavior when copolymerized. The nanoparticles obtained were crosslinked to enable 
their characterization at room temperature, and further functionalized with a short synthetic antibacterial 
peptide (WR)3 to demonstrate proof-of-concept potential as antimicrobial agents. Overall, this work ex-
pands the library of monomers amenable to PITSA for the production of thermoresponsive nanoparticles, 
contributing to the design of new functional nanoparticles for therapeutic purposes.  

1. Introduction  
Self-assembled polymeric nanoparticles have gar-
nered increasing attention over the past decades as 
these nanoparticles have been used for wide range 
of applications such as drug delivery vehicles, sen-
sors, catalysts, and coating materials.1-5 Having 
the ability to modify their structure by tuning their 
compositions and/or functionalize them with 
small molecules renders them powerful tools for 
therapeutic applications.6 Recent advances in con-
trolled radical polymerizations have further aided 
the preparation of self-assembled polymeric nano-
particles, enabling their engineering by precisely 

controlling the different  constituents in  polymer 
structures.7, 8 This in turn influences the size, 
shape, and morphology of the final nanoparticles, 
facilitating the preparation of diverse self-assem-
bled polymeric systems.9  
Conventional self-assembly methods such as sol-
vent switch, direct dissolution and thin-film rehy-
dration have been widely used for the formation of 
nanoparticles.10 However, there are several draw-
backs, including time consuming multi-step pro-
cedures such as synthesis and purification of pol-
ymers prior to self-assembly, and the requirement 



 

of dilute polymerization solutions for self-assem-
bly to occur.8 More recently, the advent of 
polymerization-induced self-assembly (PISA) has 
addressed many of these challenges. PISA is a 
one-pot reaction that can be conducted under mild 
conditions and in organic solvents and water, can 
be performed at high solids content (up to 50% 
w/w) and does not require the use of surfactants. 
In an aqueous system, a water-soluble macro-
chain-transfer agent is chain extended with water 
miscible monomers which becomes progressively 
more hydrophobic as the polymerization proceeds. 
This leads to the water-immiscible chains to self-
assemble forming nanoparticles.8, 11, 12  
“Smart” polymers that can change their properties 
upon exposure to external stimuli have been 
proven to be great tools for therapeutic applica-
tions.13 Here, polymers can be functionalized by 
incorporating certain moieties that respond to ex-
ternal stimuli such as light, pH, redox and temper-
ature.13-17 If formulated into nanoparticles, upon 
applying the stimuli, polymer chains can undergo 
a physical or chemical change affecting the result-
ing nanoparticle structure.18 Temperature has been 
the most widely studied among these stimuli as it 
is easily applicable externally, and is tunable via 
many methods within the desired range to create 
the required thermoresponse.17 Thermoresponsive 
polymers display unique behavior in water known 
as lower critical solution temperature (LCST) or 
upper critical solution temperature (UCST), 
whereby a phase transition occurs above or below 
a certain temperature point for LCST and UCST 
behavior, respectively.19 Since the transition hap-
pens at high temperatures in case of UCST, LCST 
polymers are preferable for biological applica-
tions, as the physiological temperature range can 
be targeted easily with LCST polymers.20 The 
strong interactions between polymer chains and 
solvent allow polymers to be soluble below their 
LCST. The phase transition then occurs upon heat-
ing above a certain temperature leading to the pol-
ymer chains becoming immiscible as the polymer-
solvent interactions weaken.21, 22  
The ability to tune the LCST behavior is another 
advantage that makes thermoresponsive polymers 
attractive for many applications. A variety of 
methods have been reported to achieve this, such 
as changing polymer solution concentration, mo-
lecular weight, and hydrophobicity.23-25 Tuning 

polymer hydrophobicity is particularly interesting, 
as this can readily alter polymer-solvent interac-
tions.26 There are several ways to tune the polymer 
hydrophobicity, such as altering the polymer 
structure or using copolymerization. Kempe and 
coworkers reported that overall polymer hydro-
phobicity of graft copolymers could be increased 
by increasing the length of the side chains, thereby 
decreasing polymer LCST.27 Several groups in-
cluding Lutz, Hoth, Kostjuk, and ourselves, have 
previously reported that polymer LCST could be 
controlled by copolymerizing with a high LCST 
monomer with monomers of lower LCST.28-30 Re-
cent reports by our group have also shown that the 
thermoresponsive behavior of amphiphilic copol-
ymers can be tuned by diversifying the hydropho-
bicity of comonomers in case of both brushy and 
linear copolymers.31 In the case of linear poly-
mers, it was also shown that the thermoresponsive 
behavior of the polymers could be correlated to 
their hydrophobicity.32  
The abundance of methods for tuning polymer 
thermoresponsiveness, as well as their facile pro-
duction via controlled radical polymerization 
techniques, has led to these polymers being widely 
investigated. A recent technique that combines the 
advantages of thermoresponsive polymers with 
the versatility of PISA has been denoted as 
polymerization-induced thermal self-assembly 
(PITSA), and was first reported by Sumerlin and 
coworkers.33 During PITSA, polymer chains self-
assemble once they reach critical length, upon 
which they become hydrophobic, then proceed to 
follow the same mechanism as PISA. The entropic 
changes in the system contribute to the self-assem-
bly process as this drives the phase transition of 
polymer chains once the system reaches a critical 
temperature.33, 34 For example, Sumerlin and 
coworkers reported PITSA of a well-known ther-
moresponsive monomer N-isopropylacrylamide 
(NIPAM) using a hydrophilic chain transfer agent 
of N, N-dimethylacrylamide (DMA). Here, they 
reported the evolution of morphologies from mi-
celles to micelle/worm mixture, to worms and fi-
nally to vesicles as the NIPAM polymerizes.33  
Inspired by this work, we wanted to investigate 
whether we could expand the library of available 
monomers for the production of thermoresponsive 
nanoparticles via PITSA to be able to more exten-



