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1.1.  Polymer topology 

Polymeric materials can be defined as molecules with large molecular weights (i.e. 

macromolecules) that are made up by linking a number of smaller chemical units called 

monomers. The properties of polymers vastly differ from small molecules due to the 

inherent “freedom” in its structure and morphology, created by connecting monomers of 

diverse chemical structure, or by controlling the amount and the ways of connection.1 

Especially for the latter, development of precision chemistry and polymerization 

techniques have opened up pathways to create polymers of diverse architecture or 

“topology”,2 leading to unconventional control over their physical properties.3, 4 

Systematic classification of non-linear polymer topologies have been summarized by 

Tezuka et al,5 where typical examples include star-shaped,6 comb-like,7 randomly-

branched,8 cyclic9 and multicyclic architectures (Figure 1-1).10  
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Figure 1-1. Examples of polymers of various architectures or topologies. 
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1.2. Cyclic polymers 

Amongst the various topologies that have been realized for synthetic polymers to 

date, polymers that have a cyclic, or a ring -like architecture have especially gathered 

interest due to a number of unique properties that arise from lacking chain-ends. Before 

the first intentional synthesis of cyclic polymers, macromolecules that possessed a cyclic 

topology was discovered in nature, which laid the foundation for understanding the 

importance of cyclic architectures. In 1958, Jacob and Wollman hypothesized the 

existence of cyclic DNA elements,11 a notion that was later confirmed in 1964 through 

electron microscopy of bacteriophage.12 Circular DNA exhibits distinct advantages over 

linear DNA, such as enhanced chemical and thermal stability, making it a cornerstone of 

genetic stability in certain organisms. Cyclic peptides, another naturally occurring class 

of cyclic biomolecules, display remarkable stability against proteolytic degradation and 

thermal stress due to their unique topology. For instance, kalata B1, a cyclic peptide 

isolated from Oldenlandia affinis, was notable for its stability even in boiling water.13 

Similarly, cyclic lipids found in extremophiles such as archaea enable cellular stability 

under extreme temperatures and pH, underscoring the adaptive advantages of cyclic 

structures in nature.14, 15 
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The first synthetic cyclic polymers emerged as by-products of step-growth 

polymerization processes.16, 17 It was not until the 1970s and 1980s that the development 

of targeted synthetic strategies enabled the systematic study of cyclic polymers. For 

instance, Rempp and colleagues successfully synthesized cyclic polystyrene (PS) using a 

bimolecular ring-closure technique involving an anionic polymerization of linear 

precursors followed by cyclization with a dihalogen coupling agent.18 This breakthrough 

highlighted the potential of cyclic polymers for advanced materials research, despite 

challenges related to purity and scalability. Subsequently, a variety of effective synthetic 

methods have been developed to address these issues, with the two most popular and 

successful routes being ring-closure and ring-expansion strategies (Figure 1-2).19 Ring-

closure techniques hold advantages in that they are compatible with a variety of 

polymerization techniques and chemical backbones. However, they generally require 

highly dilute conditions, and are only suitable for cyclizing polymers of relatively low 

molecular weight.20 On the other hand, ring-expansion techniques can produce cyclic 

polymers of much larger molecular weight of high purity.21 Nevertheless, this strategy 

also possess drawbacks, such as challenges in their control over molecular weight and 

distributions, along with the limited applicability of polymerizations.22  
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Figure 1-2. Major synthetic routes to produce cyclic polymers. 
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The motivation towards extensive research on cyclic polymers is primarily due to 

the fact that they exhibit distinctive physical properties from their linear counterparts. 

These properties stem from their unique topology, which eliminates chain ends and 

imposes structural constraints. One of the most notable properties is their reduced 

hydrodynamic volume compared to linear polymers of equivalent molecular weight.23 

Furthermore, it has been highlighted that cyclic polymers demonstrate increased glass 

transition temperatures (Tg) relative to linear analogs, attributed to the constrained 

molecular motion within the cyclic architecture.24, 25 Crystallization studies revealed that 

cyclic polymers can form highly ordered domains in shorter time, due to reduced 

entanglement which allowed for a faster attainment of equilibrium state.26 As such, the 

crystallized films of cyclic polycaprolactones were found to display enhanced stabilities, 

indicating the potential applications of cyclic polymers to improve the robustness of 

materials without altering their monomer chemical structure. In other studies, cyclic 

polymers exhibited unique rheological behavior; their dynamics are dominated by an 

amoeba-like motion rather than the reptation mechanism seen in linear polymers, 

attributed to the absence of chain ends.27 In the presence of linear counterparts, cyclic 

polymers have also been found to exhibit complex phenomena such as threading, which 

was confirmed by the observation of multimode diffusion of cyclices in matrixes of linear 
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polymers.28 The effect of threading was found to further have a dramatic effect on the 

intrinsic viscosities of polymers, where while cyclic polymers on their own displayed 

significantly reduced values (e.g. intrinsic viscosities ratio of 0.57–0.63 for cyclic 

polystyrenes compared to their linear counterparts),29 mixtures of linear and cyclic 

polymers, have shown prominent increase, even when compared to values for pure linear 

polymers.30  

Recently, the so-called topology effects of cyclic polymers have been 

demonstrated to be amplified in self-assembled structures, such as microphase separation 

in the bulk state and in micellar solution.31, 32 For instance, cyclic diblock copolymers of 

polystyrene and polyethylene oxides have been found to achieve smaller domain spacing 

compared to their corresponding linear block copolymers, where a significant decrease 

was observed from 25 nm to 20 nm for cyclices.33 The significance of using cyclic block 

copolymers was justified when the decreased domain size was unable to attain by using 

linear block copolymers with shortened chain length, due to insufficient driving force for 

phase separation. In solution, block copolymers spontaneously self-assemble to produce 

“micelles”, a molecular aggregate that forms a colloidally stable structure by the 

partitioning of a solvophobic segment in the interior of the micelle, while the solvophilic 

segment faces outwards into solution.34, 35 Similar to the case of microphase separation, 
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micelles formed by cyclic block copolymers were found to have reduced dimensions 

compared to their linear counterparts. For example, Grayson et al found the diameters of 

PEO–PCL block copolymer micelles having a cyclic topology to shrink to 15 nm, from 

27 nm for micelles formed from their linear counterparts.36 More interestingly, the 

stabilities of block copolymer micelles were found to be significantly improved through 

the cyclic topology. Therein, Tezuka and Yamamoto et al compared micelle stability 

against temperature changes using linear triblock copolymer, poly(butyl acrylate) (PBA)-

PEO-PBA and their cyclized diblock copolymer (cyclic PBA-PEO).37 Due to the pseudo-

cyclic conformation that was imposed upon the linear block copolymers upon the 

formation of micelles, the dimensions and critical concentrations of micelles were found 

to be similar to that of cyclic species. However, a substantial increase in could point 

temperature of 50 ºC was observed for cyclic polymers, attributed to the elimination of 

inter-micelle agglomeration that was caused by the bridging of micelles, when linear 

polymers were used. Similar systems were shown to display enhanced stability against 

salting-out conditions, which were further demonstrated to be tunable by varying the 

mixtures of linear and cyclic species.38 The drastic enhancement of properties and this 

facile tunability of functions through control over topology holds implications for their 

use in biomedical applications, such as micelle-based drug delivery systems.39, 40 More 
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recently, Whitfield et al demonstrated an unique formation of stable hierarchical 

structures for cyclic polymers that were not attained for their linear counterparts.41 In their 

work, despite linear analogues of  poly(2-hydroxyethyl methacrylate) only producing gel-

like precipitates, cyclices were found to form worm-like structures that was further 

employed to produce worm-like assemblies and higher-ordered networks of brush 

polymers, hinting towards the use of cyclic topology to pre-organize macromolecules to 

produce further complex structures.  
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1.3. Interfaces 

 Interfaces, defined as the boundaries between different phases or materials, 

exhibit unique physical, chemical, and thermodynamic properties that significantly differ 

from those of the bulk phase, where matter exists homogeneously in a single state. These 

distinct characteristics make interfaces essential in various scientific and technological 

contexts.42, 43 Interfaces have several distinguishing features. First, they often display 

gradients in density, composition, and molecular orientation that are absent in the bulk 

phase. For example, the liquid-vapor interface shows a gradual transition in density as 

liquid transforms into vapor.44 Molecules at interfaces experience asymmetric forces 

because they lack neighboring molecules on one side, leading to phenomena such as 

surface tension.45, 46 Unlike the three-dimensional nature of bulk phases, interfaces are 

quasi-two-dimensional, which results in unique mechanical and optical properties. 

Additionally, interfaces are highly dynamic regions where processes such as adsorption, 

catalysis, and diffusion occur more readily due to reduced dimensional constraints.47 

Interfaces are critical in many applications across different fields (Figure 1-3).48 

In material science, they determine the properties of composites, coatings, and thin 

films.49 For instance, the mechanical strength of metals is significantly influenced by the 

behavior of grain boundaries, which can be understood as internal interfaces.50 In 
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catalysis, reactions often occur at the interface of a heterogeneous catalyst and the 

reactants, where the unique environment enhances reactivity and selectivity.47 Biological 

membranes, which are lipid bilayer interfaces, are essential for cellular transport and 

communication.51 Interfaces are particularly important in nanotechnology due to the high 

surface-to-volume ratio at the nanoscale, which amplifies the effects typically observed 

at interfaces. This dominance of interface-related phenomena enables a wide range of 

applications. For example, the surface properties of nanoparticles, which are defined as a 

broad spectrum of materials that have at least one dimension in the range of 1–100 nm,52 

are critical in drug delivery,53 imaging,54 and catalysis.55 Interface-driven forces also 

govern the self-organization and self-assembly (often used in interchangeable context) of 

nanostructures, such as micelles56 and block copolymers.35, 57 In energy systems, 

interfaces in thin-film solar cells,58, 59 batteries,60 and supercapacitors61 significantly 

impact charge transport and energy conversion efficiency. 
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Figure 1-3. Schematic illustration of an interface (left) and examples of systems where 
interfaces are of importance (right) 
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1.4. Polymers at interfaces 

 As mentioned in section 1.3.,  interfaces occur in every system as long as there 

are two or more phases present. Control over interfaces are pivotal in determining 

properties and functions of materials. To this end, polymeric materials are often utilized 

to tune the properties of interfaces to the desired applications, where their versatile 

chemical and physical properties such as molecular structure and strong adsorption 

dynamics, make them effective surface modifiers.62  

 In regard to the various modes of polymers present at interfaces, physical 

adsorption is a key mechanism where polymers spontaneously adhere to surfaces, 

forming structures with trains (adsorbed segments), loops, and tails.62 While the 

individual strength of physical adsorption itself may not large (in comparison with the 

energy of forming covalent bonds), the vast amount of interacting sites (monomers) result 

in a significantly higher adsorption energy of a polymer compared to that to small 

molecules, ensuring more robust and longer-lasting interfacial modifications.63 Terminal 

grafting, another prominent approach, involves covalently attaching polymer chains to 

surfaces.64 Polymer grafting can be further classified into  "grafting-from," and "grafting-

to," methods. While the former utilizes active species existing on the polymer surfaces to 

initiate the polymerization of monomers from the surface toward the bulk phase, the latter 

covalently couples presynthesized polymer chains that possess terminal/side chain 
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reactive groups to the surface.65 In addition to the chemical structure of adsorbed 

polymers, variations in chain length and density, plays a crucial role in tuning their 

interfacial properties. For instance, dense grafted polymers, provide enhanced steric 

stabilization and significantly reduce friction, thus making them invaluable in 

applications like superlubrication,66 antifouling67, 68 and biocompatible coatings.69  

Polymers grafted onto interfaces are often called “polymer brushes”, and has 

become an indispensable part of nanotechnology. In systems that exhibit a large amount 

of nanometer-scale interfaces, such as nanoparticle dispersions, the importance of tuning 

of interfacial properties become increasingly larger. Nanoparticles often suffer from 

limited colloidal stability, and require appropriate modification of the surface. 

Endowment of colloidal stability through the effects of steric hindrance that are provided 

from polymer brushes are a practical method to achieve this.70 For instance, gold 

nanoparticles have been readily modified with water soluble poly(ethylene glycol) chains 

through their terminal attachment via an Au–S bond formation.71 In fact, surface 

modifications of various interfaces using PEG, i.e. PEGylation, are considered a golden 

standard in achieving hydrophilicity, biocompatibility,72 resistance to protein 

adsorption,73 stealth properties,74 and other various biologically relevant properties.75-78 
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Until recently, the topologies of polymer brushes have been limited to linear 

polymers. However, in 2016, the group of Benetti et al, reported the effect of cyclic 

polymer brushes on the surface of titanium oxide surfaces.79 In this seminal work, cyclic 

poly(2-ethyl-2-oxazoline) (PEOXA) adsorbates with Mw 5 and 10 kDa was found to 

result in almost twice the grafting density due to their reduced dimensions in solution, 

when compared with their corresponding linear polymer brushes. Furthermore, the 

increased density was demonstrated to result in a improved resistance towards protein 

adsorptions, in addition to an emergence of a super-lubricating character upon shearing 

against each other, arising from the lack of chain entanglements of cyclic polymer brushes. 

This was further applied for the colloidal stabilization of Fe3O4 nanoparticles, thereby 

achieving redispersion of thermally aggregated particles and prevented non-specific 

interaction with proteins, both of which could not be realized when using their linear 

counterparts.80 This paved the way for several studies employing cyclic polymer brushes 

at interfaces to improve their respective properties such as stability in organic solvents.81-

83 

In 2020, our own group reported colloidal stabilization of gold nanoparticles using 

cyclic PEG (Figure 1-4).84  However, the mode of interaction between cyclic PEG and 

gold nanoparticles were through covalent bond formation, but rather, through physical 
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interaction, i.e., physisorption of the polymer and the nanoparticle surface. Interestingly, 

the stabilizing effect of cyclic PEG achieved colloidal dispersion of gold nanoparticles 

under various environments, such as freezing, lyophilization, PBS buffer solutions, and 

in heated solutions. Especially under heating conditions, c-PEGs were found to offer 

stability which surpassed that of conventional PEGylation ligands, namely linear PEG 

with thiol terminal moieties.84 The non-specific adsorption mechanism which was 

expected for cyclic PEG allowed for their subsequent application towards stabilization of 

silver nanoparticles,85 further hinting towards a completely novel mode of PEGylation 

which offers the establishment of both versatility and high performance. However, the 

present understanding of this unique physisorption of cyclic PEG, along with key 

information on their complex structure with gold nanoparticles, is completely lacking and 

requires vigorous investigation in anticipation of their eventual application. 
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Figure 1-4. PEGylation of gold nanoparticles through the physisorption of cyclic poly(ethylene 

glycol) (c-PEG), compared with other non-adsorbing linear PEGs (HO–PEG–OH, MeO–PEG–OMe) 

and chemisorbed thiol PEG (HS–PEG–OMe). (Adopted from ref. 84.) 

 

 

1.5. Objective and the outline of this dissertation 

 Having discussed the above aspects, the aim of this study is to discover novel 

properties of cyclic polymers, especially at various interfaces, which is expected to 

amplify the topology effects of cyclic polymers, in anticipation for their potential 

applications in material design. Taking in mind the already generally well-developed 

understanding of hydrophobic cyclic polymers along with our previous report on the 

unique physisorption properties of cyclic PEG onto nanoparticles, investigation on the 
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effect of cyclic topology was carried out for homopolymers and block copolymers that 

possess PEG backbones, and their physical properties in aqueous media.  

In chapter two, the interfacial adsorption properties of cyclic and linear polymers 

for PEG and triblock copolymers comprised of PEG and poly(propylene glycol) (PPG) 

blocks, commercially available as Pluronic surfactants, were compared at the air–water 

interface through surface tension measurements. An evident increase in interfacial 

activity was observed for cyclic polymers, with differing impact depending on the 

molecular weight, block composition, and block sequence. The results were further 

quantitatively discussed through the calculation of surface occupational area of a single 

molecule (A), where cyclices were found to occupy reduced A. Consequently, this led to 

a denser adsorbed layer at the interface, resulting in their enhanced surface activity. 

In chapter three, the topology effects of cyclic Pluronics were further investigated 

on their self-assembly properties. Micellar systems can be regarded to possess multiple 

interfaces of large area, at the boundary of hydrophobic/hydrophilic blocks and 

hydrophilic blocks/solvent. In light of previous effects of topology found on the stability 

of PEO–PBA flower-like micelles, systematic investigations on various linear and cyclic 

Pluronic surfactants were carried out on their critical micellization temperature and at 

their phase separation temepratures. A reduced critical micellization temperature, along 
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with block sequent-dependent change in phase separation temperature was observed for 

cyclices, revealing a complex relationship of the block composition of the linear polymers 

to affect the direction and magnitude of the effects of cyclic topology on their aggregation 

in solution. Thermodynamic analyses of micellization phenomena was further conducted 

to discuss the consequence of topology, where cyclization was indicated to effectively 

shield the hydrophobic blocks from contact with the surrounding water, thus resulting in 

an reduced enthalpy of micellization. The effects of cyclization on the phase separation 

temperatures, on the other hand, proved to be more complex, especially between block 

copolymers and homopolymers. While the restriction of chain mobility at the micellar 

corona induced through the formation of loops, was suggested to decrease micellar 

stability of cyclic Pluronic surfactants, cyclic PEG homopolymers were found to display 

increased phase separation temperatures, which were attributed to their topological 

excluded-volume effect, resulting in an apparent resistance towards chain collapse and 

subsequent desolvation.  

In chapter four, a structural study of cyclic PEG and cyclic PEG adsorbed gold 

nanoparticle complexes were investigated using small-angle scattering methods. First, the 

conformations and chain dimensions of cyclic PEG in dilute solution were elucidated 

through small-angle X-ray scattering (SAXS), in comparison with their corresponding 
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linear counterparts. The molecular weight dependency, along with solvent dependency on 

the dimensions and conformations of cyclic PEG are discussed in relation to the 

topological excluded-volume effect. Next, the complex structures of cyclic PEG adsorbed 

gold nanoparticles were investigated using small-angle neutron scattering (SANS). In the 

aim to isolate scattering from purely the cyclic PEG–gold nanoparticle complexes, the 

excess unadsorbed cyclic PEG in the system was removed via subsequent ultrafiltration 

and solvent exchange. This preparation method, along with the distinct interaction of 

neutron beams with various elements allowed for the simultaneous observation of the 

gold core and the adsorbed cyclic PEG corona in situ for the first time. 

Furthermore, a contrast-matching technique using an appropriate mixture of D2O 

and H2O to match the scattering contrast of gold was employed, realizing the isolation of 

scattering signals of the adsorbed cyclic PEG corona. A model-dependent and 

independent fitting was conducted, through which a quantitative evaluation of the amount 

of adsorbed cyclic PEG and the adsorbed layer thickness was achieved. Comparison with 

gold nanoparticles complexed with linear thiol-PEG molecules, revealed the generally 

sparce, thin surface adsorption of cyclic PEGs, which is surprising based on the high 

stabilizing effect they impart on gold nanoparticles. However, this structural elucidation 
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of complexes can be taken as a significant step towards the establishment and 

implementation of a novel, efficient PEGylation method through the use of cyclic PEG. 

In the final section, chapter five, a general conclusion is made on the topology 

effect that was observed for cyclic polymers at various interfaces. At the air–water 

interface, a unique densification of cyclic amphiphiles was realized, due to the 

confinement of polymer chains induced by its topology. At critical micellization 

conditions, the cyclic topology was found to effectively shield the hydrophobic blocks, 

while the formation of loops at micellar–solvent interfaces destabilized the system at 

critical points of phase separation. Finally, the structural characteristics of cyclic PEG in 

solution and their surface adsorbed gold nanoparticle complexes were elucidated in 

solution using SAXS and SANS, which revealed the distinct characteristics of cyclic 

topology at the nanoparticle surface. In contrast to the significant progresses in the precise 

synthetic technologies of cyclic polymers, the fundamental understanding of their 

properties, especially in non-conventional and complex environments (such as in water, 

confinements and at interfaces, etc.) is still in its infancy. This is partly because of the 

lack of clear goals, and no guarantee of the discovery of a favorable property through 

their investigation. However, The present studies have shown the cyclic topology to 

clearly have consequences on various physical properties exhibited by amphiphilic cyclic 
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polymers at various interfaces, which opens up pathways to exploit these properties for 

their potential applications and implementation in the development of novel, functional 

materials.  
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Chapter 2 
Cyclization of PEG and Pluronic Surfactants and the Effect of 

the Topology on Their Activity at the Air–Water Interface 
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2.1. INTRODUCTION 

 With the development of synthetic technology, fabrication of precisely-defined 

polymers with non-linear architecture and examination of their physical and chemical 

properties from the point of view of the "topology" have been performed.1, 2 In particular, 

cyclic polymers exhibit unique characteristics derived from the lack of chain ends, such 

as smaller viscosity, higher glass transition temperature, and smaller hydrodynamic 

volume than their linear counterparts with the same chemical composition and molecular 

weight.3-6 As in the case of DNA7 and archaea,8 cyclic macromolecules also exist in nature, 

and exhibit unique functions based on the topology. The archaea acquire heat resistance 

because the cell membrane is partly composed of cyclic lipid molecules and can live in 

extreme environments such as submarine volcanoes and hot springs. Inspired by this, 

cyclic amphiphilic PBA–PEG block copolymers was synthesized by cyclization of linear 

amphiphilic PBA–PEG–PBA prepolymers, where PBA and PEG are poly(n-butyl 

acrylate) and poly(ethylene glycol), respectively, to compare the properties of linear and 

cyclic polymer micelles.9, 10 The cloud point (Tc) measurement revealed that the cyclic 

polymer micelles were more resistant to heat and salinity. This is because the chain ends 

stimulates agglomeration due to the bridging between micelles with an increase in 

temperature, whereas dehydration was the main cause for the precipitation of the cyclic 
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polymer micelles.11 In another example, a cyclized PEG homopolymer was found to have 

an extraordinary stabilizing effect on aqueous dispersions of gold nanoparticles compared 

to its linear counterpart.12 Thus, the drastic improvement in the physical properties can 

be achieved by the topology without changing the chemical composition or molecular 

weight, suggesting that the topological approach is feasible in improving material 

properties. 

