
 

 

Fundamental and Applied Studies 

on Molecular Bottlebrushes 

with Particular Reference to  

Side-Chain Conformation and Dynamics 

 

 

 

 

 

 

 

 

Yuji Kinose 

 

2021 

  



  



Contents 

 

Chapter 1 General introduction 1 

Chapter 2 Regioselective Synthesis of Cellulosic Bottlebrushes with 

High Density of Side Chains 

29 

Chapter 3 Conformations of Side and Main Chains of Homo Cellulosic 

Bottlebrushes in Solution 

63 

Chapter 4 Intramolecular Phase Separation of Janus Cellulosic 

Bottlebrushes in Solution 

83 

Chapter 5 Thermal Property and Microphase Separation of Janus 

Cellulosic Bottlebrushes in Bulk 

123 

Chapter 6 Near-Zero Azimuthal LC-Anchoring Correlated with 

Viscoelasticity on Bottlebrush-Coated surface 

137 

Chapter 7 Time Dependent and LC Anchoring and Bottlebrush Polymer 

Dynamics Revealed by High-Speed Polarized Microscopy 

157 

Summery 169 

List of Publication 173 

Acknowledgements 175 

 



 



1 

 

Chapter 1 

 

General Introduction 

 

1-1. Structure and Interaction of Polymer 

1-1-1. Conformation and Dynamics of Linear Chains 

 Polymer, which is a molecule with a high molecular weight, is as important a material 

as ceramics and metals. Polymers are lightweight materials and exhibit high moldability and both 

chemical and impact resistance. Generally, their physical properties are derived from their 

conformations, which are sometimes compared to strings. However, none of the possible 

conformations of a polymer can be described because its main chain consists of many covalent 

bonds. To analyze physical properties from the viewpoint of its conformation, the mean square 

end-to-end distance R2 and mean square radius of gyration S2 are widely used as indices of 

polymer conformation. Wormlike chain model1 is one of conformation models which represent 

the conformation of a real polymer. In this model, the main chain of the polymer is considered an 

elastic wire with continuous curves. Given the parameter λ-1, which represents the stiffness of the 

main chain, R2 and S2 are represented by the following equations:1 

〈𝑅ଶ〉 =
1
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Concerning the dilute solution, the self-diffusion coefficient of polymer molecules and 

the viscosity of the solution depend on the properties of isolated polymer (e.g., S2). However, 

this may not apply to the case of concentrated solutions because of the intramolecular interaction 

(e.g., entanglement). 



2 

 

 In the rheological measurements for bulk polymers with low molecular weights, micro-

Brownian motion in the glassy regime and the change in the relative position of polymers in the 

flow regime are observed at high frequency (or low temperature) and low frequency (or high 

temperature), respectively. Between these regimes, the glass transition appears, where segmental 

motion of the polymer starts to occur. In contrast, for polymers with high molecular weights, the 

rubbery plateau region appears between the flow regime and the glass transition. In this area, the 

change in the relative position is suppressed by the entanglement between polymers (Figure 1-1). 

 

In polymer melts, the conformational distribution of the entire system is in an 

equilibrium state, although each polymer molecule continuously changes its conformation owing 

to thermal motion. Immediately after stress is applied to distort the melt, the conformational 

distribution is shifted to a nonequilibrium state to generate stress. Thereafter, the conformational 

distribution returns to the equilibrium state through the above hierarchical motion. In the case of 

 

Figure 1-1. Schematic illustrations of concentration-

dependent entanglement of short- and long-chain polymers. 

high molecular weight 

low molecular weight 

concentration

entanglement
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a polymer with a high molecular weight, the relaxation time is elongated because the returning to 

equilibrium state is disturbed by their entanglement. 