 

sively utilize the advantage of inherent phase tran-
sition behavior of thermoresponsive polymers. 
Our previous study reports the production of ther-
moresponsive polymers by copolymerizing non-
responsive N,N-dimethyl acrylamide (DMA) and 
alkyl acrylates.  In particular, we sought to vali-
date that this behavior would translate into a self-
assembly process during PITSA, as this would 
provide an insight for the design of new thermo-
responsive nanoparticles using monomers that 
produce non-responsive homopolymers. With this 
goal, we selected hydrophilic DMA as the hydrop-
hilic block on account of its simple chain structure, 
and hexyl acrylate (HA) for the hydrophobic com-
ponent due to its commercial availability. We pre-
pared nanoparticles using these monomers (NP1) 
and then introduced an azide bearing monomer (3-
Azidopropyl methacrylate monomer (AzPMA)) 
and acrylic acid (AA) monomer (NP2) in order to 
be able to both functionalize these nanoparticles 
through the azide moieties and stabilize their 
structure via crosslinking through the AA units 
(Figure 1).  

Figure 1. Schematic representation of the preparation 
of (A) uncrosslinked mPEG-b-P(DMA-co-HA) nano-
particles (NP1) and (B) crosslinked mPEG-b-P(Az-
PMA)-b-P(AzPMA-co-AA)-b-P(DMA-co-HA) nano-
particles (NP2). 

2. Experimental Section 

2.1. Materials 

3-Chloropropanol (Sigma-Aldrich, 98%), sodium 
azide (NaN3, Sigma-Aldrich, ≥99%), tetrabu-
tylammonium bisulfate (Sigma-Aldrich, ≥99%), 

triethylamine (Alfa Aesar, 99%), methacryloyl 
chloride (Sigma-Aldrich, 97%, contains ~200 ppm 
monomethyl ether hydroquinone as stabilizer), hy-
droquinone (Sigma-Aldrich, ≥99%) were used as 
received. Hexyl acrylate (HA, Sigma-Aldrich, 
99%), N,N-dimethyl acrylamide (DMA, Sigma-
Aldrich, 99%), methyl methacrylate (MMA, 
Sigma-Aldrich, 99%), acrylic acid (anhydrous, 
contains 200 ppm MEHQ as inhibitor, 99%) and 
1,4-dioxane (Sigma-Aldrich, 99.8%) were filtered 
through basic alumina prior to use.  Poly(ethylene 
glycol) methyl ether (mPEG, Sigma-Aldrich, Mn = 
5000 Da) 1,3,5-trioxane (Sigma-Aldrich, ≥99%), 
potassium persulfate (KPS, Sigma-Aldrich), 3-
(trimethylsilyl)-1-propanesulfonic acid sodium 
salt (TMS, Sigma-Aldrich, 97%), N-(3-dimethyl-
aminopropyl)-N′-ethylcarbodiimide hydrochlo-
ride (EDC.HCl, Sigma-Aldrich), cystamine dihy-
drochloride (Alfa Aesar, ≥97%), dibenzocy-
clooctyne-N-hydroxysuccinimidyl ester (DBCO-
NHS, Sigma-Aldrich), N-ethyldiisopropylamine 
(DIPEA, Sigma Aldrich, ≥97%), N,N-dimethyl-
formamide (DMF, Sigma-Aldrich), Fmoc-
Trp(Boc)-OH (W, Sigma-Aldrich, ≥97%), Fmoc-
Arg(PBF)-OH (R, Sigma-Aldrich), Rink Amide 
AM Resin (100-200 mesh) (VWR International), 
Oxyma Pure (Sigma-Aldrich), N,N′-diisopropyl-
carbodiimide (DIC, Sigma-Aldrich, 99%), piperi-
dine (Alfa Aesar, 99%), trifluoroacetic acid (TFA, 
Sigma-Aldrich, 99%),  2,2′-(ethylenedioxy)di-
ethanethiol (DODT, Sigma-Aldrich, 95%), tri-
ethylsilane (TES, Sigma-Aldrich, 97%) was used 
as received. 2,2′-Azobis(2-methylpropionitrile) 
(AIBN) was received from Molekula, recrystal-
lized from methanol, and stored at 4 °C. 3-Az-
idopropyl methacrylate monomer (AzPMA) was 
prepared according to a previously described pro-
cedure.35 mPEG chain transfer agent (mPEG-
CTA) was synthesized following a previously de-
scribed procedure.36 

2.2. Characterization 

Nuclear magnetic resonance (1H-NMR) spectra 
were recorded at 300 MHz on a Bruker DPX-300 
spectrometer, using chloroform-d (CDCl3) as the 
solvent. Chemical shifts of protons are reported as 
δ in parts per million (ppm) and are relative to sol-
vent residual peaks. Size exclusion chromatog-
raphy (SEC) analysis was performed on a system 