 In the meantime, amphiphilic block copolymers or surfactants having a very wide 

variety of chemical structures, compositions, and molecular weights have been developed 

and widely applied in both daily life and industrial scenes. For this reason, there is an 

important need for non-toxic surfactants capable of exhibiting higher functions with a 

small amount. For this purpose, triblock copolymers composed of PEG and 

poly(propylene glycol) (PPG) of various molecular weights and PEG/PPG ratios are 

typical nonionic surfactants, commercially available under the name of Pluronic.13 The 

properties of Pluronic surfactants are expressed by the combination of a single 

alphabetical letter and numbers. The letter represents the physical appearance: "L" for 

liquid, "P" for paste, and "F" for flake. The letter "R" indicates a reverse type, which has 

a hydrophobic–hydrophilic–hydrophobic (BAB) sequence. The first one or two numbers 

multiplied by 300 represent the molecular weight of the PPG segments, and the last 
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number multiplied by 10 represents the weight fraction in percent of the PEG segments. 

For example, L35 represents a liquid having a PPG segment with a molecular weight of 

950 g/mol and a PEG composition of 50 wt%. The surface activity of Pluronic surfactants 

and their molecular conformation at the air–water interface has been extensively studied, 

revealing the influences of the hydrophobic PPG block length, hydrophilic PEG block 

length, and total molecular weight.14-18 Since Pluronic surfactants exhibit interfacial 

properties that vary greatly depending on the molecular weight and PEG/PPG ratio, 

optimal properties can be met to specific requirements in industrial applications. 

Importantly, Pluronic surfactants are biocompatible, and the higher the total molecular 

weight or the PEG composition the surfactants have, the lower the toxicity is.13 

 Despite the extensive uses of Pluronic surfactants, there is only one report on the 

effect of cyclization. Booth and coworkers succeeded in cyclizing an ABA type.19 Thus, 

the synthesis of cyclic PEG104–PPG34 was achieved by acetalization of PEG52–PPG34–

PEG52 using CH2Cl2 and KOH. Although the critical micelle concentration (CMC) and 

particle size distribution of the micelles from the linear and cyclic surfactants were 

investigated, no drastic difference due to the cyclic topology was observed. Moreover, no 

interfacial activity has been studied. On the other hand, cyclization of a BAB-type 

Pluronic surfactant has never been reported up to date. 
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 Here, the author focused on synthesis and investigation into the topology effects 

of a wide variety of cyclized Pluronic surfactants on their interfacial activity. Some of the 

most commonly used types of Pluronic surfactants such as L35, L64, P123, F68, 10R5, 

and 17R4 were cyclized by etherification or acetification along with a PEG homopolymer 

(Figure 2-1, Schemes 2-1 and 2-2). Methylation of the chain ends was also performed to 

investigate the effect of the hydroxy groups. The surface tension (γ) and molecular 

occupational area (A) were determined for the series of linear and cyclized surfactants. 

The cyclized surfactants showed significantly enhanced surface activity contrasting to its 

linear counterparts depending on the molecular weight and PEG/PPG ratio that could not 

be dismissed by merely the elimination of the chain-end hydroxy groups. Based on the 

results, effects of the topology on the surface activity properties of the surfactants are 

comprehensively deliberated. 
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Figure 2-1. Schematic representations of PEG homopolymers, ABA-, and BAB-type 
Pluronic surfactants of various topology and chain-end groups. Approximate molecular 
weight and PEG/PPG ratios are represented in accordance with the SEC and NMR result.
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Scheme 2-1. Cyclization of (a) PEG homopolymer, (b) ABA-, and (c) BAB-type 
Pluronic Surfactants. 
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Scheme 2-2. Dimethylation of (a) PEG homopolymer, (b) ABA-, and (c) BAB-type 
Pluronic Surfactants.  
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2.2. EXPERIMENTAL SECTION 

2.2.1. Materials. 

4-Toluenesulfonyl chloride (TsCl) (>98.0%, Junsei Chemical Co., Ltd.), 

iodomethane (>99.5%, Kanto Chemical Co., Inc.), sodium chloride (NaCl) (>99.0%, 

Kanto Chemical Co., Inc.), potassium hydroxide (KOH) (>85.5%, Kanto Chemical Co., 

Inc.), sodium sulfate (Na2SO4) (>99.0%, Kanto Chemical Co., Inc.), n-heptane (>99.0%, 

Kanto Chemical Co., Inc.), chlorobenzene (>99.0% Nacalai Tesque, Inc.), methanol 

(MeOH) (>99.5%, Kanto Chemical Co., Inc.), dichloromethane (CH2Cl2) (>99.0%, 

Kanto Chemical Co., Inc.) for work up, and chloroform (CHCl3) (>99.0%, Kanto 

Chemical Co., Inc.) were used as received. Tetrahydrofuran (THF), dehydrated stabilizer 

free (>99.5%, Kanto Chemical Co., Inc.) and dehydrated CH2Cl2 (>99.5%, Kanto 

Chemical Co., Inc.) for reactions were purified by a solvent purification system 

(MBRAUN MB-SPS-Compact). Pluronic L35 (PEG–PPG–PEG), average Mn ~1,900, 

PEG composition ~50 wt% (Sigma–Aldrich), Pluronic L64 (PEG–PPG–PEG), Mn ~2,900, 

PEG composition ~40 wt% (Sigma–Aldrich), Pluronic P123 (PEG–PPG–PEG), Mn 

~5,800, PEG composition ~30 wt% (Sigma–Aldrich), Pluronic F68, Mn ~8,400, PEG 

composition ~80 wt% (Sigma–Aldrich), Pluronic 10R5 (PPG–PEG–PPG), average Mn 

~2,000, PEG composition ~50 wt% (Sigma–Aldrich), and Pluronic 17R4 (PPG–PEG–
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PPG), average Mn ~2,700, PEG composition ~40 wt% (Sigma–Aldrich) were purified by 

recycling preparative SEC. 

 

2.2.2. NMR.  

1H (400 MHz) and 13C NMR (100 MHz) were measured in CDCl3 using a JEOL 

JNM-ESC400 instrument at ambient temperature. 

 

2.2.3. Size exclusion chromatography (SEC).  

Size exclusion chromatography (SEC) was measured using a JASCO PU-980 Plus 

pump with two Shodex KF-804L (8.0 mm × 300 mm) columns and a Shodex KF-G guard 

column equipped in a JASCO CO-2065 Plus column oven set at 40 °C. A JASCO RI-

2031 Plus differential refractometer was used for detection. THF was used as a solvent, 

and the flow rate was set at 1.0 mL/min. Polystyrene (PS) standard samples were used 

for calibration, and the molecular weights were estimated by the following equation: 

Mn,SEC (Pluronic or PEG) = Mn,SEC (PS) ´ 0.798.20 

 

2.2.4. Preparative SEC.  

A Japan Analytical Industry LC-908 recycling preparative HPLC system (Hitachi 

L-7110 pump and JAI RI detector RI-5) was used. JAIGEL-2H and 3H columns and a 
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pre-column were connected in series. CHCl3 was used as the solvent, and the flow rate 

was set at 3.5 mL/min.  
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2.2.5. Synthesis of cyclic Pluronic surfactants 

Synthesis of cyclic Pluronic L35 (c-L35).  

Pluronic L35 (l-L35(OH), 5.2 g, 2.7 mmol) and TsCl (0.67 g, 3.5 mmol) were 

dissolved in THF (50 mL) and slowly added at a rate of 10 μL/min over 96 h to a stirring 

suspension of KOH (4.3 g) in THF/n-heptane (75/25 v/v) (150 mL) in a 500 mL three 

neck flask at 40 °C under N2. The reaction mixture was stirred for another 24 h at 40 °C. 

The resulting suspension was filtered and concentrated under reduced pressure. The 

residue was redissolved in CH2Cl2 and washed with brine three times. The combined 

organic phase was dried over Na2SO4 and concentrated under reduced pressure, and the 

residue was passed through a silica gel column using CHCl3/MeOH (90/10 v/v) as an 

eluent. The crude product was fractionated by recycling preparative SEC. The obtained 

oil was dissolved in a small amount of CH2Cl2, and n-heptane was added to the solution 

until it became cloudy. The solvent mixture was partially evaporated under reduced 

pressure, where most of CH2Cl2 was removed. From the resulting suspension, the clear 

supernatant, mostly n-heptane, was collected and evaporated to dryness to give a colorless 

oil containing concentrated c-L35. This step was conducted several times to isolate c-L35 

(365 mg, 7.0%, Mn,SEC = 1,480, Mp,SEC = 1,570, Mw/Mn = 1.16) as a colorless liquid. 1H 

NMR (400 MHz, CDCl3): δ (ppm) 0.96–1.32 (m, –OCH(CH3)CH2O–), 3.28–3.75 (m, –

OCH2CH2O–, –OCH(CH3)CH2O–). 13C NMR (400 MHz, CDCl3): δ (ppm) 17.58 (–
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OCH(CH3)CH2O–), 68.73 (–OCH2CH2OCH(CH3)CH2O–), 70.68 (–OCH2CH2O–), 

73.01–77.36 (–OCH(CH3)CH2O–, –OCH(CH3)CH2O–). 

 

Synthesis of cyclic Pluronic L64 (c-L64).  

Pluronic L64 (l-L64(OH), 2.5 g, 0.85 mmol) and TsCl (0.22 g, 1.1 mmol) were 

dissolved in THF (25 mL) and slowly added at a rate of 20 μL/min over 84 h to a stirring 

suspension of KOH (4.3 g) in THF/n-heptane (75/25 v/v) (150 mL) in a 200 mL two neck 

flask at 40 °C under N2. The reaction mixture was stirred for another 24 h at 40 °C. The 

resulting suspension was filtered and concentrated under reduced pressure. The residue 

was redissolved in CH2Cl2 and washed with brine three times. The combined organic 

phase was dried over Na2SO4 and concentrated under reduced pressure, and the residue 

was passed through a silica gel column using CHCl3/MeOH (90/10 v/v) as an eluent. The 

crude product was fractionated by recycling preparative SEC to isolate c-L64 (293 mg, 

11.7%, Mn,SEC = 2,890, Mp,SEC = 2,950, Mw/Mn = 1.06) as a colorless liquid. 1H NMR (400 

MHz, CDCl3): δ (ppm) 0.90–1.35 (m, –OCH(CH3)CH2O–), 3.27–3.80 (m, –OCH2CH2O–, 

–OCH(CH3)CH2O–). 13C NMR (400 MHz, CDCl3): δ (ppm) 17.47 (–OCH(CH3)CH2O–), 

68.65 (–OCH2CH2OCH(CH3)CH2O–), 70.69 (–OCH2CH2O–), 73.03–77.37 (–

OCH(CH3)CH2O–, –OCH(CH3)CH2O–). 
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Synthesis of cyclic Pluronic P123 (c-P123).  

Pluronic P123 (l-P123(OH), 4.5 g, 0.78 mmol) and TsCl (0.19 g, 1.0 mmol) were 

dissolved in THF (50 mL) and slowly added at a rate of 15 μL/min over 72 h to a stirring 

suspension of KOH (4.3 g) in THF/n-heptane (75/25 v/v) (150 mL) in a 500 mL three 

neck flask at 40 °C under N2. The reaction mixture was stirred for another 24 h at 40 °C. 

The resulting suspension was filtered and concentrated under reduced pressure. The 

residue was redissolved in CH2Cl2 and washed with brine three times. The combined 

organic phase was dried over Na2SO4 and concentrated under reduced pressure, and the 

residue was passed through a silica gel column using CHCl3/MeOH (90/10 v/v) as an 

eluent. The crude product was fractionated by recycling preparative SEC. The obtained 

oil was dissolved in a small amount of CH2Cl2, and n-heptane was added to the solution 

until it becomes cloudy. The solvent mixture was partially evaporated under reduced 

pressure, where most of CH2Cl2 was removed. From the resulting suspension, the clear 

supernatant, mostly n-heptane, was collected and evaporated to dryness to give a colorless 

oil containing concentrated c-P123. This step was conducted several times to isolate c-

P123 (190 mg, 4.2%, Mn,SEC = 7,180, Mp,SEC = 5,630, Mw/Mn = 1.03) as a colorless liquid. 

1H NMR (400 MHz, CDCl3): δ (ppm) 0.94–1.37 (m, –OCH(CH3)CH2O–), 3.29–3.91 (m, 
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–OCH2CH2O–, –OCH(CH3)CH2O–). 13C NMR (400 MHz, CDCl3): δ (ppm) 17.47 (–

OCH(CH3)CH2O–), 68.52 (–OCH2CH2OCH(CH3)CH2O–), 70.55 (–OCH2CH2O–), 

72.95–77.37 (–OCH(CH3)CH2O–, –OCH(CH3)CH2O–). 

 

Synthesis of cyclic Pluronic F68 (c-F68).  

Pluronic F68 (l-F68(OH), 5.0 g, 0.60 mmol) and TsCl (0.15 g, 0.77 mmol) were 

dissolved in THF (50 mL) and slowly added at a rate of 20 μL/min over 66 h to a stirring 

suspension of KOH (4.3 g) in THF/n-heptane (75/25 v/v) (150 mL) in a 500 mL three 

neck flask at 40 °C under N2. The reaction mixture was stirred for another 24 h at 40 °C. 

The resulting suspension was filtered and concentrated under reduced pressure. The 

residue was redissolved in CH2Cl2 and washed with brine three times. The combined 

organic phase was dried over Na2SO4 and concentrated under reduced pressure, and the 

residue was passed through a silica gel column using CHCl3/MeOH (90/10 v/v) as an 

eluent. The crude product was fractionated by recycling preparative SEC to isolate c-F68 

(153 mg, 3.1%, Mn,SEC = 7,830, Mp,SEC = 6,790, Mw/Mn = 1.04) as a white solid. 1H NMR 

(400 MHz, CDCl3): δ (ppm) 0.95–1.37 (m, –OCH(CH3)CH2O–), 3.25–3.90 (m, –

OCH2CH2O–, –OCH(CH3)CH2O–). 13C NMR (400 MHz, CDCl3): δ (ppm) 17.56 (–
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OCH(CH3)CH2O–), 68.63 (–OCH2CH2OCH(CH3)CH2O–), 70.47 (–OCH2CH2O–), 

72.84–77.36 (–OCH(CH3)CH2O–, –OCH(CH3)CH2O–). 

 

Synthesis of cyclic Pluronic 10R5 (c-10R5).  

Pluronic 10R5 (l-10R5(OH), 5.0 g, 2.5 mmol) was dissolved in CH2Cl2/n-hexane 

(65/35 v/v) (25 mL) and slowly added at a rate of 10 μL/min over 65 h to a stirring 

suspension of KOH (7.0 g) in CH2Cl2/n-hexane (65/35 v/v) (150 mL) in a 500 mL three 

neck flask at 40 °C under N2. The reaction mixture was stirred for another 24 h at 40 °C. 

The resulting suspension was filtered and concentrated under reduced pressure. The 

residue was redissolved in CH2Cl2 and washed with brine three times. The combined 

organic phase was dried over Na2SO4 and concentrated under reduced pressure, and the 

residue was passed through a silica gel column using CHCl3/MeOH (90/10, v/v) as an 

eluent. The crude product was fractionated by recycling preparative SEC to isolate c-

10R5 (166 mg, 3.3%, Mn,SEC = 1,500, Mp,SEC = 1,450, Mw/Mn = 1.08) as a colorless liquid. 

1H NMR (400 MHz, CDCl3): δ (ppm) 0.87–1.31 (m, –OCH(CH3)CH2O–), 3.24–3.91 (m, 

–OCH2CH2O–, –OCH(CH3)CH2O–), 4.65–4.87 (m, –OCH2O–). 13C NMR (400 MHz, 

CDCl3): δ (ppm) 17.52 (–OCH(CH3)CH2O–), 70.62 (–OCH2CH2O–), 72.92–77.37 (–

OCH(CH3)CH2O–, –OCH(CH3)CH2O–), 92.36 (–OCH2O–). 
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Synthesis of cyclic Pluronic 17R4 (c-17R4).  

Pluronic 17R4 (l-17R4(OH), 5.0 g, 1.9 mmol) was dissolved in CH2Cl2/n-hexane 

(65/35 v/v) (25 mL) and slowly added at a rate of 12.5 μL/min over 36 h to a stirring 

suspension of KOH (7.0 g) in CH2Cl2/n-hexane (65/35 v/v) (150 mL) in a 500 mL three 

neck flask at 40 °C under N2. The reaction mixture was stirred for another 24 h at 40 °C. 

The resulting suspension was filtered and concentrated under reduced pressure. The 

residue was redissolved in CH2Cl2 and washed with brine three times. The combined 

organic phase was dried over Na2SO4 and concentrated under reduced pressure, and the 

residue was passed through a silica gel column using CHCl3/MeOH (90/10, v/v) as an 

eluent. The crude product was fractionated by recycling preparative SEC. The obtained 

oil was dissolved in a small amount of CH2Cl2, and n-heptane was added to the solution 

until it becomes cloudy. The solvent mixture was partially evaporated under reduced 

pressure, where most of CH2Cl2 was removed. From the resulting suspension, the clear 

supernatant, mostly n-heptane, was collected and evaporated to dryness to give a colorless 

oil containing concentrated c-17R4. This step was conducted several times to isolate c-

17R4 (246 mg, 5.0%, Mn,SEC = 2,780, Mp,SEC = 2,690, Mw/Mn = 1.07) as a colorless liquid. 

1H NMR (400 MHz, CDCl3): δ (ppm) 0.92–1.39 (m, –OCH(CH3)CH2O–), 3.22–3.95 (m, 
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–OCH2CH2O–, –OCH(CH3)CH2O–), 4.74–4.89 (m, –OCH2O–). 13C NMR (400 MHz, 

CDCl3): δ (ppm) 17.60 (–OCH(CH3)CH2O–), 70.69 (–OCH2CH2O–), 73.04–77.33 (–

OCH(CH3)CH2O–, –OCH(CH3)CH2O–), 99.98 (–OCH2O–). 
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2.2.6. Synthesis of dimethylated Pluronic surfactants  

Dimethylation of Pluronic surfactants (L35, L64, 10R5, and 17R4) was performed 

following a similar method for the dimethylation of PEG.21 Typically, a solution of l-

L64(OH) (5.0 g, 1.7 mmol) in chlorobenzene (100 mL) was dropwise added at a rate of 

40 μL/min into a solution of chlorobenzene (40 mL) containing KOH (5.0 g) and 

iodomethane (0.72 g, 5.1 mmol) for over 60 min under Ar. After the addition was 

completed, the mixture was stirred at room temperature for over 24 h. The resulting 

suspension was filtered, and the filtrate was concentrated under reduced pressure. The 

residue was dissolved in CH2Cl2 and washed with brine three times, dried over Na2SO4, 

and concentrated under reduced pressure. The residue was dissolved in CHCl3 and passed 

through a silica gel column using CHCl3/MeOH (90/10, v/v) as an eluent, and 

concentrated under reduced pressure to give l-L64(OMe) (3.85 g, 77 %) as a colorless 

liquid. The SEC and NMR data follow: 

 l-L35(OMe). SEC: Mn,SEC = 2,310, Mp,SEC = 2,610, Mw/Mn = 1.12. 1H NMR (400 

MHz, CDCl3): δ (ppm) 0.95–1.34 (m, –OCH(CH3)CH2O–), 3.26–3.81 (m, –OCH2CH2O–, 

–OCH(CH3)CH2O–), 3.36 (s, –OCH2CH2OCH3). 13C NMR (400 MHz, CDCl3): δ (ppm) 

17.58 (–OCH(CH3)CH2O–), 59.15 (–OCH2CH2OCH3), 68.74 (–OCH2CH2OCH(CH3) 

CH2O–), 70.70 (–OCH2CH2O–), 72.06 (–OCH2CH2OCH3), 73.02–77.36 (–OCH(CH3) 
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CH2O–, –OCH(CH3)CH2O–). 

 l-L64(OMe). SEC: Mn,SEC = 4,360, Mp,SEC = 4,460, Mw/Mn = 1.04. 1H NMR (400 

MHz, CDCl3): δ (ppm) 0.94–1.28 (m, –OCH(CH3)CH2O–), 3.26–3.99 (m, –OCH2CH2O–, 

–OCH(CH3)CH2O–), 3.35 (s, –OCH2CH2OCH3). 13C NMR (400 MHz, CDCl3): δ (ppm) 

17.57 (–OCH(CH3)CH2O–), 59.15  (–OCH2CH2–OCH3), 68.70 (–OCH2CH2OCH(CH3) 

CH2O–), 70.67 (–OCH2CH2O–), 72.04 (–OCH2CH2OCH3), 72.98–77.36 (–OCH(CH3) 

CH2O–, –OCH(CH3)CH2O–). 

 l-10R5(OMe). SEC: Mn,SEC = 2,080, Mp,SEC = 2,030, Mw/Mn = 1.09. 1H NMR (400 

MHz, CDCl3): δ (ppm) 0.95–1.28 (m, –OCH(CH3)CH2O–), 3.10–3.93 (m, –OCH2CH2O–, 

–OCH(CH3)CH2O–), 3.36 (s, –OCH(CH3)CH2OCH3). 13C NMR (400 MHz, CDCl3): δ 

(ppm) 17.56 (–OCH(CH3)CH2O–), 56.85 (–OCH3), 70.66 (–OCH2CH2O–), 72.96–77.36 

(–OCH(CH3)CH2O–, –OCH(CH3)CH2O–). 

 l-17R4(OMe). SEC: Mn,SEC = 3,470, Mp,SEC = 3,550, Mw/Mn = 1.06. 1H NMR (400 

MHz, CDCl3): δ (ppm) 0.96–1.24 (m, –OCH(CH3)CH2O–), 3.27–3.82 (m, –OCH2CH2O–, 

–OCH(CH3)CH2O–), 3.37 (s, –OCH3). 13C NMR (400 MHz, CDCl3): δ (ppm) 17.47 (–
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OCH(CH3)CH2O–), 56.74 (–OCH3), 70.56 (–OCH2CH2O–), 72.84–77.36 (–

OCH(CH3)CH2O–, –OCH(CH3)CH2O–). 
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2.2.7. Surface tension (γ) measurement.  