 

1-1-2. Some Characteristics of Topologically Different Polymers 

 The rheological properties of polymers are determined not only by their lengths but also 

by their branching modes. The relaxation process of the linear polymer is explained by the 

reptation motion in which the polymer can move along a virtual tube. In the case of polymers 

with branched chains such as H-shaped polymers, graft polymers, star polymers, and dendrimers, 

the relaxation mechanism becomes complicated because their conformations are different from 

those of simple linear polymers. For instance, a star polymer with long arms shows a rubbery 

plateau attributed to side-chain entanglement.2 On the other hand, the arms of the dendrimer do 

not entangle with other polymers to exhibit the Newtonian behavior.3 Additionally, the polymer 

topology can change the rheological properties. Ring polymers, which are the simplest in structure 

and topologically different from linear polymers, exhibit lower viscosity than linear polymers 

with equivalent molecular weights, which can be attributed to the ring architecture.4  

 As described above, the polymer architecture affects their conformation and rheological 

properties. Similarly, polymer brushes on solid surfaces exhibit intriguing rheological properties 

and other properties derived from viscoelasticity, for example, tribology, because their 

conformation is restricted by surface and neighboring brush polymers. Therefore, these properties 

depend not only on the composition and molecular weight but also on the density of the graft 

polymer. In a good solvent, swollen graft polymers are categorized into three regimes based on 

their graft density: dilute, semi-dilute, and concentrated regimes (Figure 1-2).5 In a dilute regime, 

the low-density graft polymer does not interact with each other and has a mushroom conformation. 

With increasing graft density, graft polymers interact with each other and alter their conformation. 
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In the semi-dilute regime, the free energy interactions between neighboring polymers can be 

represented mainly by a binary interaction, and their equilibrium thickness (Le) is described by 

the following equation:  

𝐿ୣ ∝ 𝑛𝜎ଵ ଷ⁄  

Here, n and σ represent the degree of polymerization and graft density, respectively. When the 

graft density is further increased and enters the concentrated regime (over 10% of the surface 

occupancy), the Le is described by the following equation: 

𝐿ୣ ∝ 𝑛𝜎ଵ ଶ⁄  

Finally, graft polymers are extended to almost their full length. 

 The degree of such chain extension depends on the balance of the osmotic pressure 

derived from the mixing entropy and the tensile stress derived from conformational entropy. In 

the concentrated regime, the osmotic pressure and tensile stress are extremely strong. Hence, even 

if two concentrated polymer brushes (CPBs) contact each other, they will not interpenetrate each 

other because the conformational-entropy loss overwhelms the mixing-entropy gain of each 

polymer brush. By contrast, when CPB is compressed, repulsive resistance will occur owing to 

strong osmotic pressure. These properties provide intriguing functions to the CPB: definite size 

exclusion in the swollen or dry state with a definite threshold of molecular weight, good 

biocompatibility in aqueous systems, and extremely low friction and excellent lubrication in a 

good solvent. 
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1-2. Particular Issues on Bottlebrushes 

1-2-1. Synthetic Routes 

 A graft polymer with dense side chains is called a bottlebrush. A variety of synthetic 

strategies of bottlebrushes have been developed using precision polymerization techniques 

including controlled radical polymerization. From the viewpoint of their fundamental study and 

application, it is generally necessary to introduce side chains with low polydispersity to the main 

chain. Currently, there are three main strategies for precision synthesis of bottlebrushes which 

meet the requirement: grafting-from, grafting-to, and grafting-through methods (Figure 1-3). In 

the grafting-from method, a polymer is synthesized as the main chain, and then side chains are 

grown from the initiating groups densely tethered at the main chain by living polymerization.7,8 

In the grafting-to method, low-polydispersity polymers functionalized at one terminal end are 

coupled with the functional group densely tethered at the polymer as the main chain.9 In the 

 

Figure 1-2. Schematic illustrations of polymers end-grafted on surface. 
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grafting-through method, low-polydispersity macromonomers, which have polymerizable groups 

at one end, are synthesized and then polymerized.10  

 These methods have advantages and disadvantages. In the grafting-from method, the 

synthesis of a bottlebrush with a very long side chain and purification of products can be easily 

achieved. However, crosslinking intramolecularly between side chains of a bottlebrush or 

intermolecularly between bottlebrushes can occur if the polymerization of side chains is not 

appropriately controlled.7 Additionally in some cases, it is difficult to precisely determine the 

molecular characteristics of side chains, for example, molecular weights and density of side chains, 

when side-chain components are chemically too weak against decoupling reactions of side chains 

from the main chain. This is not the case with the grafting-to method, in which polymers as side 

chains can be characterized in advance of the synthesis of the bottlebrush. However, it is difficult 