 

composed of an Agilent 1260 Infinity II LC sys-
tem equipped with an Agilent guard column 
(PLGel 5 μM, 50 × 7.5 mm) and two Agilent 
Mixed-C columns (PLGel 5 μM, 300 × 7.5 mm). 
The mobile phase used was CHCl3 (HPLC grade) 
containing 0.5% v/v NEt3 at 40 °C with a flow rate 
of 1.0 mL min-1 (poly(methyl methacrylate) (PM) 
standards were used for calibration). Detection 
was conducted using a differential refractive index 
(RI) detector. Number-average molecular weights 
(Mn), weight-average molecular weights (Mw) and 
dispersities (ĐM = Mw/Mn) were determined using 
the Agilent SEC software. High pressure liquid 
chromatography (HPLC) analyses were per-
formed on a modular Shimadzu instrument with 
the following modules: CBM-20A system control-
ler, LC-20AD solvent delivery module, SIL-20AC 
HT autosampler, CTO-20AC column oven, SPD-
M20A photodiode array UV-Vis detector, RF-
20A spectrofluorometric detector and a FRC-10 
fraction collector. Chromatography was per-
formed on a [Shim-pack GISS 5 μm C18 (4.6×125 
mm) reversed phase column] heated at [30 °C]. 
Flow rate was set at 0.8 mL·min-1 and the products 
eluted using a gradient of buffers: Buffer A, [H2O 
(18.2 MΩ·cm-1 + 0.1 vol% Formic acid)]; Buffer 
B: [MeCN (HPLC grade) + 0.1 vol% Formic 
acid]. The elution of sequences with a tryptophan 
fluorophore was determined using the fluores-
cence detector (excitation wavelength 350 nm and 
emission wavelength 450 nm).  The elution of se-
quences with dansyl fluorophore was determined 
using the fluorescence detector (excitation 335 nm 
and emission wavelength 519 nm). Fourier Trans-
form Infrared Spectroscopy was carried out using 
an Agilent Technologies Cary 630 FTIR spec-
trometer. 16 Scans from 600 to 4000 cm-1 were 
taken at a resolution of 4 cm-1, and the spectra 
were corrected for background absorbance. Hy-
drodynamic diameters (Dh) and size distributions 
(PD) of nano-objects were determined by dynamic 
light scattering (DLS) using a Malvern Zetasizer 
Nano ZS with a 4 mW He-Ne 633 nm laser mod-
ule operating at 25 °C. Measurements were carried 
out at an angle of 173° (back scattering), and re-
sults were analyzed using Malvern DTS v7.03 
software. All determinations were repeated 3 
times with at least 10 measurements recorded for 
each run. Dh values were calculated using the 

Stokes-Einstein equation, where particles are as-
sumed to be spherical. Dry-state-stained transmis-
sion electron microscopy (TEM) imaging was per-
formed on a JEOL JEM-1400 microscope operat-
ing at an acceleration voltage of 80 kV. All dry 
state samples were diluted with deionized water to 
appropriate analysis concentration and then de-
posited onto formvar-coated or GO-coated copper 
grids. After roughly 1 min, excess sample was 
blotted from the grid and the grid was stained with 
an aqueous 1 wt% uranyl acetate (UA) solution for 
1 min prior to blotting, drying and microscopic 
analysis. 

2.3. mPEG-b-P(DMA-co-HA)99 nanoparticle 
(NP1) synthesis 

mPEG-CTA (107 mg, 0.02 mmol), DMA (84 µl, 
0.8 mmol), HA (215 µl, 1.2 mmol), KPS (1.8 mg, 
7 × 10-3 mmol) were placed in a vial with a rubber 
septum, and DI water (0.250 g) was added to 
achieve a 10 w/w % solids concentration. TMS (89 
mg, 0.4 mmol) was used as the internal standard. 
The solution was deoxygenated by purging with 
N2 for 30 min, then placed in a heating block at  
50 °C and left to stir overnight. After the reaction 
was complete, the vial was opened to the atmos-
phere while still in the heating block and subse-
quently stirred for 30 min to ensure reaction 
quenching. Samples were taken before and after 
the polymerization reaction to determine the con-
version using 1H NMR spectroscopy. A high mon-
omer conversion of ≈99% was determined due to 
the disappearance of the DMA and HA vinyl sig-
nals at 5.78, 6.11, and 6.70 ppm (1H NMR). Also, 
apparent HA signals at 4.0 ppm (-CH-(CH3)2) 
were detected. Particle size was measured by DLS 
at a temperature range of 50 °C-RT by using the 
sample taken from the polymerization solution 
while the solution was still at 50 °C. 

2.4. Synthesis of 3-azidopropyl methacrylate 
(AzPMA) monomer 

3-Chloropropanol (10.6 mL, 12g, 0.127 mol) was 
added to a mixture of water (15 mL), sodium azide 
(16 g, 0.254 mol, 2 equivalent), and tetrabu-
tylammonium hydrogen sulfate (0.5 g). The mix-
ture was stirred at 80 °C for 24 h and then at room 
temperature for 14 h. The product was extracted 
with ether (3 × 50 mL), the resulting solution was 



 

dried over sodium sulfate, the solvent was re-
moved on a rotary evaporator to obtain 3-az-
idopropanol (yield:  7.3 g, 57%). 

A solution of 3-azidopropanol (7.3 g, 0.072 mol), 
triethylamine (12.9 mL, 0.092 mol, dried over so-
dium sulfate), hydroquinone (0.05 g), and meth-
ylene chloride (30 mL, dried over sodium sulfate) 
was cooled in an ice-water bath. Methacryloyl 
chloride (8.9 g, 8.4 mL, 0.09 mol) was added drop-
wise over a period of 20 minutes, and the mixture 
was stirred in the cooling bath for 1 h and then at 
room temperature for 14 h (Scheme 1). Methylene 
chloride (15 mL) was added, and the mixture was 
extracted with an aqueous solution of hydrochloric 
acid (1/10 v/v, 2 x 30 mL), water (2 x 30 mL), 10 
wt % aqueous NaOH (2 x 30 mL), and again with 
water (2 x 30 mL). The methylene chloride solu-
tion was mixed with hydroquinone (0.1 g) and 
dried over sodium sulfate. The organic solvent 
was removed under reduced pressure. The crude 
oil was purified by silica gel column chromatog-
raphy (hexane: ethyl acetate, 4 : 1), resulting in a 
colorless oil. 