 γ for an aqueous solution of PEG or a Pluronic surfactant of various concentrations 

at ambient temperature was measured through a pendant drop method using a Kyowa 

Interfacial Science Dropmaster Contact Angle Meter. A sample solution of the highest 

concentration for each polymer was prepared by the addition of Milli-Q water to the 

polymer and stirring overnight until total dissolution. Other concentrations were prepared 

by diluting this sample. All samples were prepared and stirred for at least 12 h prior to 

the measurement. Each sample solution was equilibrated for at least 30 min after drop 

formation on the tip of a syringe needle, in order to ensure surfactant arrangement at the 

interface. γ was monitored at intervals and recorded after the value became stable. Image 

analysis was conducted through the Young–Laplace method, and the average of 10 

measurements for each sample at each concentration was used. For dynamic surface 

tension measurements of PEG solution, the monitored γ values at intervals were plotted 

against elapsed time until a stable plateau was observed. 
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2.3. RESULTS AND DISCUSSION 

2.3.1. Synthesis of cyclic PEG and Pluronic Surfactants 

 Cyclization of a PEG homopolymer and ABA-type Pluronic surfactants having 

hydroxyl end groups was performed by the Williamson ether synthesis following a 

previous method (Schemes 2-1a and 2-1b).21 The reaction was carried out under an inert 

gas atmosphere at 40 °C by slowly dropping a THF solution of a prepolymer and TsCl at 

a rate of 20 μL/min into a THF/n-heptane suspension of KOH. The mixture was stirred 

for a total of 3 to 4 d, and the obtained crude product was fractionated by preparative SEC. 

For the PEG homopolymer, L35 and P123, pure cyclized products were extracted with n-

heptane using the difference in solubility between the linear and cyclic polymers. The 

SEC traces after the cyclization reaction shifted to a lower molecular weight while 

maintaining unimodality (Figures 2-2b, S2-1d, S2-2c, S2-3c, and S2-4c). In the case of 

L64, Mp,SEC before and after cyclization was 4,460 and 2,950 Da with polydispersity index 

of 1.05 and 1.06, respectively (Table 2-1). Furthermore, the 13C NMR spectrum of the 

products confirmed the complete disappearance of the signal from the carbon atoms 

adjacent to the hydroxyl groups (Figure 2-2a, "a", 61.5 ppm) shown in Figure 2-2c as well 

as in Figures S2-1b, S2-2a, S2-3a and S2-4a. The PEG composition estimated from the 
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1H NMR spectra (Figure 2-2d, S2-2b, S2-3b and S2-4b) was nearly unchanged for all the 

ABA-type Pluronic surfactants. These data suggest successful cyclization. 
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Table 2-1. Properties of linear and cyclic PEG and Pluronic surfactants. 

aCalculated from Mn,SEC values and NMR peak ratios of the PEG to PPG segments of the linear polymers with hydroxyl end groups. The 
DPn of each segment for the cyclized and dimethylated products are regarded unchanged to their prepolymers. 
bDetermined by SEC in THF using polystyrene standards. The molecular weights of the Pluronic surfactants were estimated by the 
equation Mn,SEC (Pluronic) = Mn,SEC(PS) × 0.798.20 

Abbreviation Structurea Mn,SEC
b 

(Da) 
Mp,SEC

b 

(Da) Mw/Mn Mp ratioc PEG composition 
(wt%) 

 γ (mN/m)  Ad 

(Å2) 1.0 g/L 3.0 g/L 10 g/L 
l-PEG(OH) linear HO–PEG53–OH 2,360 2,300 1.06 - 100 60.0 58.5 57.1 410 

l-PEG(OMe) linear MeO–PEG53–OMe 2,390 2,480 1.06 1.1 100 60.3 59.6 57.0 380 
c-PEG cyclic PEG53 1,820 1,960 1.08 0.85 100 48.8 45.5 40.7 100 

l-L35(OH) linear HO–PEG13–PPG18–PEG13–OH 2,200 2,400 1.13 - 51 49.7 46.1 39.9 180 
l-L35(OMe) linear MeO–PEG13–PPG18–PEG13–OMe 2,310 2,610 1.12 1.1 51 47.2 45.1 40.4 -e 

c-L35 cyclic PEG26–PPG18 1,480 1,570 1.16 0.65 52 45.3 43.2 38.2 160 
l-L64(OH) linear HO–PEG20–PPG45–PEG20–OH 4,440 4,460 1.05 - 40 41.4 42.1 40.8 460 

l-L64(OMe) linear MeO–PEG20–PPG45–PEG20–OMe 4,360 4,460 1.04 1.0 44 43.5 41.7 40.8 500 
c-L64 cyclic PEG40–PPG45 2,890 2,950 1.06 0.66 41 40.8 39.8 38.6 390 

l-P123(OH) linear HO–PEG32–PPG105–PEG32–OH 8,930 7,580 1.03 - 32 35.1 34.4 32.7 320 
c-P123 cyclic PEG64–PPG105 7,180 5,630 1.03 0.74 34 35.9 32.6 32.2 290 

l-F68(OH) linear HOPEG94–PPG34–PEG94–OH 10,260 9,030 1.05 - 80 47.6 45.9 43.4 280 
c-F68 cyclic PEG188–PPG34 7,830 6,790 1.04 0.75 81 44.2 41.4 38.9 190 

l-10R5(OH) linear HO–PPG10–PEG28–PPG10–OH 2,360 2,540 1.09 - 52 53.4 51.4 48.5 350 
l-10R5(OMe) linear MeO–PPG10–PEG28–PPG10–OMe 2,080 2,030 1.09 0.80 53 47.9 46.7 45.8 390 

c-10R5 cyclic PPG20–PEG28 1,500 1,450 1.08 0.57 55 44.6 43.1 42.7 290 
l-17R4(OH) linear HO–PPG19–PEG36–PPG19–OH 3,790 3,870 1.04 - 42 44.8 43.5 42.0 350 

l-17R4(OMe) linear MeO–PPG19–PEG36–PPG19–OMe 3,470 3,550 1.06 0.92 43 44.3 43.5 42.8 420 
c-17R4 cyclic PPG38–PEG36 2,780 2,690 1.07 0.70 42 41.5 39.5 35.1 200 
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cMp,SEC value of a cyclized or dimethylated Pluronic surfactant divided by that of the corresponding linear prepolymer with hydroxy end 
groups. 
dCalculated from the slope of the linear fit of γ vs. log c plot at concentrations above the completion of surfactant depletion. 
eError of linear regression for l-L35(OMe) was large, and thus, A cannot be determined.
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Figure 2-2. (a) Chemical structures, (b) SEC traces, (c) 13C NMR spectra, (d) 1H NMR 
spectra of l-L64(OH), l-L64(OMe), and c-L64.  
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Likewise, the cyclization of the BAB-type Pluronic was initially performed by the 

etherification procedure. However, the reaction did not proceed likely because of the 

secondary alcohol at one of the chain ends, where the BAB-type Pluronic surfactants have 

asymmetric PPG segments with a primary alcohol at a chain end and a secondary alcohol 

at the other (Figure 2-3a). For that reason, cyclization by acetification was applied 

(Scheme 2-1c).19 Thus, 5.0 g of a BAB-type Pluronic surfactant was dissolved in 25 mL 

of CH2Cl2/n-hexane (65/35 v/v), and the solution was slowly added to into KOH (7.0 g) 

dispersed in a mixture of CH2Cl2/n-hexane (65/35 v/v) at a rate of 12.5 μL/min. The 

mixture was stirred at 30 °C for 40 h or more. After filtration of the reaction mixture, the 

crude product was isolated by silica gel column chromatography and preparative recycle 

SEC to give a cyclized surfactant. Similar to the case of the ABA-types, a decrease in 

Mp,SEC was observed (Figures 2-3b and S2-5c). In the case of 17R4, Mp,SEC shifted from 

3,870 to 2,690 with a retention of a narrow PDI (Table 2-1). 13C NMR shows the complete 

disappearance of the signals arising from the chain ends ("a" at 67.4 ppm and "h" at 65.5 

ppm) and the emergence of a signal at 100.0 ppm (signal "k") from the acetal carbon in 

Figure 2-3c, while signals of the acetal group also clearly appeared at 4.74–4.89 ppm in 

1H NMR (Figure 2-3d). These suggest that the cyclic product was successfully formed 

through an acetal linkage. 
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Figure 2-3. (a) Chemical structure, (b) SEC traces, (c) 13C NMR spectra, (d) 1H NMR 
spectra of l-17R4(OH), l-17R4(OMe), and c-17R4. 
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Concerning the very low isolated yields (3.1%–11.7%) of the cyclic polymers, the 

purity was prioritized over the yield, resulting in major loss during the isolation. SEC 

traces of the crude products (Figure S2-6) indicate the actual proportion of the cyclic 

polymers formed was much higher than the yield. For example, an analysis was carried 

out through the peak deconvolution of the SEC trace of crude cyclic PEG (c-PEG) in 

Figure S2-7, and the proportion of c-PEG within the crude was determined to be 56%. 

 

2.3.2. Synthesis of Dimethylated Pluronic Surfactants 

 Methylation of the chain ends of both ABA and BAB-type Pluronic surfactants 

was performed in a similar method described for that of PEG homopolymers (Scheme 2-

2).21 A Pluronic surfactant solution in chlorobenzene was dropwise added to a suspension 

of KOH and iodomethane in chlorobenzene under an inert gas atmosphere at ambient 

temperature. The mixture was stirred for an additional 24 h, and the obtained product was 

purified through filtration and silica gel column chromatography. Overall, SEC traces of 

the dimethylated polymers displayed similar Mn,SEC and Mp,SEC values to those of the 

respective prepolymers. In the case of l-L64(OMe), 13C NMR clearly indicate a down-

field shift of a signal for carbon atom "a" from 61.8 to 72.0 ppm, while an emergence of 

a signal at 59.2 ppm was observed for the carbon atom "g" of the chain-end methoxy 
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groups (Figure 2-2c). From the 1H NMR spectra, the signal of methoxy groups was 

observed as a sharp peak at 3.35 ppm. In the case of l-17R4(OMe), complete 

disappearance of signals "a" and "h" (67.4 and 65.5 ppm, respectively) and an emergence 

of a peak at 56.7 ppm was observed in the 13C NMR spectra, attributed to the carbon 

atoms "i" and "j" of the chain-end methoxy groups (Figure 2-3c). A signal from the 

methoxy groups was also observed in the 1H NMR spectra at 3.37 ppm. Consistent data 

was obtained for l-L35(OMe) (Figure S2-2) and l-10R5(OMe) (Figure S2-5), suggesting 

successful dimethylation of both ABA and BAB-type Pluronic surfactants. 

 The decrease in Mp,SEC upon cyclization can be rationally explained by the reduced 

hydrodynamic volume of the cyclic species compared to their linear counterparts. The Mp 

ratio in Table 2-1 indicates the Mp,SEC values of the cyclized or dimethylated Pluronic 

surfactants divided by that of the linear prepolymers with hydroxy end groups. The 

reduction was more pronounced for polymers that possess a smaller molecular weight 

within the same block sequence. In the meantime, the SEC traces of the dimethylated 

linear species remained mostly unchanged for the PEG homopolymer and ABA-type 

surfactants (Mp ratio = 1.0–1.1), while a shift toward a lower molecular weight was 

observed upon dimethylation of the BAB-type surfactants with Mp ratio of 0.80 for l-

10R5(OMe) and 0.92 for l-17R4(OMe). This suggests that the chain-end hydroxy groups 
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attached to the hydrophobic PPG segments in the BAB-types strongly influence the 

hydrodynamic volume while the effect of the hydroxy end groups on the hydrophilic PEG 

segments in the ABA-types was limited. 
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2.3.3. Surface Tension (γ) 

 Surface tension (γ) was measured to evaluate the surface activity of the 

synthesized cyclic Pluronic surfactants, along with the linear prepolymers and 

dimethylated counterparts, by the hanging drop method using a contact angle meter and 

analyzed by the Young–Laplace method. In order to clarify the effects of the topology 

and chain ends, γ for the hydroxy- and methoxy-terminated linear and cyclic PEG 

homopolymers, namely l-PEG(OH), l-PEG(OMe), and c-PEG, respectively, was first 

measured. When the different topologies are compared at a given concentration, the γ 

values for c-PEG was significantly reduced comparing to its linear counterparts. For 

example, at a polymer concentration of 10 g/L, γ for l-PEG(OH) and l-PEG(OMe) were 

57.1 and 57.0 mN/m, respectively, while that for c-PEG was 40.7 mN/m (Table 2-1 and 

Figure 2-4a).  
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Figure 2-4. Plots of the surface tension (γ) versus the concentration (c) for hydroxy- and 
methoxy-terminated linear and cyclic (a) PEG homopolymers, (b) L35, (c) L64, (d) P123, 
(e) F68, (f) 10R5, and (g) 17R4. In the plot for the PEG homopolymers, “mixture” 
indicates a one-to-one mixture of l-PEG(OH) and c-PEG. 
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Considering that γ for pure water is 72 mN/m at 25 °C,22 the cyclic topology in 

PEG drastically improved the surface activity. This deviation is possibly due to the large 

difference in the density of molecules arranged at the surface of water between linear and 

cyclic PEG, which is expected to be related to the occupational area (A) of a single 

molecule. Cyclic polymers including PEG are known to have a smaller hydrodynamic 

volume23, 24 and therefore considered to possess a smaller A to their linear counterparts. 

Thus, A was calculated for each PEG using the following Gibbs adsorption isotherm 

equations at concentrations where contribution of polymer depletion was clearly 

unobserved:25, 26 

Γ = − !
".$%$&'

()
(*+,	.

     (1) 

𝐴 = !
/0

      (2) 

, where Γ is the surface excess concentration, R is the gas constant, T is the absolute 

temperature, c is the polymer concentration, and N is the Avogadro number. Calculated 

values indeed confer significantly reduced A for c-PEG (100 Å2) compared to its linear 

counterparts (l-PEG(OH), 410 Å2; l-PEG(OMe), 380 Å2). Interestingly, the linear-to-

cyclic ratio of A for present PEG (Alinear/Acyclic ~ 4) was much more prominent to the 

reported ratio of the squared effective hydrodynamic radius of poly(ethylene oxide) 

(Rh,linear2/Rh,cyclic2 = 1.9 ± 0.1).27 Thus, c-PEG strongly adsorbed to the air–water to form 
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a dense PEG layer with small A compared to Rh2 in the bulk solution state. This likely led 

to the higher surface activity and decrease in γ. Moreover, the elimination of the chain-

end hydroxy groups of linear PEG did not produce significant difference in γ or A, and 

therefore the drastic improvement of surface activity for c-PEG was indeed the 

consequence of its cyclic topology. 

 To consider the possibility of topology-dependent selective or preferential 

adsorption to the air-water interface, γ measurements for aqueous solutions of a one-to-

one mixture of l-PEG(OH) and c-PEG were carried out, revealing γ for the mixture 

solutions was in between the values obtained for the single-component solutions of l-

PEG(OH) and c-PEG. For example, in a 10 mg/mL mixture solution, the polymer 

concentration was 5 mg/mL for both l-PEG(OH) and c-PEG. Should selective adsorption 

of c-PEG take place, the γ value would be close to that of the pure c-PEG solution at 5 

mg/mL. Since this was not observed, the adsorption of l-PEG(OH) and c-PEG was likely 

statistical. 

 The γ values of hydroxy- and methoxy-terminated linear and cyclic L35, L64, 

P123, and F68, which are ABA-type Pluronic surfactants, were also measured at various 

concentrations (Figures 2-4 b–g). The surface tension curves of L35 (PEG composition 

~50 wt%), L64 (PEG composition ~40 wt%), and F68 (PEG composition ~80 wt%) show 
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that surface activity is improved by cyclization, and it was found that the higher the PEG 

composition the surfactant had, the larger the decrease in γ upon cyclization appeared in 

conjunction with the case of c-PEG (Table 2-1). For P123 having a PEG composition of 

only ~30 wt%, the γ plots of the linear and cyclic were almost identical (Figure 2-4d), 

while an evident decrease in γ values for c-F68 (PEG composition ~80 wt%) was 

observed compared to l-F68(OH) (Figure 2-4e). The phenomenon that the change in γ 

associated with cyclization increases in proportion to the length of hydrophilic segment 

has also been reported by Imura and coworkers.28 Focusing on the interface, it is 

conceivable that PPG, the middle hydrophobic segment, is fixed to the interface, and the 

PEG segments spread in water (Figure 2-5). Again, the hydrodynamic volume of the 

solvated PEG segments becomes smaller by cyclization, while less solvated PPG 

segments are less affected by cyclization. Thus, the larger the PEG composition the 

surfactant had, the larger the effect of cyclization was. For 10R5 (PEG composition ~50 

wt%) and 17R4 (PEG composition ~40 wt%), which are BAB-type, the decrease in γ due 

to cyclization was also observed. In these cases, both chain ends are expected to be 

located at the air–water interface. Although L35 and 10R5 have relatively similar 

PEG/PPG ratios, A of L35 decreased from 180 Å2 (l-L35(OH)) to 160 Å2 (c-L35), while 

that of 10R5 intensely shrank from 350 Å2 (l-10R5(OH)) to 290 Å2 (c-10R5) shown in 
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Table 2-1. Unlike the PEG homopolymers, the PPG segments in both linear and cyclic 

Pluronic surfactants were strongly attracted to the air–water interface, resulting in the 

smaller but still significant difference in A arising from the topology. 
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Figure 2-5. Schematic representations of the conformation and occupation area (A) of (a) 
PEG homopolymer, (b) P123, (c) F68, (d) L35, and (e) 10R5 located at the air–water 
interface. Linear surfactants are shown above and cyclic surfactants below. The higher 
the PEG composition the surfactant had, the larger the decrease in γ upon cyclization 
appeared. In the case of the PEG homopolymer, A decreased from 410 Å2 (l-PEG(OH)) 
to 100 Å2 (c-PEG)
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Estimation of A from γ measurements for Pluronic surfactants contains ambiguity 

since γ at dilute regions are profoundly affected by various factors still in dispute. For 

instance, a change in the slope for L64, F68, and 17R4 occur at dilute concentrations 

significantly below its CMC. In the case of L64, the slope clearly shifts at around 0.01 

g/L. This phenomenon has previously been observed and attributed to the formation of 

unimer micelles or structural change of surfactants at the interface.14, 15, 29 However, 

theoretical and experimental studies using neutron reflectivity measurements indicated 

that the effect of copolymer depletion below the concentration, which is due to adsorption 

of the copolymer to the air−water interface or container surfaces, causes in this change in 

the slope.25, 26 Therefore, in this study, the concentration region below reported CMC 

values, but above the concentration where polymer depletion clearly completed was used 

to calculate A using equations (1) and (2). 

 Furthermore, possible contribution on the enhanced surface activity due to the 

elimination of hydrophilic chain-end groups was contemplated for several Pluronic 

polymers (L35, L64, 10R5, and 17R4) through methylation of the chain ends. Akin to the 

results for the PEG homopolymers, elimination of chain-end hydroxyl groups via 

methylation did not induce a significant effect on surface tension for L64 and 17R4, while 

dimethylation of the polymers with smaller molecular weights (L35 and 10R5) displayed 
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significantly reduced γ. Interestingly, these methoxy-terminated linear species displayed 

the largest A within the same series of the Pluronic surfactants. From model calculations, 

the PPG segments of Pluronic surfactants are expected to be positioned at the air–water 

interface with little penetration into the water, while the PEG segments are extended into 

the water phase.26 Methylation of the chain ends may induce the migration of the PEG 

segments towards the air–water interface for the ABA-type surfactants, and a stronger 

fixture of the PPG segments at the interface for the BAB-type surfactants, both due to an 

increase in hydrophobicity, thus resulting in larger A. Moreover, the elimination of the 

chain-end hydroxy groups enhanced surface activity for Pluronic surfactants of smaller 

molecular weights such as L35 and 10R5 (Figures 2-1, 2-4b, and 2-4f). On the other hand, 

the chain-end effect on surfactants with larger molecular weight such as L64 and 17R4 

were minimal because of the smaller contribution from the chain ends (Figures 2-1, 2-4c, 

and 2-4g). Therefore, while the chain-end modification would only prove to be an 

effective strategy for improvement of the interfacial activity for relatively small 

surfactants, the present topology-based approach through cyclization is not restricted by 

the molecular weight.  
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2.4. CONCLUSIONS 

Cyclized Pluronic surfactants having various molecular weights and segment ratios were 

synthesized by etherification or acetalization, and the surface activity was studied. The 

surface activity of the cyclized PEG homopolymer enhanced with a drastic decrease in A 

at the air–water interface from 410 Å2 (l-PEG(OH)) to 100 Å2 (c-PEG). Similarly, the 

surface activity of cyclic Pluronic surfactants was improved through the decrease in A. 

Moreover, the degree of a decrease in γ positively correlated with the PEG composition. 

While the influence of the chain ends on the interfacial property was limited to surfactants 

with relatively small molecular weights, the cyclization was found to be effective for all 

the surfactants studied. 