in this method to achieve both high molecular weight and high density of side chains owing to its 

steric repulsion, although improvements were carried out by a click reaction with an excellent 

reaction yield and high substrate specificity.11-13 The grafting-thorough method is suitable for 

synthesizing a structurally well-defined bottlebrush with a side chain tethered at every repeating 

unit of the main chain.14 However, increasing the molecular weight of the macromonomer makes 

polymerization difficult because of the steric repulsion between the bottlebrush and 

macromonomer, similarly to the situation in the grafting-to method. In such cases, ring-opening 

metathesis polymerization15 or copolymerization with a low-molecular-weight monomer16 is 

more effective approaches than the polymerization of vinyl monomers because its contour length 

per side chain is longer than that of vinyl polymer. The above three methods require synthetic 

devices such as orthogonal polymerization and functionalization of the polymer. Hence, the 

method should be properly adopted according to the chemical composition and the application. 
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1-2-2. Precision Polymerization Techniques 

 It is important to select a proper chemical structure of the main chain to synthesize a 

structurally well-defined bottlebrush. In fundamental research, the main chain of bottlebrushes is 

widely synthesized by controlled radical polymerization.17,18 The process of growth in controlled 

radial polymerization is the same as that in free radical polymerization; after the generation of an 

initiating radical, a polymer grows through multiple addition of monomers. Finally, the growing 

polymer becomes a dead polymer by a disproportionation reaction or recombination reaction. The 

rate of such termination reactions depends on the concentration and diffusion rate of the radical 

species. The difference between controlled and free radical polymerizations is whether or not the 

reversible deactivation of radical species is included. In correctly controlled polymerization, the 

initiation reaction occurs almost simultaneously, generating radical species, most of which are 

readily converted to chemically stable and potentially active “dormant” species. The dormant 

species sometimes reproduce to radical species to add monomers. All growing ends of the 

polymer are converted alternately to the dormant and active states, resulting in uniform growth. 

When the radical concentration is sufficiently suppressed and a sufficient number of dormant 

species is included, the contribution of irreversible termination reactions becomes negligibly 

small. Thus, in this case, the radical concentration is constant during polymerization, the degree 

of polymerization is proportional to the monomer conversion, and the polydispersity index is low 

enough to meet our demand. 

 In the grafting-through method, ring-opening metathesis polymerization with a 

monomer having a norbornene skeleton is widely adopted.15 This reaction is a type of olefin 

metathesis polymerization where carbon-carbon double bonds are reconnected. From the 

viewpoint of synthesis of the bottlebrush, one of the most important features of this 

polymerization is that it can synthesize polymers with long contour lengths per repeating unit. 
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This reduces the steric repulsion between side chains to proceed with polymerization with more 

bulky macromonomers as compared with radical polymerization of vinyl monomers. Another 

feature of ring-opening metathesis polymerization is its high block efficiency, which is suitable 

for synthesis of the block bottlebrush mentioned below. 

 

 

 

1-2-3. Novel Functions 

 A bottlebrush exhibits distinct functions owing to its thick and stiff cylindrical shape. 

An example of utilizing its stiffness is the high-performance elastomer composed of a cross-linked 

bottlebrush.19 Common elastomers form continuous networks by crosslinking polymers, and the 

elasticity depends on the density of the crosslinking point; the lower the density of the crosslinking 

 
Figure 1-3. Schematic of synthesis methods of bottlebrush. 
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point, the softer the elastomer. When the crosslinking reaction proceeds, the chain entanglements 

lead to topological crosslinking. At this point, the bottlebrush is advantageous because the dense 

side chain shows weak interpenetration, and the stiff main chain can prevent entangling to reduce 

crosslinking points. 