 

Scheme 1. Synthesis of 3-azidopropyl methacrylate 
(AzPMA) monomer 

2.5. mPEG-b-P(AzPMA)1-b-P(AzPMA-co-
AA)2 macro-CTA synthesis 

Copolymerization of AzPMA monomer with 
acrylic acid (AA) was conducted starting with the 
polymerization of AzPMA by using AIBN as the 
initiator, mPEG-CTA as the RAFT agent, 1,3,5-
trioxane as an internal reference, and 1,4-dioxane 
as the solvent, following the addition of AA mon-
omer after achieving the targeted total DP of 1 to 
5 with a molar ratio of [Monomer]/[1,3,5-Triox-
ane]/[mPEG-CTA]/[AIBN] = 10:20:1:0.1 in 1,4-
dioxane (monomer/1,4-dioxane = 1:2 by volume) 
(Scheme 2). 

Scheme 2. Synthetic scheme for the preparation of 
mPEG-b-P(AzPMA)1-b-P(AzPMA-co-AA)2 
macro-CTA 

For the synthesis of a copolymer: a stock solution 
of 10 mg mL-1 AIBN was prepared in 1,4-dioxane 
and 47 µL of this solution (0.5 mg, 2.8 x 10-3 
mmol, 0.1 eq) was added to a vial of mPEG-CTA 
(150 mg, 2.8 x 10-2 mmol, 1.0 eq), AzPMA mon-
omer (24 mg, 0.1 mmol, 5.0 eq), and 1,3,5-triox-
ane (51 mg, 5.7 x 10-1 mmol, 20 eq) in 1,4-dioxane 
and mixed in an oven-dried ampoule containing a 
magnetic stir bar until all solids dissolved. The re-
sulting solution was degassed using at least three 
freeze-pump-thaw cycles, back-filled with N2, 
and placed in a preheated oil bath at 70 °C. Sam-
ples were taken periodically to determine the over-
all and relative conversion of AzPMA. Mean-
while, AA (6.2 mg, 8.5 x 10-2 mmol, 3.0 eq) was 
purged with N2 in a separate vial for 30 min. 
When 1 DP of AzPMA was achieved, AA was 
added to the reaction vessel under N2. Once 1 DP 
of AA was achieved, the polymerization reaction 
was quenched by opening the vial to the air. Puri-
fication was achieved by dialysis (3-4 kDa 
MWCO) against nanopure water followed by ly-
ophilisation. 

2.6. mPEG-b-P(AzPMA)1-b-P(AzPMA-co-
AA)2-b-P(DMA-co-HA)99 nanoparticle (NP2) 
synthesis 

For the synthesis of mPEG-b-P(AzPMA)1-b-
P(AzPMA-co-AA)2-b-P(DMA-co-HA)99 nano-
particle (Scheme 3), as a first step, in a vial with a 
rubber septum, P2 (67 mg, 0.01 mmol), DMA (46 
µl, 0.4 mmol), HA (118 µl, 0.7 mmol) KPS (1.0 
mg, 4 × 10-3 mmol) were added with DI water 
(1.94 g) was added to achieve a 10 w/w % solids 
concentration. TMS (49 mg, 0.2 mmol) was also 
added as an internal standard. The solution was de-
oxygenated by purging with N2 for 30 min, then 



 

placed in a heating block at 50 °C and left to stir 
overnight. To quench the reaction, the vial was 
opened to the atmosphere while still in the heating 
block and stirred further for 30 min. Samples were 
taken before and after the polymerization reaction 
to determine the conversion using 1H NMR spec-
troscopy. Particle size was measured on DLS at a 
temperature range of 50 °C to RT using the sample 
taken from the polymerization solution while the 
solution was still at 50 °C. 

Secondly, EDC (5.9 mg, 0.03 mmol) was added to 
the reaction vessel while the quenched reaction 
vial was still in the heating block. After 30 min, 
cystamine hydrochloride (1.8 mg, 0.008 mmol) 
was added, and the solution was left to stir over-
night at 50 °C. The amount of EDC was calculated 
by using 2x excess theoretical moles of acrylic 
acid (0.015 mmol), calculated from the polymer 
composition (1 AA unit) and amount of macro-
CTA added (0.012 mmol), while the amount of 
cystamine hydrochloride was calculated as 0.5 
equivalents of theoretical moles of AA. 

Scheme 3. Synthetic scheme for the preparation of (1) 
mPEG-b-P(AzPMA)1-b-P(AzPMA-co-AA)2-b-
P(DMA-co-HA)99 nanoparticle (NP2) and (2) cross-
linking of NP2 through the acrylic acid units. 

 

 

2.7. Solid Phase synthesis of (WR)3 peptide 

WRWRWR-NH2, (WR)3, peptide was synthesized 
on a microwave-assisted CEM Liberty Blue auto-
mated peptide synthesizer on a 0.25 mmol scale 
(Scheme 4). 

 

Scheme 4. Structure of WRWRWR-NH2, (WR)3, pep-
tide. 

Solutions of 0.2 M of amino acid, 1 M DIC and  
1 M Oxyma were prepared in DMF and loaded 
onto the machine. Rink amide AM resin (0.78 
mmol/g) was used for the synthesis of (WR)3 pep-
tide. 20% v/v piperidine solution in DMF was used 
as a deprotection solution. For Arginine, R, double 
coupling at 75 °C was carried out. After the syn-
thesis, the resin was washed with DCM 3 times 
and the resulting peptide was cleaved from the 
resin by stirring at RT for 4 h in a cleavage solu-
tion of trifluroacetic acid (TFA) : 2,2′-(ethylenedi-
oxy)diethanethiol (DODT) : triethylsilane (TES) : 
H2O with the ratio 92.5% : 2.5% : 2.5% : 2.5%. 
After the cleavage, the resin was filtered, and the 
peptide was precipitated in cold diethyl ether 3 
times and dried. (WR)3 peptide was characterized 
by using mass spectroscopy and HPLC. Expected 
mass (Da): 1044.5760, Found mass (Da): 
1044.5756. 