 The present work describes further topology effects of PEG and Pluronic 

surfactants. Considering that PEG and Pluronic surfactants are ones of the most 

commonly used commercial products coupled with the fact that cyclization does not 

involve a chemical transformation in the main chain, the utilization of the polymer 

topology for the improvement of the surfactant properties would find various applications 

and provide new insights into polymer chemistry of aqueous solutions. 
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2.6. SUPPORTING INFORMATION 

 

Figure S2-1. (a) Chemical structure, (b) 13C NMR spectra, (c) 1H NMR spectra, and (d) 
SEC traces of l-PEG(OH), l-PEG(OMe), and c-PEG. 
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Figure S2-2. (a) 13C NMR spectra, (b) 1H NMR spectra, and (c) SEC traces of l-L35(OH), 
l-L35(OMe), and c-L35.  
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Figure S2-3. (a) 13C NMR spectra, (b) 1H NMR spectra, and (c) SEC traces of l-
P123(OH) and c-P123.  
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Figure S2-4. (a) 13C NMR spectra, (b) 1H NMR spectra, and (c) SEC traces of l-F68(OH) 
and c-F68.
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Figure S2-5. (a) 13C NMR spectra, (b) 1H NMR spectra, and (c) SEC traces of l-

10R5(OH), l-10R5(OMe), and c-10R5. 
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Figure S2-6. SEC traces of crude c-PEG, c-L35, c-L64, c-P123, c-10R5, and c-17R4. 
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Figure S2-7. Deconvolution of the SEC trace of crude c-PEG. The black solid line 

represents the actual SEC trace, and the red dotted line denotes the overall fitted curve 

from the addition of four individual gaussian peaks shown in orange. 
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Chapter 3 
Topology Effect of Cyclization on the Aggregation Properties 

of PEG and Pluronic Surfactants in Solution  
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3.1. INTRODUCTION 

Investigation into the properties of polymers with non-linear architecture, namely, 

topological polymers, have revealed various unique structure–property relationships1. 

Amongst them, polymers having cyclic topology have especially been the subject of 

attention, resulting in extensive reviews2-4 and application-oriented researches5-9 

emerging in recent years. Naturally, the effect of cyclic topology has been investigated 

beyond simple homopolymer systems to self-assembling amphiphilic block copolymer 

systems, where the thermodynamics and structural properties of self-assembly 

phenomena were found to be affected by the geometrical constraints induced from the 

ring topology.10-17 In general, cyclic copolymer amphiphiles were found to assemble 

micelles with reduced dimensions compared to its corresponding linear counterparts of 

the same molecular weight.11-13 Moreover, enhancement in thermal stability and salt 

stability were found for cyclic diblock copolymer micelles compared to its corresponding 

linear triblock species, resulting from inhibition of inter-micellar chain-bridging induced 

agglomeration.14-16 

The effect of polymer topology is, in theory, not bound by its chemical structure. 

However, physical properties exhibited by realistic systems are a combination result, with 

contribution from a number of factors, thus complicating the elucidation of a “pure” 

topology effect. For this reason, well-studied systems and polymers with a wide 

understanding of relation between physical properties and polymer parameters such as 
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molecular weight, block ratio, and block architecture are attractive candidates for 

investigation into the effect of polymer topology. In this context, typical nonionic 

surfactants of symmetrical triblock copolymers containing hydrophilic poly(ethylene 

glycol) (PEG) and hydrophobic poly(propylene glycol) (PPG), commercially registered 

under trademark names of Pluronic or Poloxamers,18 are ideal. Pluronic surfactants can 

be classified into two types based on their block architecture. Pluronic surfactants with 

PEO–PPO–PEO block architecture are widely known as ABA-type Pluronic, with the 

hydrophobic PPO block sandwiched between two hydrophilic PEO blocks. In contrast, 

surfactants with PPO–PEO–PPO architecture are known as “reverse” or BAB-type 

Pluronic copolymers, consisting of a middle hydrophilic PEO block with two terminal 

hydrophobic PPO blocks. In general, attention has been focused on property–structure 

relationships regarding parameters such as molecular weight and block ratios,19-22 and 

less on the block architecture.23, 24  

Until date, a number of methods have been employed to probe structural 

characteristics of the aggregation behaviour of Pluronic copolymers, the most popular of 

them being dynamic light scattering (DLS), UV–vis absorption/fluorescence 

spectroscopy, and viscosity measurements.25 Through combination of various 

characterization methods as mentioned, a relatively complete analysis of micellization 

properties of Pluronic surfactants can be expected. 
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Physical properties of cyclized counterparts of a relatively large Pluronic 

copolymer EO52–PO34–EO52, studied by Booth and coworkers, is one of the first reports 

on cyclic AB-type diblock copolymers, with results indicating a relatively weak effect of 

cyclization upon its micellization thermodynamics, with also some limited insight into its 

micellar structure.26 More recently, the author reported the synthesis and interfacial 

properties for cyclized Pluronic surfactants of diverse chemical composition, revealing 

an enhancement in interfacial activity via cyclization to be a prevalent phenomenon. 

Interestingly, the degree of enhancement in interfacial activity upon cyclization was found 

to be influenced by the block ratios and architecture of polymer species.27 It is, therefore, 

of importance to revisit the seminal work of Booth et al, and elucidate the effect of cyclic 

topology on Pluronic copolymers in relation to its other chemical parameters, using the 

wide range of techniques available today.  

This work presents a comprehensive investigation into the effect of cyclic 

topology on the thermodynamic and structural properties of Pluronic L35, L64, 10R5 and 

17R4 micellization phenomena. Through comparison of cyclic species against its 

corresponding linear counterparts for the four copolymer species, a detailed effect of 

cyclization was observed in micellization thermodynamic parameters and micelle 

structural parameters, including its thermal stability. The temperature-induced phase 

separation phenomena for PEG homopolymer in 0.5 M K2SO4 solutions were also probed 

as a reference point to discuss the effect of topology in various phases.  
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3.2. EXPERIMENTAL SECTION 

3.2.1. Materials.  

4-Toluenesulfonyl chloride (TsCl) (>98.0%, Junsei Chemical Co., Ltd.), 

iodomethane (>99.5%, Kanto Chemical Co., Inc.), sodium chloride (NaCl) (>99.0%, 

Kanto Chemical Co., Inc.), potassium hydroxide (KOH) (>85.5%, Kanto Chemical Co., 

Inc.), sodium sulfate (Na2SO4) (>99.0%, Kanto Chemical Co., Inc.), n-heptane (>99.0%, 

Kanto Chemical Co., Inc.), chlorobenzene (>99.0% Nacalai Tesque, Inc.), methanol 

(MeOH) (>99.5%, Kanto Chemical Co., Inc.), dichloromethane (CH2Cl2) (>99.0%, 

Kanto Chemical Co., Inc.) for the work up, and chloroform (CHCl3) (>99.0%, Kanto 

Chemical Co., Inc.) were used as received. Tetrahydrofuran (THF), dehydrated stabilizer 

free (>99.5%, Kanto Chemical Co., Inc.) and dehydrated dichloromethane (CH2Cl2) 

(>99.5%, Kanto Chemical Co., Inc.) for the reaction were purified by a solvent 

purification system (MBRAUN MB-SPS-Compact). Silver behenate (>95.0%, Tokyo 

Chemical Industry Co., Inc.) was used as a calibrant for SAXS measurements. Pluronic 

L35 (PEG–PPG–PEG), average Mn ~1900, PEG weight ratio 50 wt% (Sigma–Aldrich), 

Pluronic L64 (PEG–PPG–PEG), Mn ~2900, PEG weight ratio 40 wt% (Sigma–Aldrich), 

Pluronic 10R5 (PPG–PEG–PPG), average Mn ~1700, PEG weight ratio 50 wt% (Sigma–

Aldrich), and Pluronic 17R4 (PPG–PEG–PPG), average Mn ~2700, PEG weight ratio 40 

wt% (Sigma–Aldrich) were purified by recycling preparative SEC. Polyethylene glycol 

(Mn ~2000, 4600, 10000, 20000 Aldrich) having terminal hydroxy groups were purified 



106 
 

using preparative LCCC and reprecipitated in diethylether and lyophilized in benzene 

before use. 

Pluronic L64 was further purified by a previously reported method,25, 28 by 

vigorously stirring 1 g of the copolymer in 100 mL of distilled hexane at room 

temperature for 15 min, followed by removal of the separated hexane phase. This 

procedure was repeated three times after which the copolymer was dried under reduced 

pressure overnight to extract residual hexane.  



107 
 

3.2.2. Preparative SEC 

A Japan Analytical Industry LC-908 recycling preparative HPLC system (Hitachi 

L-7110 pump and JAI RI detector RI-5) was used. JAIGEL-2H and 3H columns and a 

pre-column were connected in series. CHCl3 was used as the solvent, and the flow rate 

was set at 3.5 mL/min. 

 

3.2.3. Pluronic solution preparation 

Copolymer solutions with different concentrations were prepared by weighing 

required amounts copolymer and dissolving in Milli-Q water, which were stirred at room 

temperature for over 12 hours. The samples were further kept inside a refrigerator in 

tightly closed glass vials for over 48 hours before being filtered through a 0.45 μm 

Millipore filter prior to measurement. 

 

3.2.4. PEG solution preparation 

 PEG in 0.5 M K2SO4 aqueous solutions with different concentrations were 

prepared by weighing required amounts copolymer and dissolving in 0.5 M K2SO4 

aqueous solutions, which were stirred at room temperature for over 12 hours. The samples 

were further kept inside a refrigerator in tightly closed glass vials for over 48 hours before 

being filtered through a 0.45 μm Millipore filter prior to measurement. 
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3.2.5. CMT by dye solubilization 

Aqueous solutions of Pluronic surfactants in the presence of DPH were prepared 

through a dye solubilization technique.29 First, Pluronic surfactants were dissolved in 

Milli-Q water and stirred at room temperature for over 12 h. 25 μL of DPH/methanol 

solution taken from a stock solution of 0.4 mM DPH in methanol was added to 2.5 mL of 

the copolymer aqueous solution. The final sample solution contained 1 % (v/v) methanol 

and 4.0 μM DPH, at four polymer concentrations (c) of 0.30, 1.0, 3.0, and 10 g/L. The 

sample solutions were left in the dark to equilibrate for at least 3 h prior to measurement. 

Each sample solution was heated at a rate of 0.1 °C min-1, and absorption spectrum (340 

– 400 nm) was measured in 2 ºC increments after an equilibration time of 10 min at each 

temperature.  

 

3.2.6. Cloud point measurement 

Transmission of the solution (%T) was measured at 595 nm on a JASCO V-670 

UV-Visible spectrophotometer in deionized water using a micro quartz cell (M25-UV-2, 

GL Science Inc. Japan). Aqueous solutions of Pluronic surfactants and PEG were stirred 

at 60 rpm inside the spectrophotometer, and heated at a rate of 1 ºC min-1. Transmission 

was measured in 1 ºC increments. The lowest temperature at which %T at 595 nm became 

90 % or less was determined as the cloud point (Tc). 
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3.2.7. Dynamic light scattering (DLS) 

DLS measurements were performed on a Malvern Zetasizer Nano spectrometer 

equipped with a Nd:YAG laser (λ = 532 nm). The light scattering signal was obtained at 

a fixed angle of 173º. Particle diameter distribution changes of aqueous solutions of 

Pluronic surfactants (1.0 wt%) were measured at various temperatures after an 

equilibration time of 10 min. 
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3.3. RESULTS AND DISCUSSION 

3.3.1. Solution preparation  

Cyclic Pluronic surfactants L35, L64, 10R5 and 17R4 were synthesized and 

purified according to a reported method (chapter 2),26, 27, 30 through intramolecular 

cyclization of a linear prepolymer. For PEG–PPG–PEG (ABA) type Pluronic L35 and 

L64, Williamson-ether synthesis was undertaken for the reaction of chain-end hydroxy 

groups, while for PPG–PEG–PPG (BAB) type Pluronic 10R5 and 17R4, an acetalization 

reaction was carried out instead, due to reduced reactivity of the secondary hydroxy 

chain-end groups. Chain-end methylated linear polymers were also prepared according to 

the reported method in chapter 2, in order to clarify the extent of effect of polymer 

topology from chemically induced changes due to elimination of chain-end hydroxy 

groups. 

In the case of L64, the commercial product (linear prepolymer) is known to contain 

some amount of polymeric impurity of a more hydrophobic nature. This polymeric 

impurity is known to substantially affect its solution properties close to micellization 

conditions, with a number of methods reporting its removal.25, 28 In our case, repeated 

washing of the prepolymer using hexane successfully purified the prepolymer, as 

confirmed through temperature-dependent transmission of the polymer solution (Figure 

3-1). A previously observed spike in transmission around 40 ºC from the aggregation of 

impurities clearly disappeared for solutions prepared from purified L64. Cyclization and 
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methylation reaction were both carried out using the purified copolymer. No such 

anomalous behaviour was found for L35, 10R5 and 17R4 solutions, thus, the material 

was used for synthesis without further purification. 

 

 
Figure 3-1. Temperature-dependent transmission changes at 595 nm for 1 wt% l-
L64(OH) solution purified through hexane washing. 

 

 

  

100

80

60

40

20

0

Tr
an

sm
itta

nc
e [

%
]

80706050403020
Temperature [ºC]

 before purification
 after purification



112 
 

Aqueous copolymer solutions for linear Pluronic surfactants with either hydroxy 

chain-ends or methoxy chain-ends, along with its cyclic counterparts, were prepared by 

dissolving appropriate amounts of the copolymer in Milli-Q water. The copolymer 

solutions were stirred over 12 h at room temperature, after which were kept in a 

refrigerator for over 48 h for complete dissolution. Each solution was filtered immediately 

prior to each measurement to remove any macroscopic impurities. 

Among the various types of Pluronic surfactants commercially available, Pluronic 

L35, L64, 10R5 and 17R4 were selected since their total molecular weight and block 

composition realize aggregation behaviour at mild conditions, deeming them suitable for 

biological applications. In addition, a copious amount of research has been conducted for 

L64, revealing detailed aspects of its aggregation behaviour.25, 31-35 Thus, this polymer 

was considered a reasonable candidate to explore the topology effect of cyclization. BAB-

type copolymers (10R5 and 17R4) on the other hand, has not received the same extensive 

attention as compared to L35 and L64 with relatively fewer reports on its physical 

properties.36, 37 The relation between ABA-type and BAB-type Pluronics mainly lies in 

the difference of block architecture, in which the former is a hydrophilic–hydrophobic–

hydrophilic triblock copolymer while the latter is a hydrophobic–hydrophilic–

hydrophobic triblock copolymer. Despite almost identical molecular weight and 

hydrophilic/hydrophobic block ratios, the block architectural distinction between the two 

causes contrasting solution properties, mainly attributed to the entropic disparity required 
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upon conformational changes of the polymer under micellization conditions.24 With the 

importance of block architecture in mind, the ABA-type or BAB-type triblock 

architecture is both converted into an AB-type diblock architecture upon cyclization, 

Therefore, comparison of the changes in solution properties between ABA-type and 

BAB-type Pluronic copolymers of similar compositions allows a clarified understanding 

of the effect of cyclization, in relation to the block sequence. 

 

3.3.2. CMT by dye solubilization 

In order to evaluate the thermal response behaviour of the synthesized cyclic 

Pluronic surfactants, critical micelle temperature (CMT) measurements through a 

hydrophobic dye solubilization technique, using 1,6-diphenyl-1,3,5-hexatriene (DPH) 

were performed.29 The CMT values (TCMT) were obtained from the intersection 

temperature value at which a change in the slope of absorption intensity of DPH (λmax, DPH 

= 356 nm) was observed, indicating the dye solubilization within the hydrophobic micelle 

interior (Figure 3-2).  
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Figure 3-2. Temperature-dependent absorption intensity of DPH (λmax, DPH = 356 nm) for 
10 g/L solutions of (a) l-L35(OH), (b) l-L35(OMe) and (c) c-L35. Those of L64, 10R5, 
and 17R4 are also shown in (d)–(l). Critical micellization temperature (TCMT) was 
determined as the intersection temperature where an increase in the slope of the 
absorption intensity was observed. 
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Furthermore, the enthalpy of micellization (ΔHmic) was calculated from the slope 

of the linear fit of the ln(c) versus 1/TCMT values obtained at four polymer molar 

concentrations (c) (Figure 3-3). Using the ΔHmic values, ΔGmic at c = 1 wt% and at TCMT 

as well as ΔSmic were calculated using the following equations: 

ΔHmic = R[∂ln (c)/ ∂(1/TCMT)]                              (1) 

ΔGmic = RT ln (X)            (2) 

ΔSmic = (ΔHmic – ΔGmic) / T                      (3) 

where X is the copolymer concentration in mole fraction units at the micellization 

condition. 

  



116 
 

 
Figure 3-3. (a) ln(c) vs. 1/TCMT plot for aqueous solutions of linear hydroxy-terminated 
(blue), methoxy-terminated (green), and cyclized (red) L35, indicated as l-L35(OH), l-
L35(OMe) and c-L35, respectively. Those of (b) L64, (c) 10R5, and (d) 17R4 are also 
shown. Enthalpy of micellization (ΔHmic) was calculated from the slope of the linear 
fitting of the plots. 
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For 10 g/L ABA-type copolymer solutions, TCMT of l-L35(OH) was 58 °C, and that 

of c-L35 decreased to 45 °C. The same trend was observed for L64, where cyclized 

species displayed comparably lower TCMT than its corresponding linear counterpart with 

hydroxy chain-end groups (l-L64(OH), 35 °C; c-L64, 31 °C in Table 3-1). Methylation 

of the chain ends also resulted in lowered TCMT for L35, but no significant effect was 

observed for L64 (l-L35(OMe), 51 °C; l-L64(OMe), 36 °C in Table 3-1). The difference 

in the critical micellization condition between cyclized and linear ABA-type Pluronic was 

rather pronounced in comparison to the report by Booth and coworkers, where they were 

unable to define a clear effect of cyclization on their critical micellization concentrations 

for both PEG–PPG–PEG and PEG–polybutylene glycol–PEG triblock copolymers.26, 38 

A similar decrease in TCMT was observed for the BAB-type copolymers; from 69 to 62 °C 

for 10R5 and from 46 to 28 °C for 17R4 upon cyclization. TCMT of 10R5 and 17R4 also 

decreased upon methylation of the chain ends (l-10R5(OMe), 65 °C; l-17R4(OMe), 

42 °C in Table 1), suggesting the elimination of terminal hydroxy groups of PPG to also 

lower their TCMT. In any case, the cyclized copolymers displayed the lowest TCMT, 

indicating the effect of topology to be more significant compared to the consequence of 

the simple elimination of hydrophilic terminal moieties. 

When ΔHmic values were determined from the slope of the ln (c) versus 1 / TCMT 

plot, smaller values were found for the cyclic species, suggesting less enthalpic inhibition 

against micellization. According to the previous reports, smaller ΔHmic values for cyclized 
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ABA-type amphiphiles arise from the reduced exposure of the hydrophobic B segment to 

water in the unimer state.26, 38 Thus, the hydrophilic A segment in the cyclized form likely 

more effectively shielded the hydrophobic B segment from contact with water. 

Furthermore, when the ABA-type and BAB-type Pluronics were compared, a more 

significant effect upon ΔHmic was observed for the latter. This was likely caused by the 

hydrophobic chain length to double upon cyclization for the BAB-type copolymers, 

where the ΔHmic value per hydrophobic repeating unit is known to be smaller as the 

segment become longer due to the formation of tight coils, minimizing contact with 

water.39  

Similarly, smaller values for the entropy of micellization (ΔSmic) were found for the 

cyclized species. This can also be attributed to the effect of the cyclic topology on the 

conformations in the unimer state, and its relation to the hydrophobic effect. The 

hydrophobic effect is an entropic driving force towards micellization, arising from the 

release of water molecules from the lowered entropic states due to contact with the 

hydrophobic segments of the amphiphiles in the unimeric state40. This entropically driven 

process is known to be responsible for the micellization of many amphiphilic molecules 

including Pluronic copolymers24, and the positive ΔHmic and ΔSmic values obtained for the 

copolymers in this work also indicate micellization of the linear and cyclized Pluronic to 

be entropically driven. However, as mentioned above, cyclization of the copolymers 

leading to an efficient shielding of the hydrophobic PPG blocks from the surrounding 
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water environment is also expected to reduce the hydrophobic effect, thus, resulting in 

lowered ΔSmic. In addition, the presence of “dangling chains” in less structured micelles 

of the BAB-type Pluronic copolymers may contribute to the more drastic decrease in 

ΔSmic upon cyclization (eg., l-10R5(OH), 505 J/mol K; c-10R5, 365 J/mol K) compared 

to the ABA-type copolymers (eg., l-L35(OH), 352 J/mol K; c-L35, 319 J/mol K)17. 

Monte Carlo simulations of the micellization of linear ABA- and BAB-type copolymers 

performed by Kim and Jo revealed the latter copolymers to possess larger ΔSmic due to its 

less structured micelles and dangling chains41, 42. Therefore, since cyclization of both 

ABA- and BAB-type copolymers result in an AB-type diblock copolymer, the ΔSmic 

differences can rationally be expected to be more prominent for the copolymers with the 

BAB-type block sequence. 

Interestingly, while the ABA-type Pluronic copolymers displayed comparable 

ΔHmic and ΔSmic values for the linear methoxy-terminated species to that of the linear 

hydroxy-terminated species, an evident increase in both thermodynamic parameter values 

were found for 17R4, a copolymer with BAB-type sequence and relatively long PPG 

blocks. This was indicative of a more significant influence of the hydroxy groups for 

sufficiently long hydrophobic PPG segments on the micellization phenomena, compared 

to the hydroxy groups of the hydrophilic PEG segments or short PPG segments. The 

larger ΔSmic values for the methylated species are hypothesized to result from the stronger 

hydrophobicity, and the larger ΔHmic values may be possibly resulted from relatively 
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reduced hydrogen bonding interaction within the micelle core. Thus, the fraction of water 

known to be contained within the Pluronic micelle core43, 44 may have decreased by 

methylation of the chain-ends due to its stronger hydrophobic nature, resulting in a larger 

number of hydrogen bonding severance and a larger enthalpic change upon micelle 

formation. 
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Table 3-1. Properties of Hydroxy- and Methoxy-Terminated Linear and Cyclized Pluronic Copolymers and Their Solutions’ 
Thermodynamic Parameters 

a Average molecular weights reported from the manufacturer were used for the calculation of thermodynamic parameters of micellization. 
b Thermodynamic parameters obtained for 10 g/L solutions at TCMT. 
 