2.8. (WR)3 peptide conjugation to dibenzoc 
yclooctyne-N-hydroxysuccinimidyl ester 
(DBCO-NHS) 

DIPEA ((4 µl, 0.02 mmol, 2 eq) and DBCO-NHS 
(9.3 mg, 0.02 mmol, 2 eq) was added to the solu-
tion of (WR)3 peptide (11.3 mg, 0.01 mmol, 1 eq) 
in DMF (1.2 ml), and the reaction mixture was 
stirred at RT for 8 h to obtain (WR)3-DBCO-NHS 
conjugate (Scheme 5). (WR)3-DBCO-NHS was 
precipitated in cold diethyl ether, collected by cen-
trifugation, and dried under vacuum. The resulting 



 

conjugate was characterized by mass spectros-
copy. Expected mass (Da) : 1331.56, Found mass 
(Da) : 1331.67. 

 

Scheme 5. Synthetic scheme for the conjugation of 
(WR)3 to dibenzocyclooctyne-N-hydroxysuccinimidyl 
ester (DBCO-NHS). 

2.9. Conjugation of (WR)3-DBCO-NHS to NP2 
via Cu-free Click (SPAAC) 

A solution of NP2 (10 mg, 0.5× 10-3 mmol, 1 eq) 
in DCM was added to the solution of (WR)3-
DBCO-NHS (2.1 mg, 0.2 × 10-3 mmol, 3 eq) in 
DMF and left to stir at RT for 24h (Scheme 6). 
After the reaction, purification was achieved by 
dialysis (3-4 kDa MWCO) in nanopure water fol-
lowed by lyophilisation. Resulting nanoparticles 
were characterized via FTIR, DLS and TEM. 

Scheme 6. Synthetic scheme for the conjugation of 

(WR)3-DBCO-NHS to NP2 via Cu-free Click 
(SPAAC). 

3. Results and Discussion 

3.1. mPEG-b-P(DMA-co-HA)99 nanoparticle 
(NP1) synthesis 

We first prepared a polyethylene glycol chain 
transfer agent (mPEG CTA) (P1), and then carried 
out PITSA using DMA and HA as the core mono-
mers to test the self-assembly behavior of the 
mPEG-b-P(DMA-co-HA) polymer. The CTA was 
synthesized following previous literature,36 and 
then  P1 was obtained by 1-ethyl-3-(3-dimethyla-
minopropyl) carbodiimide (EDC) coupling with a 
commercial mPEG (Mn = 5000 Da) in the presence 
of catalytic 4-dimethylaminopyridine (DMAP). 
Successful synthesis was confirmed by 1H NMR 
spectroscopy, and size-exclusion chromatography 
(SEC) confirmed that the mPEG-CTA had a mon-
omodal and narrow molecular weight distribution 
(MWD) (Figure S1). Using P1, PITSA of DMA 
and HA was conducted in water at 50 °C to obtain 
nanoparticles (NP1) (Figure 2A). The final molar 
composition of the purified copolymer was deter-
mined using 1H NMR spectroscopy, and the mo-
lecular weight distribution (MWD) of the final co-
polymer was determined using size-exclusion 
chromatography (SEC). While quantitative block-
ing efficiency was not achieved for this copolymer 
(Figure S2), DLS analysis at 50 °C confirmed that 
this polymer could successfully form nanoparti-
cles. Next, DLS measurements were carried out as 
a temperature ramp in the range of 20-50 °C (Fig-
ure S3, Table S2). DLS was used to characterize 
the dispersity (PDI = 0.25 at 50 °C) (Figure 2B) 
and the disassembly of these particles as the tem-
perature was decreased below 50 °C (Figure 2C). 
This data confirmed that particle formation was 
driven by LCST behavior. 



 

Figure 2. (A) Structure of NP1 nanoparticles. Size 
distribution and polydispersity index of NP1 (B) 
at 50 °C (C) at room temperature (RT) measured 
by DLS. 

3.2. mPEG-b-P(AzPMA)1-b-P(AzPMA-co-
AA)2-b-P(DMA-co-HA)99 nanoparticle (NP2) 
synthesis 

With our PITSA system validated, we next wanted 
to investigate the ability to increase the function-
ality of the NP surface, for example to further at-
tach therapeutic molecules or targeting agents. To 
this end, an azide-bearing monomer, azidopropyl 
methacrylate (AzPMA), was introduced into the 
polymer to enable post-polymerization functional-
ization through azide-alkyne cycloaddition.  A 
small fraction of acrylic acid (AA) units was also 
introduced into the polymer structure to enable 
crosslinking of the resulting nanoparticles to pre-
vent their disassembly, allowing characterization 
of the nanoparticles at room temperature (RT). AA 
was introduced after the first block was polymer-
ized to a certain AzPMA monomer, considering 
the AA has a higher reaction rate than AzPMA. 
First, the azidopropyl methacrylate (AzPMA) 
monomer was synthesized from 3-azidopropanol 
(AzPOH) (see supporting information for detailed 
procedure) and characterized by 1H NMR (Figure 
S4).  Then, the macro-CTA was synthesized by 
polymerization of AzPMA at 70 °C with the se-
quential addition of AA. AzPMA conversion was 
monitored by 1H NMR spectroscopy, and AA was 
added when 1 unit of AzPMA monomer had pol-
ymerized (Figure S5). The MWD for the mPEG-
b-P(AzPMA)1-b-P(AzPMA-co-AA)2 copolymer 