  

Topology-
Pluronic(chain-end) Composition Mn 

(g/mol) 
TCMT at 10 g/L 

(°C) 
ΔHmic 

(kJ/mol) a 
ΔGmic 

(kJ/mol) b 
ΔSmic 

(J/(mol K)) b Tc at 10 g/L (°C) 

l-L35(OH) 

(EG)11–(PG)16–(EG)11 1,900 

58 91 ± 4 –26.1 352 82 

l-L35(OMe) 51 96 ± 5 –25.4 374 81 

c-L35 45 77 ± 3 –25.2 319 64 

l-L64(OH) 

(EG)13–(PG)30–(EG)13 2,900 

35 182 ± 10 –24.6 670 64 

l-L64(OMe) 36 183 ± 9 –24.7 672 68 

c-L64 31 156 ± 2 –24.3 593 56 

l-10R5(OH) 

(PG)8–(EG)22–(PG)8 2,000 

69 145 ± 6 –26.9 505 72 

l-10R5(OMe) 65 152 ± 20 –26.5 530 66 

c-10R5 62 94 ± 7 –25.9 365 70 

l-17R4(OH) 

(PG)14–(EG)24–(PG)14 2,700 

46 173 ± 3 –26.4 625 49 

l-17R4(OMe) 42 230 ± 30 –26.1 804 44 

c-17R4 28 77 ± 5 –24.9 339 53 
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3.3.3. Cloud point measurement by temperature-dependent transmittance 

The temperature-dependent transparency (%T) of Pluronic surfactant solution at 1 wt% 

was measured to determine the aggregation and phase separation behaviour (Figure 3-4). Here, 

the cloud point (Tc) was defined by the lowest temperature at which the transmittance of 595 

nm became 90% or less. In order to separate the consequence of cyclization into the effect on 

the heat-induced dehydration and coil-globule transition through (i) the elimination of the 

strongly hydrophilic hydroxy end groups, and (ii) other structural effects such as 

conformational restriction of the unique ring topology, Tc for linear chain-end methylated 

species were investigated alongside its linear counterparts with hydroxy end-groups and cyclic 

species. For the ABA-type Pluronic, a significant decrease in Tc was observed for the cyclic 

species. For example, Tc of c-L35 and c-L64 at 64 and 56 °C, respectively, were comparably 

lower than their linear hydroxy-terminated counterparts (l-L35(OH), 82 °C; l-L64(OH), 64 °C 

in Table 3-1). In contrast, cyclization of the BAB-type copolymers resulted in comparable Tc 

to their corresponding linear hydroxy-terminated species. For instance, Tc of l-10R5(OH) and 

c-10R5 were 72 and 70 °C, respectively, while that of l-17R4(OH) and c-17R4 were 49 and 

53 °C, respectively. Interestingly, the linear methoxy-terminated species (l-L35(OMe), 81 °C; 

l-L64(OMe), 68 °C; l-10R5(OMe), 66 °C; and l-17R4(OMe), 44 °C) gave completely 

different Tc values and tendency to that of cyclized species, where comparable or increased Tc 

were obtained for the ABA-type copolymers in contrast to significant decreases in Tc for the 

BAB-type copolymer solutions. The obtained results suggest a clear distinction in the topology 

effect of cyclization to that of chemical modification of the chain-ends on the clouding 

phenomena. 
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Figure 3-4. (a) Temperature-dependent transmittance (%T) at 595 nm for 10 g/L aqueous 
solutions of linear hydroxy-terminated (blue), methoxy-terminated (green), and cyclized (red) 
L35, indicated as l-L35(OH), l-L35(OMe) and c-L35, respectively. Those of (b) L64, (c) 10R5 
and (d) 17R4 are also shown.  
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To rationally explain the differences in transmittance changes upon temperature 

elevation of the ABA-type Pluronic copolymer solutions, interpretation of clouding mechanism 

is required. First, both linear hydroxy- and methoxy-terminated species of L35 and L64 (l-

L35(OH), l-L35(OMe), l-L64(OH) and l-L64(OMe)), displayed similar %T profiles, where 

the transmittance drastically drops at the Tc. Clouding behavior of Pluronic copolymers to arise 

from phase transition induced through the dehydration and conformational change of the PEG 

segment is widely known23, 45, and our results suggest methylation of the chain-ends not to 

affect this mechanism. The %T profiles of the cyclized species of the ABA-type copolymers 

solutions indicate a distinct aggregation upon temperature elevation; the transition of the 

cyclized species took place over a wider temperature range compared to their linear 

counterparts, especially for c-L64 (Figure 4a, b). A similar phenomenon was reported on the 

phase transition of cyclic poly(N-isopropylacrylamide) (PNIPAM), explained to be caused by 

the disturbed packing of the polymer chains upon a coil-to-globule transformation due to the 

lack of chain ends46, 47, suggesting an analogous behavior to be exhibited in our system.  

BAB-type copolymers are rationally expected to form flower-like micelles in water, 

with a fraction of copolymer chains are expected to exist as or become “dangling chains” upon 

temperature elevation. The presence of “dangling chains” in these flower-like micelles is 

explained to act as inter-micellar bridging agents which cause macroscopic aggregation, where 

cyclization resulted in the elimination of this agglomeration mechanism14, 15. In the case of the 

present Pluronic copolymers, contribution from inhibition of the inter-micellar bridging was 

possibly observed for c-17R4, resulting in the slight increase of its Tc. On the other hand, the 

decreased Tc value for the linear methoxy-terminated species can be interpretated as a 

consequence of reduced solvation of the hydrophobic segment of the polymer, resulting in 

enhanced micellar bridging agglomeration to precede before phase transition. 

When the chain conformations and the freedom of each block in the micellar state are 
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taken into account, linear triblock ABA-, BAB-type and cyclic AB-type species are all expected 

to exhibit different characteristics (Figure 3-5). For example, the two PEG segments of linear 

ABA-type copolymers are only attached to the core–corona interface at one end of each block, 

in contrast to the looped PEG corona of linear BAB-type and cyclized species, with both PEG 

chain-ends attached to the core. This is expected to produce significant differences in the 

conformational freedom of the PEG blocks, which may influence the hydration and Tc. Thus, 

the significant decrease in Tc upon cyclization observed only for the ABA-type copolymers can 

be explained to result in the fixture of the free block ends to the core–corona interface, 

restricting its conformation. 

 

 

 

 

 

 

Figure 3-5. Schematic illustration of the expected conformations of linear ABA-type (left), 
linear BAB-type (center) and cyclized (right) copolymers in the micellar state. Cyclization 
results in the fixture of the PEG segment ends at the core–corona interface, and thus, is expected 
to affect the phase transition phenomena more prominently for the ABA-type copolymer. 
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The above results on cyclized Pluronics suggests loops, or cyclic topology to decrease 

the phase separation temperatures in general. To test whether that property is prevalent for other 

polymers, cloud point measurements on c-PEG solutions were conducted for various molecular 

weights and at a variety of concentrations. For PEG in aqueous solution, the critical 

temperature of phase separation lies above the boiling point of water. However, introduction of 

lyotropic salts have been found to lower the phase separation temperature,48, 49 which is an 

evident indication of the worsening of solvent quality. Thus, the critical temperatures of phase 

separation for l-PEG and c-PEG in 0.5 M K2SO4 aqueous solutions were compared through 

cloud point measurements, where transmittance (%T) changes of the solution were monitored 

during temperature elevation. Plots of %T vs temperature for solutions of l-PEG10k and c-

PEG10k at various concentrations are shown as an example in Figure 3-6, and %T changes for 

PEGs of other molecular weights are shown in Figure S3-1. The effects of PEG molecular 

weight and concentration onto the cloud point temperature (Tcp) are summarized in Figure 3-7.  

 

 

Figure 3-6. Transmittance (%T) changes upon temperature elevation for l-PEG10k and c-
PEG10k in 0.50 M K2SO4 aqueous solution. 
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Figure 3-7. Relationship between cloud point temperature (Tc) and polymer concentration for 
l-PEG and c-PEG of various molecular weights. 
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 From the abrupt drop in %T at the Tcp in Figure 3-6 and S3-1, both l-PEG and c-PEG 

were found to display clear transition points at all concentrations measured in this study, 

regardless of their topology. These results were unlike the phase transition behaviour for linear 

and cyclic PNIPAMs, where cyclices displayed a relatively gradual change, which further 

broadened for samples of low concentration.47 Upon comparison of the Tcp, c-PEG10k was 

found to display transition temperatures that were 5–6 ºC higher (Tcp = 66, 62, 58, 57, 55 ºC 

for 1, 2, 3, 4 and 5 wt% solutions, respectively) to l-PEG10k at all their corresponding 

concentrations (Tcp = 61, 56, 53, 51, 49 ºC for 1, 2, 3, 4 and 5 wt% solutions, respectively). 

Phase separation of PEG in aqueous solution is attributed to its dehydration, and even the 

smallest changes in chemical structure (such as terminal moiety) are known to influence the 

transition point.50 Purely based on chemical structure, c-PEG which lacks two (terminal) 

hydroxy- groups of l-PEG, is anticipated to result in a lower Tcp due to its increased 

hydrophobic nature. However, the opposite, i.e. increased Tcp was observed for c-PEG10k. This 

contradiction, suggests the topological excluded-volume effect to contribute to an apparent 

solubilization of c-PEGs, effectively negating its decreased hydrophilicity of its chemical 

structure. Furthermore, Tcp were found to decrease upon increase in concentration for both l-

PEG and c-PEG with the exception of PEG2k, probably due to their relatively high solubility 

even under this salted-out condition. Focusing on molecular-weight dependency, PEGs of 

larger molecular weights tended to have decreased Tcp. Both trends in concentration and 

molecular weight dependency of Tcp are in agreement with the behavior of linear PEGs reported 

in literature.51, 52 Thus, the cyclic topology was found to shift the Tcp to higher temperatures for 

LCST-type homopolymers, essentially resulting in the expansion of apparent solubility limit of 

cyclic polymers. The results for PEG homopolymers suggest the phase separation phenomena 

and the impact of cyclic topology to be distinct between PEG and Pluronics, where for PEG 

systems, a direct transition from solvated state to a two-phase system occurred. On the other 
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hand, the Pluronic system that involved transition from a micellar solution to a macro-phase 

separated state was possibly governed by a more complex effect of crowded loops and cyclices 

at the micelle–water interface. 
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3.3.4. Dynamic light scattering (DLS) 

In light of the anomalous association behaviour observed for c-L64, a structural 

investigation into the micellar aggregate size was conducted for L64 using dynamic light 

scattering (DLS) (Figure 3-8). The number distribution profiles of hydrodynamic diameter (Dh) 

of 1 wt% solutions of l-L64(OH) and c-L64 at various temperatures is shown in Figure 3-7. 

The number distribution profiles were selected to depict a more accurate aggregation behaviour 

of the copolymer systems, due to its susceptibility of heavy influence from just a minor 

presence of large particles. In consistency with the dye solubilization measurements, the Dh of 

both linear and cyclic L64 around 2 nm indicate the copolymers to be dissolved in the unimer 

state under the CMT. An evident size increase can be observed at 40 ºC for l-L64(OH), and at 

35 ºC for c-L64, respectively. While both suggest micellization around these temperatures, the 

large apparent micelle size for c-L64 at 35 ºC indicate possible contribution from cyclized 

residual impurities in the material. At 40 and 50 ºC, both linear and cyclic copolymer systems 

display a single peak profile around 10–20 nm, indicating well defined micellar aggregates. 

Temperature elevation for l-L64(OH) reveal a sudden size and distribution width increase 

between 60 ºC and 70 ºC, which did not change upon further elevation to 80 ºC. In contrast, a 

jump in size for the c-L64 system was observed between 50 ºC and 60 ºC, producing aggregates 

of around 60–100 nm up until 70 ºC, with a second size increase observed at 80 ºC, producing 

macroscopic aggregates. The DLS results are in complete consistency with the temperature-

dependent transparency measurements, where phase transition from transparent to opaque 

occur for l-L64(OH) between 60 and 70 ºC, while the c-L64 system undergoes a two-step 

transition, producing a translucent phase composed of micellar aggregates with the diameter of 

around 60–100 nm, between 60 and 80 ºC. 
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Figure 3-8. Number size distribution obtained from dynamic light scattering (DLS) at various 
temperatures for 1 wt% aqueous solutions of (a) l-L64(OH) and (b) c-L64. Contrasting 
aggregation behaviour at elevated temperatures between 60 ºC and 70 ºC were observed, along 
with clear micelle formation at 40 ºC. 
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3.4. CONCLUSIONS 

The effect of cyclization was observed for Pluronic surfactants L35, L64, 10R5 and 

17R4 in its their micellization and phase separation properties. Investigation into 

thermodynamic properties of micellization revealed decreased CMT, enthalpy and entropy for 

cyclized species with a more pronounced effect for BAB-type surfactants. This is believed to 

be due to a more effective shielding of the hydrophobic PPG segment by the hydrophilic PEG 

segments in cyclized surfactants in the unimer state, leading to a reduced enthalpic penalty and 

weaker entropic driving force. In addition, light transmittance and DLS measurements of 

polymer solutions revealed a contrasting effect on the thermal stability of Pluronic micelles. 

While a stabilizing effect on 17R4 micelles were observed due to inhibition of inter-micelle 

chain-bridging, cyclization of ABA-type Pluronics resulted in destabilization of the micelles, 

with a distinct phase formation at elevated temperatures. On the other hand, phase separation 

behaviour of cyclic PEG homopolymers, also revealed stabilizing effects of cyclices through 

an increase in clouding temperatures. The apparent contradiction is suggested to originate from 

the initial structures of the system near the critical point, where PEG homopolymers are 

molecularly dissolved, while Pluronics already have an aggregated micellar system. Thus, the 

molecularly crowded interface between micelle corona and the solvent likely resulted in 

amplified, and distinct effects of the cyclic topology. 

 

  



 
 
 

133 

3.5. REFERENCES 

(1) Topological Polymer Chemistry: Progress of Cyclic Polymers in Syntheses, Properties and 

Functions; World Scientific, 2013. 

(2) Haque, F. M.; Grayson, S. M. The synthesis, properties and potential applications of cyclic 

polymers. Nat. Chem. 2020, 433-444. DOI: 10.1038/s41557-020-0440-5. 

(3) Lienard, R.; De Winter, J.; Coulembier, O. Cyclic polymers: Advances in their synthesis, 

properties, and biomedical applications. J. Polym. Sci. 2020, 58 (11), 1481-1502. DOI: 

10.1002/pol.20200236. 

(4) Morgese, G.; Trachsel, L.; Romio, M.; Divandari, M.; Ramakrishna, S. N.; Benetti, E. M. 

Topological Polymer Chemistry Enters Surface Science: Linear versus Cyclic Polymer Brushes. 

Angew. Chem., Int. Ed. 2016, 55 (50), 15583-15588. DOI: 10.1002/anie.201607309. 

(5) Wang, Y. B.; Quinsaat, J. E. Q.; Ono, T.; Maeki, M.; Tokeshi, M.; Isono, T.; Tajima, K.; 

Satoh, T.; Sato, S.; Miura, Y.; et al. Enhanced dispersion stability of gold nanoparticles by the 

physisorption of cyclic poly(ethylene glycol). Nat. Commun. 2020, 11 (1). DOI: 

10.1038/s41467-020-19947-8. 

(6) Morgese, G.; Cavalli, E.; Rosenboom, J.-G.; Zenobi-Wong, M.; Benetti, E. M. Cyclic 

Polymer Grafts That Lubricate and Protect Damaged Cartilage. Angew. Chem., Int. Ed. 2018, 

57 (6), 1621-1626. DOI: 10.1002/anie.201712534. 

(7) Zhang, K.; Lackey, M. A.; Cui, J.; Tew, G. N. Gels Based on Cyclic Polymers. J. Am. Chem. 

Soc. 2011, 133 (11), 4140-4148. DOI: 10.1021/ja111391z. 

(8) Oziri, O. J.; Wang, Y. B.; Watanabe, T.; Uno, S.; Maeki, M.; Tokeshi, M.; Isono, T.; Tajima, 

K.; Satoh, T.; Sato, S. I.; et al. PEGylation of silver nanoparticles by physisorption of cyclic 

poly(ethylene glycol) for enhanced dispersion stability, antimicrobial activity, and cytotoxicity. 

Nanoscale Adv. 2022, 4 (2), 532-545. DOI: 10.1039/d1na00720c. 

(9) Oziri, O. J.; Maeki, M.; Tokeshi, M.; Isono, T.; Tajima, K.; Satoh, T.; Sato, S.; Yamamoto, 



 
 
 

134 

T. Topology-Dependent Interaction of Cyclic Poly(ethylene glycol) Complexed with Gold 

Nanoparticles against Bovine Serum Albumin for a Colorimetric Change. Langmuir DOI: 

10.1021/acs.langmuir.1c03027. 

(10) Williams, R. J.; Dove, A. P.; O'Reilly, R. K. Self-assembly of cyclic polymers. Polym. 

Chem. 2015, 6 (16), 2998-3008. DOI: 10.1039/c5py00081e. 

(11) Heo, K.; Kim, Y. Y.; Kitazawa, Y.; Kim, M.; Jin, K. S.; Yamamoto, T.; Ree, M. Structural 

Characteristics of Amphiphilic Cyclic and Linear Block Copolymer Micelles in Aqueous 

Solutions. ACS Macro Lett. 2014, 3 (3), 233-239. DOI: 10.1021/mz5000224. 

(12) Ree, B. J.; Satoh, T.; Yamamoto, T. Micelle Structure Details and Stabilities of Cyclic 

Block Copolymer Amphiphile and Its Linear Analogues. Polymers 2019, 11 (1). DOI: 

10.3390/polym11010163. 

(13) Zhang, B.; Zhang, H.; Li, Y.; Hoskins, J. N.; Grayson, S. M. Exploring the Effect of 

Amphiphilic Polymer Architecture: Synthesis, Characterization, and Self-Assembly of Both 

Cyclic and Linear Poly(ethylene gylcol)-b-polycaprolactone. ACS Macro Lett. 2013, 2 (10), 

845-848. DOI: 10.1021/mz4003936. 

(14) Honda, S.; Yamamoto, T.; Tezuka, Y. Tuneable enhancement of the salt and thermal 

stability of polymeric micelles by cyclized amphiphiles. Nat. Commun. 2013, 4, 1574. DOI: 

10.1038/ncomms2585. 

(15) Honda, S.; Yamamoto, T.; Tezuka, Y. Topology-directed control on thermal stability: 

Micelles formed from linear and cyclized amphiphilic block copolymers. J. Am. Chem. Soc. 

2010, 132 (30), 10251-10253. DOI: 10.1021/ja104691j. 

(16) Wada, H.; Kitazawa, Y.; Kuroki, S.; Tezuka, Y.; Yamamoto, T. NMR Relaxometry for the 

Thermal Stability and Phase Transition Mechanism of Flower-like Micelles from Linear and 

Cyclic Amphiphilic Block Copolymers. Langmuir 2015, 31 (32), 8739-8744. DOI: 

10.1021/acs.langmuir.5b01902. 



 
 
 

135 

(17) Yamamoto, T.; Masuda, Y.; Tezuka, Y.; Korchagina, E.; Winnik, F. M. Comparative 

Thermodynamic Studies of the Micellization of Amphiphilic Block Copolymers before and 

after Cyclization. Langmuir DOI: 10.1021/acs.langmuir.0c03358. 

(18) Vaughn, T. H.; Suter, H. R.; Lundsted, L. G.; Kramer, M. G. Properties of Some Newly 

Developed Nonionic Detergents. J. Amer. Oil Chem. Soc. 1951, 28 (7), 294-299. DOI: 

10.1007/bf02648649. 

(19) D'Errico, G.; Paduano, L.; Khan, A. Temperature and concentration effects on 

supramolecular aggregation and phase behavior for poly(propylene oxide)-b-poly(ethylene 

oxide)-b-poly(propylene oxide) copolymers of different composition in aqueous mixtures, J. 

Colloid Interface Sci. 2004, 279 (2), 379-390. DOI: 10.1016/j.jcis.2004.06.063. 

(20) Caragheorgheopol, A.; Schlick, S. Hydration in the various phases of the triblock 

copolymers EO13PO30EO13 (Pluronic L64) and EO6PO34EO6 (Pluronic L62), based on 

electron spin resonance spectra of cationic spin probes. Macromolecules 1998, 31 (22), 7736-

7745. DOI: 10.1021/ma980982g. 

(21) Kozlov, M. Y.; Melik-Nubarov, N. S.; Batrakova, E. V.; Kabanov, A. V. Relationship 

between pluronic block copolymer structure, critical micellization concentration and 

partitioning coefficients of low molecular mass solutes. Macromolecules 2000, 33 (9), 3305-

3313. DOI: 10.1021/ma991634x. 

(22) Landazuri, G.; Fernandez, V. V. A.; Soltero, J. F. A.; Rharbi, Y. Length of the Core Forming 

Block Effect on Fusion and Fission Dynamics at Equilibrium in PEO-PPO-PEO Triblock 

Copolymer Micelles in the Spherical Regime. Macromolecules 2021, 54 (5), 2494-2505. DOI: 

10.1021/acs.macromol.0c01520. 

(23) Naskar, B.; Ghosh, S.; Moulik, S. P. Solution Behavior of Normal and Reverse Triblock 

Copolymers (Pluronic L44 and 10R5) Individually and in Binary Mixture. Langmuir 2012, 28 

(18), 7134-7146. DOI: 10.1021/la3000729. 



 
 
 

136 

(24) Zhou, Z.; Chu, B. Phase-behavior and Association Properties of Poly(oxypropylene)-

poly(oxyethylene)-poly(oxypropylene) Triblock Copolymer in Aqueous Solution. 

Macromolecules 1994, 27 (8), 2025-2033. DOI: 10.1021/ma00086a008. 

(25) Jebari, M. M.; Ghaouar, N.; Aschi, A.; Gharbi, A. Aggregation behaviour of Pluronic((R)) 

L64 surfactant at various temperatures and concentrations examined by dynamic light 

scattering and viscosity measurements. Polym. Int. 2006, 55 (2), 176-183. DOI: 

10.1002/pi.1935. 

(26) Yu, G.-E.; Garrett, C. A.; Mai, S. M.; Altinok, H.; Attwood, D.; Price, C.; Booth, C. Effect 

of cyclization on the association behavior of block copolymers in aqueous solution. 

Comparison of oxyethylene/oxypropylene block copolymers cyclo-P34E104 and E52P34E52. 

Langmuir 1998, 14 (9), 2278-2285. 

(27) Watanabe, T.; Chimura, S.; Wang, Y. B.; Ono, T.; Isono, T.; Tajima, K.; Satoh, T.; Sato, S.; 

Ida, D.; Yamamoto, T. Cyclization of PEG and Pluronic Surfactants and the Effects of the 

Topology on Their Interfacial Activity. Langmuir 2021, 37 (23), 6974-6984. DOI: 

10.1021/acs.langmuir.1c00513. 

(28) Kositza, M. J.; Bohne, C.; Alexandridis, P.; Hatton, T. A.; Holzwarth, J. F. Micellization 

dynamics and impurity solubilization of the block-copolymer L64 in an aqueous solution. 

Langmuir 1999, 15 (2), 322-325. DOI: 10.1021/la9812368. 

(29) Alexandridis, P.; Holzwarth, J. F.; Hatton, T. A. Micellization of Poly(Ethylene Oxide)-

poly(Propylene Oxide)-poly(Ethylene Oxide) Triblock Copolymers in Aqueous-solutions - 

Thermodynamics of Copolymer Association. Macromolecules 1994, 27 (9), 2414-2425. DOI: 

10.1021/ma00087a009. 

(30) Cooke, J.; Viras, K.; Yu, G.-E.; Sun, T.; Yonemitsu, T.; Ryan, A. J.; Price, C.; Booth, C. 

Large cyclic poly(oxyethylene)s: Chain folding in the crystalline state studied by Raman 

spectroscopy, X-ray scattering, and differential scanning calorimetry. Macromolecules 1998, 



 
 
 

137 

31 (9), 3030-3039. DOI: 10.1021/ma9717909. 

(31) Mata, J. P.; Majhi, P. R.; Guo, C.; Liu, H. Z.; Bahadur, P. Concentration, temperature, and 

salt-induced micellization of a triblock copolymer Pluronic L64 in aqueous media. J. Colloid 

Interface Sci. 2005, 292 (2), 548-556. DOI: 10.1016/j.jcis.2005.06.013. 

(32) Sharma, R. K.; Shah, U. Aggregation Behavior of PEO-PPO-PEO Tri-Block Copolymer 

(Pluronic (R) L64) in Nonionic Surfactant Additives Environment. Tenside Surfact. Det. 2014, 

51 (3), 274-281. DOI: 10.3139/113.110308. 

(33) Ganguly, R.; Choudhury, N.; Aswal, V. K.; Hassan, P. A. Pluronic L64 Micelles near Cloud 

Point: Investigating the Role of Micellar Growth and Interaction in Critical Concentration 

Fluctuation and Percolation. J. Phys. Chem. B 2009, 113 (3), 668-675. DOI: 

10.1021/jp808304w. 

(34) Liao, C. Y.; Choi, S. M.; Mallamace, F.; Chen, S. H. SANS study of the structure and 

interaction of L64 triblock copolymer micellar solution in the critical region. J. Appl. 

Crystallogr. 2000, 33 (1), 677-681. DOI: 10.1107/s0021889899013205. 

(35) Yang, L.; Alexandridis, P.; Steytler, D. C.; Kositza, M. J.; Holzwarth, J. F. Small-angle 

neutron scattering investigation of the temperature-dependent aggregation behavior of the 

block copolymer pluronic L64 in aqueous solution. Langmuir 2000, 16 (23), 8555-8561. DOI: 

10.1021/la000008m. 

(36) Huff, A.; Patton, K.; Odhner, H.; Jacobs, D. T.; Clover, B. C.; Greer, S. C. Micellization 

and Phase Separation for Triblock Copolymer 17R4 in H2O and in D2O. Langmuir 2011, 27 

(5), 1707-1712. DOI: 10.1021/la104350g. 

(37) Kumi, B. C.; Hammouda, B.; Greer, S. C. Self-assembly of the triblock copolymer 17R4 

poly(propylene oxide)(14)-poly(ethylene oxide)(24)-poly(propylene oxide)(14) in D2O. J. 

Colloid Interface Sci. 2014, 434, 201-207. DOI: 10.1016/j.jcis.2014.07.049. 

(38) Yu, G.-E.; Yang, Z.; Attwood, D.; Price, C.; Booth, C. Association and surface properties 



 
 
 

138 

of a cyclic block copolymer of ethylene oxide and butylene oxide (Cyclo-B(8)E(42)) in water. 

Macromolecules 1996, 29 (26), 8479-8486. 

(39) Kelarakis, A.; Havredaki, V.; Rekatas, C. J.; Booth, C. Thermodynamics of micellisation 

of a diblock copolymer of ethylene oxide and styrene oxide in water. Phys. Chem. Chem. Phys. 

2001, 3 (24), 5550-5552. DOI: 10.1039/b107374e. 

(40) Chandler, D. Interfaces and the driving force of hydrophobic assembly. Nature 2005, 437 

(7059), 640-647. DOI: 10.1038/nature04162. 

(41) Kim, S. H.; Jo, W. H. A Monte Carlo simulation for the micellization of ABA- and BAB-

type triblock copolymers in a selective solvent. Macromolecules 2001, 34 (20), 7210-7218. 

DOI: 10.1021/ma0105136. 

(42) Kim, S. H.; Jo, W. H. A Monte Carlo simulation for the micellization of ABA- and BAB-

type triblock copolymers in a selective solvent. II. Effects of the block composition. J. Chem. 

Phys. 2002, 117 (18), 8565-8572. DOI: 10.1063/1.1512646. 

(43) Manet, S.; Lecchi, A.; Imperor-Clerc, M.; Zholobenko, V.; Durand, D.; Oliveira, C. L. P.; 

Pedersen, J. S.; Grillo, I.; Meneau, F.; Rochas, C. Structure of Micelles of a Nonionic Block 

Copolymer Determined by SANS and SAXS. J. Phys. Chem. B 2011, 115 (39), 11318-11329. 

DOI: 10.1021/jp200212g. 

(44) Pedersen, J. S.; Gerstenberg, M. C. The structure of P85 Pluronic block copolymer 

micelles determined by small-angle neutron scattering. Coll. Surf. A Phys. Eng. Asp. 2003, 213 

(2-3), 175-187. DOI: 10.1016/s0927-7757(02)00511-3. 

(45) Almgren, M.; Brown, W.; Hvidt, S. Self-aggregation and Phase-behavior of Poly(Ethylene 

Oxide) Poly(Propylene Oxide) Poly(Ethylene Oxide) Block-Copolymers in Aqueous Solution. 

Colloid Polym. Sci. 1995, 273 (1), 2-15. DOI: 10.1007/bf00655668. 

(46) Qiu, X.-P.; Tanaka, F.; Winnik, F. M. Temperature-induced phase transition of well-defined 

cyclic poly(N-isopropylacrylamide)s in aqueous solution. Macromolecules 2007, 40 (20), 



 
 
 

139 

7069-7071. DOI: 10.1021/ma071359b. 

(47) Xu, J.; Ye, J.; Liu, S. Synthesis of well-defined cyclic poly(N-isopropylacrylamide) via 

click chemistry and its unique thermal phase transition behavior. Macromolecules 2007, 40 

(25), 9103-9110. DOI: 10.1021/ma0717183. 

(48) Boucher, E. A.; Hines, P. M. Effects of inorganic salts on the properties of aqueous 

poly(ethylene oxide) solutions. J. Polym. Sci., Polym. Phys. Ed. 1976, 14, 2241-2251. 

(49) Lundberg, R.; Bailey, F.; Callard, R. Interactions of Inorganic Salts With Poly(Ethylene 

Oxide). J. Polym. Sci. A Polym. Chem. 1966, 4, 1563-&. 

(50) Dormidontova, E. Influence of end groups on phase behavior and properties of PEO in 

aqueous solutions. Macromolecules 2004, 37 (20), 7747-7761. DOI: 10.1021/ma035609+. 

(51) Saeki, S.; Kuwahara, N.; Nakata, M.; Kaneko, M. Phase Separation of Poly(Ethylene 

Glycol) Water Salt Systems. Polym. 1977, 18, 1027-1031. 

(52) Grinberg, V.; Burova, T.; Grinberg, N.; Dubovik, A.; Papkov, V.; Khokhlov, A. Energetics 

of LCST transition of poly(ethylene oxide) in aqueous solutions. Polym. 2015, 73, 86-90. DOI: 

10.1016/j.polymer.2015.07.032. 

 

  



 
 
 

140 

3.6. SUPPORTING FIGURES AND TABLES 

 

 
Figure S3-1. Temperature-dependent %T changes for l-PEG and c-PEGs at various molecular 
weights and concentrations in 0.5 M K2SO4 aqueous solution. 
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Chapter 4 

Structural studies of cyclic PEG and their gold nanoparticle 

complexes through small-angle X-ray and neutron scattering 
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4.1. INTRODUCTION 

The topological uniqueness of cyclic polymers, characterized by its ring-like 

architecture lacking chain-ends, result in a number of physical properties that are distinct from 

their linear counterparts.1, 2 Fundamental understanding of the physical properties of cyclic 

polymers is not only limited to scientific interest, but also crucial in the recent surge of interest 

toward potential applications and incorporation into material design.3, 4 Naturally, the 

physicochemical properties of cyclic polymers have been the subject of extensive studies.5, 6 

For instance, cyclic polymers have been shown to possess relatively smaller hydrodynamic 

volumes in solution to their linear counterparts,7 and feature lower intrinsic viscosity8 and 

higher glass-transition temperatures9, 10 in their melt and bulk states.  

Experimentally, the most well-studied polymeric system of cyclic polymers is 

polystyrenes (PS). Synthesis via the ring-closure approach,11 in many cases combined with 

fractionation by liquid chromatographic techniques have yielded corresponding sets of linear 

and cyclic PS of extremely high purity,12, 13 which enabled unambiguous identification of key 

properties originating from the ring topology.14, 15 Amongst other well-studied systems, 

polyethylene glycol (PEG) is of interest due to its hydrophilic backbones and biocompatibility 

that makes it relevant in biomedical applications.16 Despite early synthetic reports on cyclic 

analogous of PEG, i.e., c-PEG, investigations of their properties have mostly focused on their 

behavior in the bulk17 and melt states,18-20 with very limited reports in solution.21, 22 In fact, to 

the best of my knowledge, there has been no previous experimental reports on the 

conformations of c-PEG in dilute solution, in direct comparison with their corresponding linear 

counterparts of identical molecular weight.  

 From an application point of view, I have previously reported several unique properties 

of c-PEG, such as enhanced interfacial activity at the air–water interface,23 and superior 

physisorption onto nanoparticle surfaces which improved their dispersion stabilities.24-26 
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Exploration of the potential applications of c-PEG have also been reported by other groups, 

where c-PEGs were grafted onto nanoparticle surfaces to improve colloidal properties,27 and 

conjugation with proteins28 have been performed. However, most systems are only probed 

through differences in their macroscopic properties, and require a more detailed investigation 

to fully understand the impact of topology. 

Small-angle scattering is a powerful and widely-used technique in the structural 

characterization of soft matter on the nanometer scale.29, 30 It allows for an in situ structural 

analysis of matter due to its principal of measurement, where deflected signals from an 

collimated radiation are observed at small angles (0.1–10 º), upon interaction with a structure 

larger than the wavelength of the radiation.31 The two major radiation sources are, X-rays and 

neutron beams, which corresponds to small-angle X-ray scattering (SAXS) and small-angle 

neutron scattering (SANS), respectively. While both SANS and SAXS allow detailed 

investigation of internal structures of scatterers, they interact with matter in different ways, 

where for instance, X-rays are scattered by the electron of the atoms, resulting in a mapping of 

the electron density distribution of the material. Thus, as a rule of thumb, atoms that have a 

large amount of electrons (heavier elements) scatter strongly, and will obscure scattering from 

lighter elements if both are present within the system. On the other hand, incident neutrons 

interact with the nuclei, which results in irregular scattering abilities of atoms in relation to the 

periodic table. Therefore, the lighter/heavier rule of elements observed for SAXS do not apply 

for SANS, and thus, they can be utilized to study composite matters that are made up of vastly 

differing elements.32 Furthermore, due to the vastly differing scattering of H atoms and D atoms, 

scattering from the background can be controlled to eliminate/highlight certain components 

within the system, by simply mixing deuterated and non-deuterated samples to an appropriate 

ratio. This is called the contrast variation/matching method, and it has been found to be 

especially effective in the elucidation of multicomponent systems, such as block copolymer 
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micelles,33, 34 polymer grafted nanoparticles of silica,35, 36 polystyrene,37, 38 and clay materials.39 

Naturally, SANS can be considered as a powerful method in elucidating the inorganic–organic 

hybrid structure of c-PEG and AuNPs (AuNPs/c-PEG) complexes. Available literature on other 

surface-functionalized AuNPs utilizing SANS, however, are mostly limited to small 

molecules,40, 41 and only a single report has been made for PEGylated AuNPs using HS–PEG–

OMe having a molecular weight of around 2 kDa.42 

In this work, a detailed structural investigation using SAXS and SANS were carried 

out on both c-PEG and AuNPs/c-PEG complexes (Figure 4-0). Clear effects of chain 

confinement and topological excluded volume effect was observed from the molecular-weight 

dependency and solvent-dependency of the single chain dimensions and conformations of c-

PEG. Meanwhile, a direct observation of the AuNPs/c-PEG complex structure was achieved 

for the first time through SANS measured in various D2O/H2O solvent composition. 

Furthermore, model-independent and dependent analyses were conducted to quantitatively 

discuss the complex structure, where in comparison to terminally attached HS–PEG–OMe, c-

PEGs were found to form a thinner adsorbed layer with smaller amount of molecules, 

indicating efficient coverage of the surface of AuNPs, realized through multiple interaction 

points of the mainchain with the nanoparticle surface. 
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Figure 4-0. A schematic illustration of the targets and the scope of this work. 
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4.2. EXPERIMENTAL SECTION 

4.2.1. Materials.  

 Gold nanoparticles (AuNPs) with a diameter of 30 nm (Gold Nanospheres, citrate, 

BioPureTM, 1 mg/mL, nanoComposix), 4-toluenesulfonyl chloride (TsCl) (>98.0%, Junsei 

Chemical Co., Ltd.), sodium chloride (NaCl) (>99.0%, Kanto Chemical Co., Inc.), potassium 

hydroxide (KOH) (>85.5%, Kanto Chemical Co., Inc.), sodium sulfate (Na2SO4) (>99.0%, 

Kanto Chemical Co., Inc.), methanol (MeOH) (>99.5%, Kanto Chemical Co., Inc.), 

dichloromethane (CH2Cl2) (>99.0%, Kanto Chemical Co., Inc.) for the work up, chloroform 

(CHCl3) (>99.0%, Kanto Chemical Co., Inc.), diethyl ether (>99.5%, Kanto Chemical Co., 

Inc.) for reprecipitation and benzene (>99.9%, Aldrich) for lyophilization were used as 

received. n-Hexane (>99.0%, Kanto Chemical Co., Inc.) was purified by distillation. 

Tetrahydrofuran (THF), dehydrated stabilizer free (>99.5%, Kanto Chemical Co., Inc.) and 

dehydrated dichloromethane (CH2Cl2) (>99.5%, Kanto Chemical Co., Inc.) for reactions were 

purified by a solvent purification system (MBRAUN MB-SPS-Compact). Deuterium oxide 

(D2O) (>99.90%, Eurisotop), mPEG-SH (HS–PEG–OMe) (Biopharma PEG scientific Inc.) 

were used as received. Polyethylene glycol (HO–PEG–OH, further denoted as l-PEG) (Mn 

~2000, 4600, 10000, 20000 Aldrich) having terminal hydroxy groups were purified using 

preparative LCCC and reprecipitated in diethylether and lyophilized in benzene before use. 

 

4.2.2. Size exclusion chromatography (SEC).  

SEC was measured in DMF (containing 0.01 M LiCl) at 40 °C at the flow rate of 0.6 

mL/min using a Jasco high performance liquid chromatography system (JASCO PU-980 Plus 

pump, JASCO RI-930 Intelligent RI detector, JASCO CO-965 Plus column oven and Shodex 

DEGAS KT-16) equipped with Shodex Asahipak GF-310 HQ column and a Shodex Asahipak 

GF-7 M HQ column. 
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4.2.3. Preparative SEC.   

Preparative SEC was performed in CHCl3 at the flow rate of 9 mL/min using a Japan 

Analytical Industry LC-7080 plus recycling preparative HPLC system (JAI RI-700LA 

detector) equipped with JAIGEL-2.5H and -3H columns and a pre-column connected in series. 

 

4.2.4. Preparative liquid chromatography at the critical condition (LCCC).   

Preparative scale LCCC was performed in a mixture of MeOH and MilliQ water (80/20 

v/v) at the flow rate of 10 mL/min using a Japan Analytical Industry LC-5060 recycling 

preparative HPLC system (JAI RI-700LA detector) equipped with two reverse phase ODS 

columns (JAIGEL-ODS-AP SP-120-10) and a precolumn connected in series. 

 

4.2.5. UV–Vis spectroscopy.    

Ultraviolet–visible (UV–Vis) absorbance spectra were measured on a JASCO V-670 

spectrophotometer at 25 °C using a micro quartz cell (M25-UV-2, GL Science Inc. Japan). 

 

4.2.6. Synthesis of c-PEG.    

Linear PEG having terminal hydroxy groups (l-PEG) was cyclized via etherification 

to form cyclic PEG (c-PEG) without inhomogeneity in the chemical structure by using the 

modified tosylation method according to previous reports.17, 43 The molecular weight was 2, 4, 

and 10 and 19 kg/mol (namely, c-PEG2k, c-PEG4k, c-PEG10k and c-PEG19k, respectively). 

Purification were conducted by fractionation using preparative scale SEC and LCCC, where 

the eluents were CHCl3 and MeOH/H2O mixtures (80/20 vol/vol), respectively. Both c-PEG 

and l-PEG were reprecipitated in diethyl ether and lyophilized in benzene before use. 
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4.2.7. Preparation of polymer solutions for SAXS.  

Stock solutions of l-PEG and c-PEG were prepared by dissolving required amounts of 

each polymer in their respective solvents (benzene, MilliQ water) and stirred at room 

temperature for over 24 h and filtered through a PTFE membrane filter unit (0.20 μm, Toyo 

Roshi Kaisha, Ltd.). Samples having various polymer concentrations were prepared by serial 

dilution of the stock solutions. 

 

4.2.8. Preparation of AuNPs/PEG dispersions for SANS.  

Typically, a PEG solution was prepared by dissolving 100 mg of c-PEG10k or HS–

PEG9k–OMe and 0.26 mg of sodium citrate in 5.0 mL of H2O or D2O, and the solution was 

filtered through a 0.2 μm PTFE membrane. An AuNPs/PEG complex was prepared by mixing 

the PEG solution and 5 mL of 1 mg/mL aqueous dispersions of AuNPs having average particle 

diameters of 30 nm in a 0.2 mM sodium citrate solution. The mixture was vigorously mixed 

for 30 s using a vortex mixer and left standing at room temperature 12 h to attain adsorption 

equilibrium. The mixture was subjected to ultrafiltration at 2260 g for 15 min to an 

approximately 10-fold concentration, and a 0.2 mM sodium citrate H2O or D2O solution was 

added to re-dilute the mixture to its original concentration. The ultrafiltration and subsequent 

dilution were repeated three times to remove unadsorbed PEG, while at the same time, 

exchanging the solvent to attain the desired D2O/H2O composition. The resulting dispersion 

was filtered using a 0.45 μm PTFE membrane filtration unit before undergoing the final 

ultrafiltration to obtain a concentrated dispersion of an AuNPs/PEG complex with an AuNPs 

concentration of approximately 7 mg/mL. The experimental concentration of AuNPs was 

determined from UV-vis absorption measurements by quantifying the absorbance intensity at 

the λmax of AuNPs (521 nm). 
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4.2.9. Small-angle X-ray scattering (SAXS) measurements.   

SAXS measurements were performed at the beamline BL40B2 in SPring-8, Japan. 

The incident beam wavelength was set to 0.1 nm. A Pilatus3S 2M detector was placed 4.0 m 

from the sample, and ion chambers were placed in front and behind the sample to determine 

the X-ray transmittance. The measurement setup provided the q range of 0.02–2.0 nm−1, where 

q is the magnitude of the scattering vector defined by q = 4π/λ sin(θ), with the incident beam 

length denoted as λ, and the scattering angle of 2θ. The sample solutions were packed in a 

quartz capillary (2 mm Φ, Hilgenberg GmbH) and set in the sample chamber controlled by a 

INSTEC HCS-302 temperature control system to a temperature of 25.0 ºC. Sample solutions 

were measured at a beam exposure time of 6 min, and the resulting two-dimensional SAXS 

images was converted to one-dimensional I(q) versus q profiles via circular averaging. Here, 

I(q) is the scattering intensity at q, and the background scattering from the solvent and the cell 

was subtracted to obtain the reduced excess scattering intensity (ΔI(q)) of the sample using the 

following equation, 

𝛥𝐼(𝑞) = 1!"#$(3)
'!"#$5'%&'(

− 1!"#)(3)
'!"#)5'%&'(

   (1) 

where Isoln(q) and Isolv(q)  are the scattering intensity of the sample solution and the solvent, 

respectively, and the Tsoln, Tsolv and Tdark each represent the X-ray transmittance of the sample 

solution, solvent, and the background from the environment without any beam exposure, 

respectively. ΔI(q) was further corrected into absolute intensity values through the use of water 

(MilliQ water) as a secondary standard.44  
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4.2.10. SANS measurement.  