(P2) was determined using SEC, which showed a 
slightly higher dispersity (ĐM) of 1.32 (Figure S6). 
Next, PITSA of DMA and HA was conducted us-
ing P2 in water to yield azide-functionalized na-
noparticles (NP2). PITSA of DMA and HA using 
P2 was carried out at 50 °C as with NP1. We ex-
pected that P2 would have a lower LCST than P1, 
as our previous research indicates that the hydro-
phobic AzPMA would have a greater effect than 
hydrophilic AA on the overall copolymer hydro-
phobicity. To better explain the effect of monomer 
hydrophobicity, partition coefficients (LogP), 
which are used to determine the hydrophobicity of 
small molecules, were used to calculate the hydro-
phobicity of both monomers using ChemBio 3D. 
LogP was calculated as 2.49 for AzPMA and 0.35 
for AA, showing that AzPMA is more hydropho-
bic than AA. This suggests that the overall copol-
ymer would be more hydrophobic as there are 
more AzPMA units than the AA monomer in the 
final copolymer. As such, it is likely to undergo a 
phase transition at a lower temperature than for 
P1. To characterize the block copolymer assem-
blies at room temperature after the PITSA process, 
cystamine was added to the NP2 polymerization 
solution at 50 °C to crosslink through the acid 
groups of AA via EDC coupling. The final compo-
sition of the polymers after PITSA was determined 
via 1H NMR spectroscopy, which confirmed a fi-
nal structure of mPEG-b-P(AzPMA)1-b-P(Az-
PMA-co-AA)2-b-P(DMA-co-HA)99. SEC analysis 
showed a broad distribution with high ĐM of 
2.90 due to the swelling of the nanoparticles when 
dispersed in CHCl3 (SEC solvent) (Figure S7). 
The formation of particles was tracked via DLS 
measurements during a temperature ramp in the 
range of 20-50 °C (Figure S8, Table S3). As with 
NP1, when NP2 was uncrosslinked (Figure 3A), 
particles could be observed at 50 °C followed by 
particle disassembly with decreasing temperature 
(Figure 3B). Following the crosslinking reaction, 
DLS measurements were repeated over the same 
temperature range (Figure S9, Table S4). As 
shown in Figure 3C below, successful crosslinking 
was confirmed by the presence of stable particles 



 

at both 50 °C and RT. This was further demon-
strated by TEM analysis which showed stable par-
ticles with a size of approximately 42 nm. The dif-
ference in sizes between DLS and dry-state TEM 
measurements were attributed to the drying effect 
during TEM sample preparation (Figure 3C). 

Figure 3. (A) Chemical structure of mPEG-b-P(Az-
PMA)1-b-P(AzPMA-co-AA)2-b-P(DMA-co-HA)99 na-
noparticle (NP2) (star and ball representing the Az-
PMA and AA monomers, respectively) and (B) size 
distribution and polydispersity index for uncrosslinked 
NP2 at 50 °C and at RT and (C) size distribution and 
polydispersity index for crosslinked NP2 at 50 °C and 
at RT measured by DLS and corresponding TEM im-
ages. 

3.3. Conjugation of (WR)3-DBCO-NHS to NP2 
via Cu-free Click (SPAAC) 

As a next step, we investigated how post-polymer-
ization functionalization of the particles would af-
fect their stability. To this end, we attached a short 
antibacterial peptide containing tryptophan (W) 
and arginine (R) amino acids, (WR)3, through the 
azide units on the surface of NP2. It has been re-
ported that the (WR)3 peptide shows good antibac-
terial efficiency against widely used bacterial 
strains.37 Based on this, this peptide was selected 
as a functionalizing agent for the synthesized na-
noparticles to create antimicrobial therapeutic 
NPs. First, the antibacterial peptide (WR)3 was 
synthesized via solid phase peptide synthesis 

(SPPS) on an automated peptide synthesizer. The 
peptide was obtained with 90% purity which was 
determined using HPLC (Figure S10). Then, the 
(WR)3 peptide was reacted with dibenzocy-
clooctyne-N-hydroxysuccinimidyl ester (DBCO-
NHS) to enable attachment with the crosslinked 
NP2 via copper-free Click chemistry (SPAAC) 
through the azide units (Figure 4A). 1H NMR 
spectroscopy did not provide distinguishable 
peaks, and therefore attachment of the peptide was 
confirmed via Fourier Transform Infrared (FTIR) 
spectroscopy, with the formation of a peak at 1997 
nm-1 from the C=N bonds of peptide side chains 
on the spectra of NP2-(WR)3 (Figure S11). It 
should be noted that the disappearance of the azide 
peak upon attachment could not be monitored as 
both NP2 and (WR)3 peptides displayed the same 
signal on their FTIR spectra at the same region 
where the azide peak is found. Next, the stability 
of the peptide-functionalized nanoparticles was 
determined using DLS and TEM. DLS results 
showed particle formation with a good correlation 
curve, and TEM images further confirmed that 
NP2 was stable after functionalizing with the 
(WR)3 peptide. The size of the particles after 
(WR)3 attachment was found to be smaller accord-
ing to the DLS and TEM results (Figure 4B). We 
attribute this to the nanoparticle hydrophobicity 
increasing with (WR)3 attachment, due to the in-
creased interactions with the polymer chains caus-
ing shrinking of the particles. 

Figure 4. (A) Schematic representation of (WR)3 pep-
tide attachment to the NP2 via SPAAC. (B) Size dis-
tribution and polydispersity index of (WR)3-NP2 par-
ticles measured by DLS and accompanying TEM im-
age.  

 



 

4. Conclusion 

Notably, after showing in our previous work that 
polymers based on monomers known to produce 
non-responsive homopolymers can yield ther-
moresponsive copolymers, we have demonstrated 
in this work that these copolymers can also form 
nanoparticles upon the thermal trigger. This is a 
promising development which will enable the de-
sign of new thermoresponsive nanoparticles with 
tunable temperature responses upon varying the 
constituent polymer chemistries. These results 
confirm that PITSA is an efficient method for the 
preparation and functionalization of nanoparticles 
with inherent thermoresponse. We have further 
demonstrated that PITSA nanoparticles can find 
application in various areas as they are amenable 
to functionalization with fluorescent dyes, anti-
bodies, anticancer drugs etc. Additionally, nano-
particles with different morphologies that can be 
achieved via PITSA can be functionalized by in-
troducing various moieties into the polymer struc-
ture, allowing the building of diverse libraries of 
functional nanoparticles with different morpholo-
gies.  