SANS measurements were carried out at the BL15 beamline (TAIKAN) at J-PARC, 

Tokai, Japan and SANS-U (C1-2), JRR-3, Tokai, Japan.45, 46 For TAIKAN, A time-of-flight 

method with a wavelength band from 1.0 to 7.5 Å was employed for the measurement, which 

resulted in a q-range of between 0.05 and 50 nm−1, where q is the magnitude of the scattering 

vector defined by q = 4π/λ sin(θ), with the incident beam wavelength denoted as λ, and the 

scattering angle of 2θ. For SANS-U, a monochromatized neutron source with a wavelength of 

7 Å and 3He position sensitive detector (PSD) (model 2660N, ORDELA) were used at sample-

to-detector distances of 8 and 1 m, resulting in a q-range similar to that of TAIKAN. The 

measured two-dimensional SANS data were corrected for the instrumental background, empty 

cell and detector sensitivity, and converted to one-dimensional I(q) versus q profiles via circular 

averaging. Here, I(q) was the total neutron scattering intensity at q, and the scattering from the 

background from the solvent and the quartz cell with a thickness of 1 mm was subtracted to 

obtain the reduced excess scattering intensity of the sample. The reduced excess scattering 

intensity was further corrected into absolute intensity values using glassy carbon (TAIKAN) or 

low-density polyethylene (SANS-U) as a secondary standard.46, 47 
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4.2.11. SANS analysis.  

The total neutron scattering intensity, I(q), from a dilute suspension of particle 

scatterers can be described using the below equation: 

𝐼(𝑞) = 𝑐(Δ𝑏)"𝑃(𝑞)𝑆(𝑞)  (2) 

where c is the number concentration of scatterers, Δb is the excess neutron scattering length of 

a single scatterer, P(q) is the form factor, S(q) is the structure factor of the scatterers.48 The 

excess neutron scattering length Δb for a AuNPs/PEG complex is expressed as follows: 

Δ𝑏 = (𝜌67089 − 𝜌9+*:;<=)𝑉6708 + 𝑁(𝜌8>? − 𝜌9+*:;<=)𝑉8>?   (3) 

where ρAuNPs, ρsolvent and ρPEG are the scattering length densities (SLDs) of AuNPs, solvent and 

PEG, respectively. VAuNP and VPEG corresponds to the volume of a single AuNP and PEG 

molecule, and the number of adsorbed PEG molecules per a single AuNPs/PEG complex is 

denoted as N. For the case of AuNPs without PEG, only the first term of Δb is considered. 

Scattering length densities (SLDs, ρ) of H2O, D2O, AuNPs, and PEG are summarized in Table 

S4-1. Scattering length data obtained from the NIST database was used for the calculation of 

SLDs.49 Density values of the bulk materials were used to calculate ρAuNPs and ρsolvent, while 

the partial specific volume of linear PEG in aqueous solution50 was used for the calculation of 

ρPEG. VAuNP and VPEG were calculated using the below equations: 

𝑉6708 = 𝜋𝑟"                       (4) 

𝑉8>? =
@AB*,,-.

0/
                     (5) 

where r is the radius of the sphere, 𝜈̅ is the partial specific volume of PEG in aqueous solution, 

Mw, PEG is the weight average molecular weight of PEG determined from SEC, and NA is the 

Avogadro’s number. Since Mw, c-PEG cannot be accurately determined using linear PEG 

standards, the molecular weight of the corresponding linear PEG (Mw, l-PEG) was used instead. 

r was determined from a model fitting of SANS curve obtained for AuNPs without PEG in 0% 
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D2O using a spherical model, as described below. 

 In the model-independent Guinier analysis, the SANS curve in the low q region can be 

approximated to the following equation:48 

lim
3→%

1(3)
.
= 1(%)

.
𝑒D5

0
1&23

3E  (6) 

where Rg is the radius of gyration. Thus, Rg was calculated from a linear fitting of the Guinier 

plot (ln{I(q)} vs q2). 

 For the model-dependent analysis of the SANS curves, a sphere model and a core–shell 

double sphere model were selected for the analysis of AuNPs and AuNPs/PEG complexes, 

respectively.48 The form factor of a sphere having a radius of r can be expressed by the 

following equation: 

𝑃(𝑞) = [Φ(𝑞𝑟)]"  (7) 

Φ(𝑥) = $[GHI J5J KLG J]
J1

  (8) 

while a core–shell type double sphere can be expressed as the following equation: 

𝑃(𝑞) = ?
𝑟NLNOP$ Φ(𝑞𝑟NLNOP) + 𝑓Q𝑟KLQR$ Φ(𝑞𝑟KLQR)

𝑟NLNOP$ + 𝑓Q𝑟KLQR$ A
"

 

𝑓Q = 	(𝜌KLQR − 𝜌GLPS) (	𝜌GTRPP − 𝜌GLPS)⁄ − 1  (9) 

where, the radii of core and the whole double sphere are denoted as rcore and rtotal, while the 

SLDs of the core, shell and solvent are ρcore, ρshell, and ρsolv, respectively. The shell thickness 

(dshell) can be calculated by the following equation: 

𝑑9U;** = 𝑟=+=V* − 𝑟.+W; (10) 

using the two radii obtained from the fitting procedure. The sample concentrations in this study 

can be considered as a dilute system, where the structure factor S(q) can be approximated as 1, 

and the model fitting analysis was conducted using a SASview program (ver 5.0.6). Finally, 

polydispersity (PD) in the radius was applied with a Schultz distribution51 to account for the 
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size distributions of the scatterers, while instrument resolution is also taken into account in the 

fitting procedure. 
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4.3. RESULTS AND DISCUSSION 

4.3.1. Synthesis and chromatographic separation of c-PEG.  

Synthesis of cyclized PEG (c-PEG) having no chemical inhomogeneity in the polymer 

backbone was achieved through intramolecular cyclization of linear PEG (l-PEG) via the 

Williamson-ether synthesis of terminal hydroxy groups under high dilution, following 

previously reported methods (chapter 1).17, 24 The “ring closure” strategy of linear polymers 

results in a mixture of intermolecularly reacted side products and unreacted material along with 

c-PEG. In order to observe the effect of cyclic topology onto the solution properties of PEG, it 

is of absolute necessity to remove all byproducts and unreacted linear materials in the system. 

For this goal, a two-step fractionation purification procedure was employed using (1) 

preparative scale size exclusion chromatography (SEC) to initially remove multimeric 

byproducts, followed by (2) liquid chromatography at the critical condition (LCCC) of PEG to 

completely isolate cyclized products from their linear precursors. SEC and LCCC traces of 

corresponding l-PEG and c-PEG after purification are shown in Figure 4-1 for the four 

molecular weight samples used in this study.  

  



 
 
 

155 

 

 
Figure 4-1. Normalized (a) SEC and (b) LCCC traces of purified l-PEG and c-PEG (Both from 
top; PEG19k, PEG10k, PEG4k and PEG2k) . LCCC was measured in MeOH/H2O (80/20 v/v) 
mixtures using an ODS column. 
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As shown in the SEC traces of purified l-PEG and c-PEG (Figure 4-1 (a)), 

unimolecularly cyclized polymers displayed longer retention times compared to their 

corresponding linear counterparts due to their suppressed hydrodynamic volume, a property 

typically observed for cyclic/ring polymers.1 However, a considerable overlap of SEC traces 

was observed between corresponding linear and cyclic species, indicating complete isolation 

of c-PEG purely via SEC fractionation to be challenging and inefficient. 

The LCCC lies at a delicate transition point between the exclusion mode and the 

adsorption mode, where in principal, polymers of the same chemical structure coelute 

regardless of their molecular weights.52 LCCC has been employed for the chromatographic 

separation of various polymers according to structural characteristics other than their molecular 

weight, such as terminal moieties,53 block composition,54 and polymer topology.55 In this work, 

LCCC fractionation of c-PEG was conducted at a reported critical condition for l-PEG54 on 

ODS columns, where the mobile phase was composed of MeOH/H2O mixture (80/20 v/v). 

Under this condition, c-PEG was found to elute significantly later than their linear counterparts 

and complete chromatographic separation was achieved for all four molecular weight samples 

used in this study (Figure 4-1 (b)). Furthermore, quantitative analysis of peak areas of LCCC 

traces of c-PEG measured by an RI detector revealed extremely high purities between 99.3–

99.7%, thus confirming the efficacy of LCCC in the separation of PEG molecules based on 

their topology (Table 4-1). 
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Table 4-1. SEC determined molecular weights of PEGa samples used in this study 

a Molecular weights of c-PEG are only given as apparent values, due to the use of l-PEG 
standards for calculation. 
b Purity of c-PEG was determined from the peak areas of the LCCC traces. 
  

Sample Mn, SEC (kg/mol) Mw, SEC (kg/mol) Mw/Mn Purity (%)b 

l-PEG2k 1.82 1.93 1.06 - 

c-PEG2k 1.29 1.36 1.06 99.5 

l-PEG4k 4.19 4.45 1.06 - 

c-PEG4k 2.96 3.11 1.05 99.3 

l-PEG10k 9.67 10.34 1.07 - 

c-PEG10k 6.89 7.28 1.06 99.7 

l-PEG19k 17.37 18.86 1.05 - 

c-PEG19k 14.01 15.17 1.08 99.7 
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4.3.2. Small-angle X-ray scattering (SAXS) of PEG solutions.   

The extremely high purity of the c-PEG samples (99.3–99.7%) enabled the rigorous 

investigation of the effect of polymer topology on the chain dimensions and conformations of 

PEG in dilute solution, through synchrotron SAXS measurements. Sample solutions were 

prepared in two known good solvents of PEG,56, 57 benzene and water in order to investigate 

the impact of solvent quality on these properties.  

The reduced excess scattering intensity ΔI(q), obtained after circular averaging of 2D 

SAXS images and appropriate data reduction was normalized to the concentration of PEG 

(cPEG) and extrapolated to cPEG → 0 using the Berry square-root plots. The extrapolated values 

can be expressed by the following equation, 

F ∆1(3)
Y.,-.

G
.,-.→%

5! "Z = !
[J*

F1 + !
\
〈𝑆"〉𝑞" + 𝒪(𝑞])G = !

[J*
𝑃(𝑞)5! "Z    (11) 

where K is the scattering constant, xw is the weight-average degree of polymerization, <S2> is 

the mean-square radius of gyration, and P(q) is the particle scattering function. Values of xw 

were calculated from the Mw of l-PEG using SEC data (Table 4-1), while xw of c-PEGs were 

assumed to be identical to their linear precursor based on the ring-closure approach and lack of 

accurate method to independently determine the molecular weights of c-PEG using SEC. 

Representative Berry plots taken in benzene and water at finite concentrations and cPEG → 0 

extrapolated conditions for l-PEG10k and c-PEG10k (xw = 235) are shown in Figure 4-1, while 

corresponding plots for the other molecular weights are shown in Figure S4-1 and S4-2.  
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Figure 4-2. Berry plots of (a) l-PEG10k and (b) c-PEG10k in benzene, and (c) l-PEG10k and (d) 
c-PEG10k in water. Data points of finite concentrations are shown in color, while cPEG → 0 
extrapolated values are shown in black. For samples measured in benzene, cPEG = 2, 0.15 and 
0.1 wt% (from top), while for samples measured in water, cPEG = 3, 2, 0.15 and 0.1 wt% (from 
top), respectively. 
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Radius of gyration <S2>1/2 calculated from the initial slope of the Berry plots, 

alongside the geometric shrinking factor denoted as gs (= <S2>cyclic/<S2>linear) are summarized 

in Table 4-2.  

 

Table 4-2. <S2>1/2 and gs values of l-PEG and c-PEG in benzene and water determined 
from Berry plots 

a Weight-average degree of polymerization (xw) was calculated using Mw of l-PEGs. The xw 
values of c-PEGs were assumed to be identical to their linear precursors based on the ring-
closure approach of cyclization.  

Sample xw
a 

Benzene Water 

<S2>1/2 (nm) gs <S2>1/2 (nm) gs 

l-PEG2k 
44 

1.68 ± 0.01 
0.64 

1.70 ± 0.02 
0.60 

c-PEG2k 1.34 ± 0.02 1.31 ± 0.01 

l-PEG4k 
101 

2.80 ± 0.02 
0.62 

2.65 ± 0.07 
0.70 

c-PEG4k 2.21 ± 0.02 2.22 ± 0.03 

l-PEG10k 
235 

4.42 ± 0.07 
0.65 

4.24 ± 0.05 
0.72 

c-PEG10k 3.56 ± 0.03 3.60 ± 0.04 

l-PEG19k 
429 

6.36 ± 0.04 
0.65 

6.23 ± 0.14 
0.68 

c-PEG19k 5.12 ± 0.04 5.13 ± 0.05 
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Furthermore, solvent quality of benzene and water can be estimated from the Flory 

exponent parameter (ν), which describes the scaling of chain size (<S2>1/2) with degree of 

polymerization (xw) through the following equation: 

log〈𝑆"〉!/" ∝ 𝜐 log 𝑥_  (12) 

Double logarithmic plots of <S2>1/2 and xw for benzene and water are shown in Figure 4-3, and 

the ν determined from the slope of the linear fit is annotated within each graph. 

 

 

 

Figure 4-3. Double logarithmic plots of xw and <S2>1/2 for l-PEG and c-PEG in (a) benzene 
and (b) water. Flory exponents (ν) calculated from the slopes of the linear fit curves are shown 
in the annotation. Errors of <S2>1/2 were smaller than the sizes of the symbols. 
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 <S2>1/2 values of c-PEGs were evidently smaller to their corresponding values 

of HO–PEG–OH in both solvents. For example, <S2>1/2 of l-PEG10k and c-PEG10k were 4.42 

and 3.56 nm in benzene, while for the same samples in water, <S2>1/2 were 4.24 and 3.60 nm, 

respectively. This led to gs values of 0.62–0.65 in benzene, and larger values in the range of 

0.60–0.72 for samples in water. For ideal Gaussian chains, the theoretical gs of cyclic polymers 

are known to be 0.50.58 However, computational and experimental studies have shown the gs 

of cyclic polymers to generally display values larger than 0.5, with largest reported values 

obtained from SANS experiments of cyclic polystyrene in the range of 0.557–0.730.14 The 

large deviance of gs expected from ideal chains is attributed to the “topological 

expansion/swelling effect”, where cyclic polymers experience strong intramolecular excluded-

volume effect due to their topological constraint. Since the amount of linear contaminants that 

may contribute to an apparent increase in gs is minimal (less than 0.7%) in this work, the 

relatively large gs is expected to be of the same origin. It is noteworthy of mention that the 

experimentally determined values of <S2>1/2 for both l-PEG and c-PEG are significantly larger 

than those predicted from a recent computational study.21 

Next, discrepancies between gs values obtained in benzene and water were considered 

from the assessment of solvent quality, using the Flory exponent (ν). Theoretical values of ν 

for ideal Gaussian chains are 0.50, while in good solvents, expansion of the coils result in ν = 

0.60.59 In general, the experimental ν obtained in this work are all well above 0.50, confirming 

good solvent properties of both benzene and water. However, comparison of ν for l-PEG 

revealed clearly larger values in benzene (0.580 ± 0.011) compared to in water (0.567 ± 0.014), 

indicating the former to be a better solvent for l-PEG. Difference in solvent quality was also 

reflected in the chain dimensions of l-PEG, where generally, larger <S2>1/2 were obtained in 

benzene. On the other hand, relatively larger, and similar values of ν were calculated for c-PEG 

(in benzene; 0.591 ± 0.008 and in water; 0.596 ± 0.009, respectively). Along with the almost 
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identical values of <S2>1/2 of c-PEG in benzene and water, an apparent independency to solvent 

quality is indicated. This again can be attributed to a strong topological excluded-volume effect, 

which contributes to the swelling of the ring and consequently, resists chain collapse. Similar 

nonmonotonic trends in ν on solvent quality were reported by Gartner et al through 

computational simulations,60 albeit near the theta condition. Thus, the significantly larger gs 

values obtained in water was attributed to the marked decrease in chain dimensions of l-PEG 

in response to a relatively worsened solvent quality, which was suppressed for c-PEG, due to 

their strong topological excluded-volume effect.  

 Finally, a quantitative analysis of the P(q) of l-PEG and c-PEG was conducted using a 

theoretical scattering function of the Kratky–Porod worm-like chain model61 and Kratky–

Porod worm-like ring model,62 respectively. Effect of chain thickness was taken into account 

by using the touched–bead model.63, 64 Kratky plots (q2P(q) vs q) of l-PEG and c-PEG obtained 

in benzene and water, along with their calculated curves are shown in Figure 4-4. Best fit 

parameters of the theoretical curves and their calculated <S2>1/2KP are summarized in Table 4-

3 and 4-4.   
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Figure 4-4. Kratky plots of l-PEG in (a) benzene and (b) water, and c-PEG in (c) benzene and 
(d) water. Theoretical curves using the KP worm-like chain model and worm-like ring model 
are shown as continuous lines. 
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Table 4-3. Theoretical parameters of the KP worm-like chain (WLC) model used to 
describe l-PEG 
 

Sample Lw 
(nm) 

benzene water 

λ−1 

(nm) 
db 

(nm) 
<S2>1/2

WLC 
(nm) 

λ−1 

(nm) 
db 

a 
(nm) 

<S2>1/2
WLC 

(nm) 

l-PEG2k 12.3 1.6 0.7 1.65 1.7 (0) 1.69 

l-PEG4k 28.3 1.9 0.8 2.85 1.6 (0) 2.63 

l-PEG10k 65.8 1.9 0.9 4.47 1.7 (0) 4.24 

l-PEG19k 120 2.2 1.2 6.54 2.1 (0) 6.4 
a Theoretical models of infinitely thin WLC were used to reflect upturns in the high-q region 
of the Kratky plots obtained in water. 
 

 

Table 4-4. Theoretical parameters of the KP worm-like ring (WLR) model used to 
describe c-PEG 
 

Sample Lw 
(nm) 

benzene water 

λ−1 

(nm) 
db 

(nm) 
<S2>1/2

WLR 
(nm) 

λ−1 

(nm) 
db 

a 
(nm) 

<S2>1/2
WLR 

(nm) 

c-PEG2k 12.3 1.7 0.8 1.20 1.7 (0) 1.20 

c-PEG4k 28.3 1.9 0.9 2.03 1.9 (0) 2.03 

c-PEG10k 65.8 2.1 1.2 3.33 2.1 (0) 3.33 

c-PEG19k 120 2.5 1.2 4.94 2.5 (0) 4.94 
a Theoretical models of infinitely thin WLR were used to reflect upturns in the high-q region 
of the Kratky plots obtained in water. 
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If I apply the xw values determined from SEC and assume the length per repeating unit 

(lm) to be the same as those reported by Kawaguchi et al. (lm = 0.28 nm),65, 66 the weight-average 

contour length (Lw) is determined as 12.3, 28.3, 65.8, and 120 nm for PEG of Mw = 2, 4, 10 and 

19 kg mol−1, respectively. Using these values, the Kuhn segment length (λ−1) for HO–PEG–OH 

in benzene were determined to be λ−1 = 1.6, 1.9, 1.9, and 2.2 nm for Mw = 2, 4, 10 and 20 kg 

mol-1, respectively. For HO–PEG–OH in water, slightly different λ−1 values (1.7, 1.6, 1.7, and 

2.1 nm for Mw = 2, 4, 10 and 19 kg mol-1) were used to represent experimental results, 

indicating influences of both molecular weight and solvent on these values. The λ−1 values for 

HO–PEG–OH in water are in excellent agreement with a recent SANS and SAXS study on 

linear PEG (Mw = 8.1 kg mol−1), where the λ−1 was determined to be 1.7 nm.50 Moreover, it was 

shown that the excluded-volume effect could be fairly well represented by the use of an 

effective stiffness parameter λ−1eff that was larger than the actual λ−1, when using an theoretical 

KP worm-like chain model using the Yoshizaki–Yamakawa equation.61, 67 Taking this into 

account, the relatively larger λ−1 values obtained for longer HO–PEG–OH, and the generally 

larger λ−1 values obtained in benzene compared to water could be interpreted as the 

manifestation of an increase in intramolecular excluded-volume effect.  

For c-PEGs, theoretical values of λ−1 = 1.7, 1.9, 2.1, and 2.5 nm for Mw = 2, 4, 10 and 

19 kg mol-1 were determined to fit experimental data taken in both benzene and water. The 

relatively large λ−1 of c-PEGs compared to those of corresponding HO–PEG–OHs, along with 

a significantly increased λ−1 for larger Mw indicate a more prominent effect of intramolecular 

excluded-volume to be experienced for c-PEG, which is further pronounced upon an increase 

in xw. Meanwhile, the apparent independency of λ−1 against solvent quality is in coincidence 

with the observations made from comparison of <S2>1/2, gs and ν, which further supports 

indication of their topological origin. 

The plateau in the high-q region of the Kratky plots taken in benzene were represented 
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by introducing the bead diameter (db) of the touched bead model. Values of db = 0.7–1.2 nm 

were found for both HO–PEG–OH and c-PEG, in fairly well coincidence with a previous 

report.50 Kratky plots of HO–PEG–OH and c-PEG obtained in water, however, showed an 

upturn in the high-q region, where experimental plots were most well represented by using 

infinitely thin (db = 0) worm-like chains and rings. This can be explained by the influence of 

heterogeneity of the excess-electron-density in the chain on the P(q), when the electron density 

of the polymer is close to that of the solvent.50, 68 However, within the experimental q-range of 

this study, the effect of chain thickness was deemed to be negligible on the determination of 

λ−1. Incidentally, the calculated values of <S2>1/2KP were in good agreement (within ± 10% 

error) with <S2>1/2 obtained from Berry plots for all samples measured in this study.  
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4.3.3. SANS measurements of AuNPs/c-PEG and AuNPs/HS–PEG–OMe complexes 

For SANS measurements, a concentrated AuNPs30 dispersion (1.0 mg/mL) was mixed 

with an equal volume of a PEG solution (20 mg/mL) and subjected to four sets of ultrafiltration 

and dilution through a similar preparation procedure to that employed for the NMR 

measurements. Structural differences of AuNPs30 without PEG, AuNPs30/l-PEG10k, 

AuNPs30/HS–PEG9k–OMe, and AuNPs30/c-PEG10k were compared through analysis of SANS 

curves obtained in mixtures of D2O and H2O with various compositions. SANS curves obtained 

for AuNPs30, AuNPs30/HS–PEG9k–OMe, and AuNPs30/c-PEG10k in D2O/H2O mixtures are 

shown in Figure 4-5, with D2O volume compositions of 0%, 100%, and 70%, where 70% D2O 

is the contrast matching condition for gold. Each data converted to an absolute scale was 

normalized based on the number concentration of AuNPs (c) determined from UV–vis 

absorption measurements, thereby enabling direct comparison of scattering contribution from 

the PEG shell. 
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Figure 4-5. SANS curves for AuNPs30, AuNPs30/HS–PEG9k–OMe and AuNPs30/c-PEG10k in 
(a) 0% D2O, (b) 100% D2O, and (c) 70% D2O. The curves are normalized by the number 
concentration of AuNPs. 70% D2O is the contrast matching condition for gold. 
 

SANS measurement in 0% D2O resulted in similar curve shapes and intensities for all 

three AuNPs30, AuNPs30/HS–PEG9k–OMe, and AuNPs30/c-PEG10k (Figure 4-5 (a)). This was 

due to minimal scattering contributions from the PEG layer, arising from the similar scattering 

length density (SLD) values of PEG (0.69 × 1010 cm–2) and H2O (–0.56 × 1010 cm–2) compared 

with SLD for gold (4.66 × 1010 cm–2). Thus, the SANS curve shapes in this condition were 

governed almost exclusively by the AuNPs core. All three samples displayed SANS curves 

typically observed for noninteracting spherical particles, which indicated no aggregation of 

AuNPs to occur during sample preparation. On the other hand, a clear distinction can be made 

upon a comparison of the three scattering curves of AuNPs30, AuNPs30/HS–PEG9k–OMe, and 

AuNPs30/c-PEG10k in 100% D2O (Figure 4-5 (b)), where scattering from both of the gold core 

and PEG shell contributed to the total SANS curves. A prominent increase in scattering 

intensity was observed in the low q region (0.06–0.2 nm–1) for both AuNPs30/HS–PEG9k–OMe 

and AuNPs30/c-PEG10k, compared to that of AuNPs30. In addition, the position of the first 

oscillation maximum for each SANS curve was shifted from around 0.35 nm–1 for AuNPs30 to 

0.30 nm–1 for AuNPs30/HS–PEG9k–OMe and to 0.32 nm–1 for AuNPs30/c-PEG10k. Since the 
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SANS intensity was normalized by the number concentrations of AuNPs, the shift of the 

oscillation position towards lower q values for the AuNPs/PEG complexes indicated a larger 

scatterer size, while the increased scattering intensity in the low q region reflected the amount 

of adsorbed PEG molecules as a consequence of complex formation. For AuNPs30/l-PEG10k 

after the same ultrafiltration procedure, on the other hand, the obtained SANS curve in 100% 

D2O was found to be almost identical to that of AuNPs30 (Figure S4-3), indicating no presence 

of an adsorbed shell of l-PEG10k after ultrafiltration, further corroborating the distinct surface 

adsorbing property of c-PEG. 

Furthermore, a solvent contrast-matching technique for the gold core was used to 

extract structural information from the PEG shell.30 The vastly different SLD values of D2O 

(6.39 × 1010 cm–2) and H2O (–0.56 × 1010 cm–2) conveniently allow for the elimination of 

scattering contribution from materials that have SLD values between the two by mixing D2O 

and H2O at an appropriate composition. In the case of AuNPs, the SLD matching condition 

was experimentally achieved at 70% D2O composition, where the SANS curve of AuNPs30 

completely matched that of the solvent (Figure S4-4). Thus, the relatively weak but clear SANS 

curves obtained for AuNPs30/HS–PEG9k–OMe and AuNPs30/c-PEG10k in 70% D2O solely 

reflect structural information from the adsorbed PEG layer (Figure 4-5 (c)). Scattering 

contribution from unadsorbed HS–PEG9k–OMe or c-PEG10k was also considered to be 

negligible due to the preparation method, where extensive solvent exchange via ultrafiltration 

was conducted to remove excess the PEG molecules. Dissimilarity of the SANS curves of c-

PEG and HS–PEG–OMe dissolved in 100% and 70% D2O (10 mg/mL) to those of the 

complexes also support this assumption (Figure S4-5). The obtained results unambiguously 

confirmed the direct observation of the adsorbed PEG layer onto the AuNPs surface for both 

HS–PEG9k–OMe and c-PEG10k. 
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 In order to extract quantitative structural characteristics of the AuNPs/PEG complexes 

from the SANS scattering data obtained in various D2O compositions, a combined structural 

analysis using model-independent and dependent methods were carried out. First, a model-

independent Guinier analysis was performed through linear fitting of ln{I(q)/c} vs. q2 curves 

to obtain the radius of gyration (Rg,Guinier) of the scatterers (Figure 4-6). Rg,Guinier of each 

scatterer in 0%, 100% and 70% D2O is summarized in Table 4-5. 
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Figure 4-6. Guinier analysis results for AuNPs30, AuNPs30/HS–PEG9k–OMe and AuNPs30/c-
PEG10k in (a) 0% D2O and (b) 100% D2O and (c) 70% D2O. Linear fits of the low q region are 
shown as continuous lines. 
 

 

 

Table 4-5. Rg determined from Guinier analysis of AuNPs30, AuNPs30/c-PEG10k, and 
AuNPs/HS–PEG9k–OMe in 0%, 100% and 70% D2O 
 

 Rg, Guinier (nm)  
NGuinier  

(PEG molecules 
/AuNP) 

D2O content (%) 0 100 70 70 
AuNPs30 11.7 ± 0.1 12.5 ± 0.2 - - 

AuNPs/HS–PEG9k–OMe 12.6 ± 0.1 16.0 ± 0.2 21.6 ± 0.5 540 ± 20 

AuNPs30/c-PEG10k 12.3 ± 0.1 15.8 ± 0.1 19.9 ± 0.6 290 ± 10 
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In accordance with the initial qualitative analysis, similar Rg,Guinier values of around 12 

nm were obtained in 0% D2O for all AuNPs30, AuNPs30/HS–PEG9k–OMe and AuNPs30/c-

PEG10k due to the minimal scattering contrast of PEG in this solvent composition. On the other 

hand, in 100% D2O, an evident increase in Rg,Guinier was observed for AuNPs30/HS–PEG9k–

OMe (16.0 ± 0.2 nm) and AuNPs30/c-PEG10k (15.8 ± 0.1 nm) from that of AuNPs30 (12.5 ± 0.2 

nm). Given that the Rg,Berry of molecularly dissolved l-PEG10k (which has a similar molecular 

weight to HS–PEG9k–OMe) and c-PEG10k in water from SAXS measurements were calculated 

to be 4.24 ± 0.05 and 3.60 ± 0.04 nm (Table 4-2), respectively, the increase in size for the 

AuNPs/PEG complexes in D2O 100% suggested the PEG shells to be likely comprised of a 

single adsorption layer. Interestingly, Guinier analysis for AuNPs/PEG complexes in 70% D2O 

resulted in the largest values of Rg: 21.6 ± 0.5 and 19.9 ± 0.6 nm for AuNPs30/HS–PEG9k–OMe 

and AuNPs30/c-PEG10k, respectively. This was probably due to the elimination of the scattering 

contributions from the AuNPs core in the gold contrast-matched condition, thereby depicting a 

more accurate representation of the PEG shell. Furthermore, the total neutron scattering I(q) 

can be expressed as a product of the number concentration of the scatterer (c), form factor 

(P(q)) and the excess neutron scattering length (Δb). In this solvent composition, Δb can be 

expressed as the sum of excess scattering length from adsorbed PEG chains as shown below: 

Δ𝑏 = 𝑁(𝜌8>? − 𝜌9+*:;<=)𝑉8>?   (13) 

where ρPEG and ρsolvent are SLD of PEG and solvent, respectively, VPEG is the volume of a single 

PEG molecule, and N is the number of adsorbed PEG molecules per a single AuNPs/PEG 

complex. Thus, N can be obtained by the q → 0 extrapolation of the I(q)/c using the following 

equation: 

lim
3→%

1(3)
.
= 𝑁"(𝜌8>? − 𝜌9+*:;<=)"𝑉8>?"  (14) 
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VPEG for HS–PEG9k–OMe (1.30 × 10−20 cm3) and c-PEG10k (1.41 × 10−20 cm3) were calculated 

from a literature value of the partial specific volume of PEG in aqueous solution (0.824 cm3 

g−1)50 and their weight-average molecular weights (Table 4-1). Finally, an approximated N 

(denoted as NGuinier) was determined through the Guinier analysis for AuNPs30/HS–PEG9k–

OMe and AuNPs30/c-PEG10k in 70% D2O to give NGuinier = 540 ± 20 and 290 ± 10, respectively 

(Table 4-5). NGuinier = 290 ± 10 obtained from SANS of AuNPs30/c-PEG10k was further used to 

calculate the adsorption density of σGuinier to be 0.10 molecules/nm2 and the occupied area per 

single PEG molecule SGuinier to be 9.9 nm2. Similarly, NGuinier = 540 ± 20 for AuNPs30/HS–

PEG9k–OMe corresponds to σGuinier = 0.19 molecules/nm2 and SGuinier = 5.2 nm2, all of which 

points to a denser PEG adsorbed layer to be formed upon the adsorption of HS–PEG9k–OMe 

molecules. 

 A model-fitting of the scattering curves was further conducted in an attempt to describe 

the AuNPs/PEG structure over the whole experimental q-range of the SANS curves. A 

theoretical model for a solid sphere was selected for AuNPs30 while a core-shell sphere model 

was used to fit the SANS curves of AuNPs/HS–PEG9k–OMe and AuNPs30/c-PEG10k. In order 

to reduce the number of fitting parameters of the AuNPs/PEG complexes, the radius of the core 

(rcore) and their size distribution were expressed in terms of a polydispersity parameter 

(PDAuNPs) were constrained to the average values obtained from the fitting of AuNPs30 in 0% 

and 100% D2O. SLDs of the AuNP core (ρcore) and solvent (ρsolv) were set to calculated values 

(Table S4-1),49, 69 while those for the PEG shells (ρshell) were calculated using pre-determined 

values of ρPEG and VPEG by the following equation: 

]`
$
(𝑟=+=V*$ − 𝑟.+W;$)(𝜌GTRPP − 𝜌GLPS) = 𝑁a+(;*(𝜌8>? − 𝜌9+*:;<=)𝑉8>?           (15) 

where rtotal is the radius of the whole core-shell sphere and Nmodel is the number of adsorbed 

PEG molecules, obtained from the fitting procedure. Furthermore, the amount of solvent 
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contained within the shell (x) is calculated from the SLD values of the shell, PEG and solvent 

as follows: 

𝑥	(%) = b!45##5b,-.
b!"#)5$65b,-.

× 100          (16) 

 Fitting curves are shown in Figure 4-7 and their calculated parameters are summarized 

in Table 4-6.  
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Figure 4-7. Model-dependent fitting for (a) AuNPs30, (b) AuNPs30/HS–PEG9k–OMe and (c) 
AuNPs30/c-PEG10k in 0% D2O and 100% D2O. Theoretical curves in 0% and 100% D2O are 
shown as continuous and broken lines, respectively.  
 

 

Table 4-6. Fitting parameters of model-dependent SANS analysis of AuNPs30, AuNPs30/c-
PEG10k and AuNPs/HS–PEG9k–OMe in 0% and 100% D2O. 

 AuNPs30 AuNPs30/c-PEG10k AuNPs/HS–PEG9k–OMe 

D2O composition (%) 0 100 0 100 0 100 

c ( × 1013 cm-3) 2.37 2.86 2.79 2.83 2.39 2.67 

r (= rcore) (nm)a 14.1 14.6 (14.4) (14.4) (14.4) (14.4) 

PDAuNPs
a 0.07 0.09 (0.08) (0.08) (0.08) (0.08) 

ρshell ( × 1010 cm-2) - - 0.04 3.65 -0.08 4.18 

dshell (nm)b - 2.5 4.5 

Nmodel (/AuNP)b - 260 470 

x (%) - 52 61 
a rcore and PDAuNPs for AuNPs/PEG complexes (shown in brackets) were constrained to the 
average values determined from model fitting of AuNPs in 0% and 100% D2O. 
b A common set of parameters for dshell and Nmodel were used in the model fitting of SANS 
curves obtained in 0% and 100% D2O for the same combination of AuNPs/PEG complexes. 
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First, SANS curves for AuNPs30 in 0% D2O and 100% D2O were well-fitted over the 

whole experimental q-range using a solid sphere model with r = 14.1 and 14.6 nm and PDAuNPs 

= 0.07 and 0.09, respectively. For an ideal solid sphere, the ratio of its Rg and r (Rg/r) is equal 

to (3/5)0.5 = 0.77.70 The experimental value for Rg/r was relatively close to this value, being 

0.83 and 0.86 for 0% D2O and 100% D2O, respectively. This justifies the theoretical description 

of AuNPs using a solid sphere model. Thus, the average value of r (14.4 nm) and PD (0.08) 

was used describe the core of the AuNPs30/HS–PEG9k–OMe and AuNPs30/c-PEG10k complexes. 

Next, an analysis of the AuNPs/PEG complexes was conducted using a core–shell double 

sphere model. Since the solvent isotope composition was assumed to have no influence on the 

complex structure, the shell thickness (dthickness) and number of adsorbed PEG molecules 

(Nmodel) were constrained between data sets obtained in 0% and 100% D2O, for the same 

combination of AuNPs/PEG. Despite the use of a relatively simple model, the experimental 

curves were adequately fitted over the whole experimental q-range, apart from the SANS 

curves obtained in 70% D2O, where fitting was omitted due to ambiguous results arising from 

the significantly smeared data. When the dthickness were compared, AuNPs30/HS–PEG9k–OMe 

(4.5 nm) was found to display a significantly larger value compared to that of AuNPs30/c-

PEG10k (2.5 nm). Furthermore, Nmodel were 470 and 260 for HS–PEG9k–OMe and c-PEG10k, 

respectively. These values were in close coincidence with NGuinier obtained independently from 

Guinier analysis of SANS curves in 70% D2O (HS–PEG9k–OMe, 540; c-PEG10k, 290), 

supporting their validity. Interestingly, the solvent content of shell (x), which can be expected 

to relate with the hydration state of PEG molecules, was found to differ between HS–PEG9k–

OMe (61%) and c-PEG10k (52%). The lower x of c-PEG may reflect the reduced hydration 

states of the adsorbed c-PEG molecules, arising from its enhanced interaction with the 

nanoparticle surface.  
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4.4. CONCLUSIONS 

SAXS and SANS were employed to conduct a structural investigation of c-PEG and 

AuNPs/PEG complexes in solution. The ring-closure approach with the modified Williamson-

ether synthesis allowed for the synthesis of c-PEG without any chemical inhomogeneity in the 

backbone, and the direct comparison of linear and cyclic topology of corresponding molecular 

weight. A combined SEC and LCCC fractionation purification procedure produced c-PEGs of 

various molecular weights, all with over 99.3% purity. Solution SAXS measurements and 

subsequent analysis revealed for the first time, structural information (<S2>1/2, gs, and ν) for a 

set of corresponding linear and cyclic PEGs in two types of solvents, benzene and water. Whilst 

qualitatively having a smaller <S2>1/2 compared to l-PEGs, c-PEGs were found to have 

suppressed changes in <S2>1/2 and ν in relation to changes in the solvent quality, leading to 

differing gs between benzene and water. The indication of a topological excluded-volume effect, 

which was suggested to be the cause of this discrepancy, was further supported by a quantitative 

analysis of the P(q) using a KP worm-like chain and worm-like ring model. The significantly 

increased λ−1 of c-PEG compared to l-PEG along with its apparent solvent independency, 

indicated a prominent contribution from an excluded-volume effect originating from its cyclic 

topology.  

Based on the understanding of chain dimensions of isolated c-PEG chains in solution,  

physisorbed complex of AuNPs/c-PEG, along with chemisorbed AuNPs/HS–PEG–OMe was 

subsequently characterized by SANS. Upon model-fitting analyses of the SANS curves, it was 

revealed that AuNPs30/c-PEG10k and AuNPs30/HS–PEG9k–OMe possess PEG shell thicknesses 

(dshell) of 2.5 and 4.5 nm, respectively. The adsorbed number of molecules determined from 

SANS of around 260 molecules depicted a relatively thin, sparsely adsorbed c-PEG layer on 

the surface of AuNPs. Surprisingly, the strong colloidal stabilization of AuNPs was found to 

be achieved via a highly efficient shielding of the nanoparticle surface with a relatively small 
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number of c-PEG molecules, compared to terminally chemisorbed HS–PEG–OMe. This is 

highly advantageous in applications where nanoparticle surface plays an imperative role in 

their functions, such as catalytic nanoparticles.53 Along with its non-chemical specific mode of 

adsorption, the present results suggests the implementation of c-PEG as a versatile PEGylation 

agent for the surface functionalization of nanoparticles of diverse chemical compositions. 
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4.6. SUPPORTING FIGURES AND TABLES 

Table S4-1. Density and SLD of H2O, D2O, gold, and PEG 

Material Density (g cm–3)  SLD (ρ) (× 1010 cm–2)  

H2O 0.997 –0.56 

D2O 1.10 6.39 

gold (AuNPs) 19.3 4.66 

PEG, (CH2CH2O)n -a 0.69c 
a Partial specific volume of PEG in aqueous solution was used for the calculation of ρPEG. 
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Figure S4-1. Berry plots of various l-PEG and c-PEG taken in benzene at finite concentrations 
and extrapolated values. Data points of finite concentrations are shown in color, while cPEG → 
0 extrapolated values are shown in black. The concentrations used from top are, for PEG2k: 
cPEG = 5, 2 and 1 wt%, for PEG4k: cPEG = 3, 2, 1.5 and 1 wt%, for PEG19k: cPEG = 3, 2, 1.5, 1 
and 0.5 wt%, respectively. 
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Figure S4-2. Berry plots of various l-PEG and c-PEG taken in water at finite concentrations 
and extrapolated values. Data points of finite concentrations are shown in color, while cPEG → 
0 extrapolated values are shown in black. The concentrations used from top are, for PEG2k: 
cPEG = 5, 2 and 1 wt%, for PEG4k: cPEG = 3, 2, 1.5 and 1 wt%, for PEG19k: cPEG = 3, 2, 1.5 and 
0.5 wt%, respectively. 
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Figure S4-3. SANS curves of AuNPs30 and AuNPs30/l-PEG10k in 100% D2O after the 
ultrafiltration procedure. Almost identical curves between the two samples indicate no 
adsorbed PEG layer to be present on AuNPs after ultrafiltration. 
 

 

 

 

 

Figure S4-4. (a) SANS curves of 100% D2O as a background and AuNPs30 in 100% D2O. (b) 
SANS curves of 70% D2O, contrast matched to gold, as a background and bare AuNPs30 in 
70% D2O. Scattering in the low q region observed for AuNPs30 in 100% D2O is nearly 
completely eliminated in 70% D2O. 
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Figure S4-5. SANS curves of 10 mg/mL c-PEG and HS–PEG–OMe solutions in (a) 100% D2O 
and (b) 70% D2O. A plateau is observed in the q-range of q ≤ 0.1–0.3 nm–1. Scattering for HS–
PEG9k–OMe is shifted upwards by a factor of ten for clarity. 
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Chapter 5 

General conclusions   
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 In this thesis, several novel effects of cyclic topology were found at various interfaces 

for a series of cyclic PEG and Pluronic surfactants, with implications of their potential 

applications in the design of novel functional materials. The main findings of this thesis are 

summarized below. 

In chapter two, cyclized polymers exhibited enhanced surface activity compared to its 

corresponding linear species, due to reduced occupational area at the air–water interface. The 

effect of cyclization was found to be influenced by the PEG ratio and block architecture of the 

linear polymer, with pronounced effect for surfactants with large PEG ratio and BAB-type 

block architecture. The topological effect of cyclization was found to differ from the effect of 

chain-end methylation, indicating the origin of surface activity enhancement to be distinct from 

simple chemical modification of hydrophilic moieties. 

In chapter three, cyclized Pluronic surfactants were found to have lower critical 

micelle temperatures, with reduced micellization enthalpy and entropy, attributed to the better 

shielding of hydrophobic PPG blocks by hydrophilic PEG blocks from the surrounding water 

environment in the unimer state. Difference between linear and cyclic species on their 

micellization parameters were more pronounced for a surfactant of BAB-type block 

architecture. Micelle dimensions and its thermal stability was found to be affected from the 

cyclic topology, with contrasting stabilizing/destabilizing effect depending on block 

architecture.  

In chapter four, small-angle scattering investigation was carried out on the unique 

structure of cyclic PEG adsorbed gold nanoparticles. First, chain dimensions and conformation 

of molecularly dissolved cyclic PEG was elucidated through small-angle X-ray scattering, 

revealing their compact structure. Systematic investigation of molecular-weight and solvent 

dependency confirmed a strong excluded-volume effect originating from the cyclic topology 

to be present. Next, small-angle neutron scattering experiments and structural analyses using 
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model-fitting methods were conducted to quantitatively discuss the adsorbed complex structure. 

Compared to chemisorbed linear thiol PEGs, cyclic PEGs were found to stabilize the surface 

of gold nanoparticles with fewer molecules contributing to a relatively thin adsorbed layer, 

indicating an efficient stabilizing effect to be achieved through non-terminal adsorption. 

In conclusion, the findings of this thesis holds implications for a variety of novel 

properties of cyclic polymers that are yet to be explored. As in the case of cyclic PEG and their 

potential application towards novel PEGylation agents, the investigation of fundamental 

properties of cyclic polymers is crucial in their future implementation in the design of novel 

functional materials. 

 