To conclude, we report the synthesis of ther-
moresponsive copolymers of DMA and HA mon-
omers via PITSA and investigate their self-assem-
bly behavior by measuring the particle size using 
DLS. The results showed that both simple mPEG-
b-P(DMA-co-HA) and azide functionalized 
mPEG-b-P(AzPMA)-b-P(AzPMA-co-AA)-b-
P(DMA-co-HA) copolymers assemble to form na-
noparticles at 50 °C, and they disassemble below 
that temperature unless they are crosslinked 
through acrylic acid units. We also demonstrated 
that these nanoparticles could be functionalized 
with short antibacterial peptides while maintain-
ing their stability, posing as a promising nanopar-
ticle platform that can be functionalized to bear 
various moieties. We are currently working on our 
next step, which is to test the antibacterial effi-
ciency of the antibacterial (WR)3 peptide, the na-
noparticle, and the peptide-attached nanoparticle 
against the most commonly tested bacteria strains. 

Overall, this study demonstrates that various func-
tional nanoparticles can be prepared using PITSA 
and these systems hold potential for various thera-
peutic applications. We envisage that the diversi-
fication of monomers used for PITSA will allow 
the design of tailored nanoparticles with tunable 
properties enabling the preparation of required na-
noparticles for targeting different applications. 
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Supplementary Characterization Data 

Table S1. Molecular characteristics of copolymers prepared via RAFT, as determined by 1H NMR 

spectroscopy and SEC analyses. 

Polymers DPa 
Mn, NMR

b
 

(kDa) 

Mn, SEC
c
 

(kDa) 
ĐM

c 

mPEG-P(DMA-co-HA) 99 18.6 15.4 1.20 

mPEG-P(AzPMA)-b-P(AzPMA-co-AA) 3 5.8 10.5 1.32 

mPEG-P(AzPMA)-b-P(AzPMA-co-AA)-b-P(DMA-co-

HA) 
102 19.0 43.4 2.90 

a Determined by 1H NMR spectroscopy (CDCl3, 300 MHz). 
b Calculated from monomer conversion. 
c Mn and ĐM determined by SEC (in CHCl3 + 0.5% NEt3, calibrated against PMMA standards). 

  

Figure S1. Normalized molecular weight distribution for mPEG-CTA determined by SEC (CHCl3 +  

0.5% NEt3 as the eluent and calibrated against PMMA standards) using RI and UV detectors. 
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Figure S2. Normalized molecular weight distributions for mPEG-CTA (black) and mPEG-P(DMA-co-

HA) copolymer (blue) determined by SEC (CHCl3 + 0.5% NEt3 as the eluent and calibrated against 

PMMA standards) using an RI detector.  

 

Figure S3. Size distribution of NP1 at (A) 50 °C, (B) 40 °C, (C) 30 °C, and (D) RT measured by DLS. 

NP1 solution was prepared at 5 mg mL-1 in nanopure water. The temperature-dependent change in 

particle size, volume and intensity was recorded within the temperature range of 50 oC to RT with 10 oC 

intervals. 
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Table S2. Size, number, intensity, volume and polydispersity measurements for mPEG-P(DMA-co-HA)99 

nanoparticle (NP1). 

T (°C) Size Number Intensity Volume PDI 

50 173±8 153±6 193±18 191±18 0.28±0.03 

40 167±4 61±86 222±0.6 88±116 0.30±0.03 

30 163±3 11±3 222±7 23±7 0.32±0.01 

RT 164±1 9±4 228±7 19±9 0.32±0.01 

 

 

Figure S4. 1H-NMR spectrum of AzPMA monomer in CDCl3 (400 MHz). 
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Figure S5. 1H-NMR spectra of P2 polymer in CDCl3 showing the polymerization kinetics before and 

after the addition of AA monomer (T1+AA represents the time point that AA monomer was introduced to 

the polymer solution.) (400 MHz). 
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Figure S6. Normalized molecular weight distribution for mPEG-P(AzPMA)1-b-P(AzPMA-co-AA)2 

copolymer determined by SEC (CHCl3 + 0.5% NEt3 as the eluent and calibrated against PMMA 

standards) using RI (black) and UV detectors (red). 

 

Figure S7. Normalized molecular weight distributions for for mPEG-P(AzPMA)1-b-P(AzPMA-co-AA)2 

(black) and for mPEG-P(AzPMA)1-b-P(AzPMA-co-AA)2-b-P(DMA-co-HA) (blue) determined by SEC 

(CHCl3 + 0.5% NEt3 as the eluent and calibrated against PMMA standards) using an RI detector. 
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Figure S8. Size distribution of NP2 before crosslinking at (A) 50 °C, (B) 40 °C, (C) 30 °C, and (D) RT 

measured by DLS. NP2 solution was prepared at 5 mg mL-1 in nanopure water. The temperature-

dependent change in particle size, volume and intensity was recorded within thetemperature range of  

50 oC to RT with 10 oC intervals. 

Table S3. Size, number, intensity, volume and polydispersity measurements for NP2 before crosslinking.  

T (°C) Size Number Intensity Volume PDI 

50 153±1 133±1 163±3 159±3 0.24±0.01 

40 163±2 103±59 203±17 163±44 0.26±0.04 

30 159±2 45±13 363±44 364±82 0.42±0.02 

RT 165±4 33±5 267±52 185±88 0.34±0.01 
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Figure S9. Size distribution of NP2 after crosslinking at (A) 50 °C, (B) 40 °C, (C) 30 °C, and (D) RT 

measured by DLS. NP2 solution was prepared at 5 mg mL-1 in nanopure water. The temperature-

dependent change in particle size, volume and intensity was recorded within the temperature range of  

50 oC to RT with 10 oC intervals. 

Table S4. Size, number, intensity, volume and polydispersity measurements for NP2 after crosslinking. 

T (°C) Size Number Intensity Volume PDI 

50 122±4 71±9 154±4 120±8 0.20±0.01 

40 116±2 68±7 146±6 111±2 0.20±0.01 

30 113±2 50±12 146±2 98±8 0.22±0.01 

RT 115±2 58±2 148±3 104±4 0.22±0.01 
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Figure S10. HPLC chromatogram of (WR)3 peptide in acetonitrile : H2O (1:1 v/v). 

 

Figure S11. FTIR spectrum of DBCO-NHS, (WR)3 peptide, NP2 and NP2-(WR)3 conjugate. 
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Chapter 5. Conclusion and Outlook 
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The overall aim of this project was to explore the synthesis of thermoresponsive polymers and 

investigate the effect of polymer hydrophobicity on thermoresponsive behavior of copolymers. 

Additionally, self-assembly behavior of thermoresponsive polymers using a recent self-

assembly method was investigated and reported in the last experimental chapter of this thesis. 

In Chapter 1, the concepts of synthetic polymers, polymerization methods, especially reversible 

addition-fragmentation chain transfer (RAFT) polymerization which was the main 

methodology used for copolymer synthesis in this thesis, and polymerization-induced self-

assembly (PISA), with a focus on polymerization-induced thermal self-assembly (PITSA) was 

introduced. Thermoresponsive polymers and their applications were explained followed by a 

brief history of the ways of determining polymer hydrophobicity to the most recent 

computational tools to calculate hydrophobicity proxies. 

Chapter 2 included the synthesis of brushy copolymers of OEGMA and various alkyl 

methacrylates where the comonomer compositions were varied in individual copolymer series 

in order to observe the effect of alkyl chain length and also initial feed ratio. The attempt of 

correlating thermoresponsive behavior of the copolymers to their hydrophobicity was done by 

comparing copolymer TCP values to computationally calculated LogP/SA values of each 

copolymer. According to the statistical analysis carried out on different polymer properties 

such as polymer molecular weight, mol% and wt% of hydrophobic comonomers, 

polydispersity, it was found for these OEGMA-based copolymers that the mol% of the 

hydrophobic comonomers is the strongest descriptor of the TCP of the copolymers. This was 

attributed to the brushy nature of OEGMA dominating the phase transition of the copolymers, 

thus only grafting density had the greatest effect on the TCP. This was further confirmed with 

the same statistical study done on similar OEGMA-based copolymers reported on the literature. 

The lack of dependence of the comonomer chemistry on the polymer TCP, would enable to 
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design new copolymers using brushy monomers with required thermoresponsive behaviors for 

selected applications. 

In Chapter 3, the same methodology used in the Chapter 2 was used for the synthesis and 

characterization of non-brushy P(DMA-co-RA) copolymers where hydrophilic DMA was 

copolymerized with hydrophobic alkyl acrylates via RAFT polymerization in order to obtain 

statistical copolymers. These copolymers are particularly interesting as they are obtained by 

using monomers that individually produce nonresponsive homopolymers. Thermoresponsive 

behavior of these copolymers were determined by measuring their TCP on UV-Vis, which 

showed a decrease in the TCP values as the hydrophobicity of the copolymers increased. 

Hydrophobicity of the copolymers were also determined by calculating the LogP/SA of each 

copolymer on a computational program using a representative oligomer model for each 

copolymer. The attempt to correlate polymer hydrophobicity to their TCP was successful for 

these non-brushy copolymers. Using this correlation, the TCP of a new copolymer was predicted 

prior to synthesis with only 1 C difference from the measured TCP. Therefore, it was suggested 

that the prediction power of this system serves as a guiding principle for non-brushy 

copolymers when designing new polymers with a thermoresponse at desired temperature 

points. 

Chapter 4 included the synthesis of thermoresponsive nanoparticles using DMA and HA 

monomers via PITSA. It was explored how the ability of these non-responsive monomers to 

produce thermoresponsive copolymers translates into self-assembly of these copolymers 

during PITSA process. Initially, a simple system was prepared by using a PEG-CTA and chain 

extending it with DMA and HA monomers. Nanoparticle formation at 50 C was shown via 

DLS measurement followed by disassembly of particles as the temperature decreased. In order 

for particles to remain stable at room temperature, acrylic acid monomers were introduced to 

the polymer chain for enabling crosslinking through them. Also, AzPMA monomers were 
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introduced to allow functionalization of the nanoparticles via Cu-free “Click” chemistry. After 

the crosslinking, the stability of the nanoparticles at room temperature was shown via DLS 

measurements and TEM imaging. The nanoparticles were further functionalized with a short 

antibacterial peptide, (WR)3, which was synthesized on an automated peptide synthesizer. 

Functionalized nanoparticles were characterized via DLS and TEM. This study showed that 

functional thermoresponsive nanoparticles of non-responsive monomers can be synthesized 

using PITSA. The next step for this study is to carry out antibacterial tests for the peptide 

functionalized nanoparticles to explore the potential improved antibacterial efficiency of the 

nanoparticles. 

Overall, this project investigated the tuning of the thermoresponsive behavior of various 

copolymers and the systems that can be prepared by using these copolymers. The potential of 

these thermoresponsive systems for therapeutic applications renders them promising tools in 

the area of biomedicine and thus requires further investigations for improvement of these 

systems. 
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