 The coating layer composed of bottlebrushes exhibits properties similar to those of CPB 

(e.g., low-friction/good-lubrication property20) since a bottlebrush has dense side chains. An 

articular cartilage is a good example to prove this point of view. The cartilage consists of the 

aggregate of hyaluronic acid and proteoglycans reinforced by collagen fiber in the human 

body21,22 and acts as a tough and low friction material owing to electrostatic interaction.23 To 

imitate the articular cartilage, Tsujii and coworkers fabricated a composite of a bottlebrush and a 

cellulose nanofiber with graft chains and demonstrated its toughness as well as low friction and 

good lubrication in water, which are derived from stiff cellulose and dense side chains of the 

bottlebrush, respectively. The important distinction between a bottlebrush and a CPB is the 

geometry of the surface on which chains are tethered. The former is a one-dimensional strand, 

and the latter is a two-dimensional plane. The “effective” graft density of CPB on the flat surface 

should not depend on the distance from the chain-tethered surface. In contrast, as the graft chain 

becomes longer, the “effective” side-chain density of a bottlebrush decreases because the 

outermost surface expands cylindrically from the main chain. In the above-mentioned composite 

of cellulose nanofibers and bottlebrushes, the longer the side chain, the higher the friction 

coefficient.  

 

1-3. “Hetero” Bottlebrushes with different kinds of side chains 

 As schematically illustrated in Figure 1-4, some bottlebrushes are equipped with 

multiple components and classified as “hetero types” in this thesis.24 They can obtain additionally 
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novel structure and properties quite different from “homo” bottlebrushes consisting of the single 

component of side chains, particularly when their components are immiscible. There exist 

different categories of hetero bottlebrushes depending on the position and sequence of different 

kinds of side chains along the main chain. When the side chains consist of block copolymer, the 

bottlebrush is called a core-shell bottlebrush. When different kinds of side chains are segmentally 

connected to the main chain, i.e., homo bottlebrushes of different side chains are connected at the 

main-chain end, such a hetero one is called a block bottlebrush. A hetero type with different kinds 

of side chains homogenously or statistically randomly connected to the main chain is called a 

mixed bottlebrush. Especially, when the side chains of a mixed bottlebrush undergo 

intramolecular microphase separation, the bottlebrush is called as Janus bottlebrush.25  

 

 

Figure 1-4. Categories of bottlebrushes of different architectures: homo type (a) and hetero 

types including (b) core-shell bottlebrush, (c) block bottlebrush, (d) random/statistical 

bottlebrush, (e) sequentially controlled bottlebrush, (f) bottlebrush with two kinds of side 

chains at every repeating unit, and (g) Janus bottlebrush intramolecularly phase-separated. 

Hetero
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 A variety of hetero bottlebrushes can be synthesized according to the above-mentioned 

strategies. For example, a mixed bottlebrush26 can be prepared by the grafting-through method 

via random27 and alternating,28 the grafting-from method via multiple types of living 

polymerization with orthogonal mechanisms29 or successive polymerization,30 and the grafting-

to method via coupling31 or substrate-specific reactions with multifunctional polymers.32 These 

methods have advantages and disadvantages similar to those of homo bottlebrushes. In addition, 

the combination of different methods can design a variety of chemical structures of the main and 

side chains. One of the most notable strategies to synthesize a Janus bottlebrush is the grafting-

through method using, as a macromonomer, a block copolymer with a polymerizable group near 

the connecting point of the different blocks, because of the simplicity of synthesis and structural 

clearness of products.33-35 In this strategy, ring-opening metathesis polymerization is widely used, 

because it is tolerant to steric hindrance of a bulky two-side macromonomer otherwise damaging 

the polymerizability. 

 

 A core-shell bottlebrush offers different function at the inner (core) and outer (shell) 

segment of side chain. For instance, the core-shell bottlebrush with degradable core and cross-

linkable shell can be a nanotube or a nanocapsule.36 In addition, a core-shell bottlebrush acts as a 

precursor37 or a scaffold38,39 for a wire-shape hybrid material. In this case, the shell avoids 

intermolecular aggregation and enhance solubility in solution. Block and Janus bottlebrushes have 

different symmetry planes, leading to fascinating properties in their higher-order structures.40-42 

For instance, when block bottlebrushes have sufficiently dense side chains to extend to the main 

chain, the main chain is arranged perpendicular to the interface between phase-separated domains. 

Therefore, as the domain size depends mainly on the degree of polymerization of the main chain, 

the block bottlebrush could form a microphase-separated structure with a large domain size, 
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which can be a photonic crystal. By contrast, for Janus bottlebrushes, the main chain is arranged 

parallel to the interface. The domain sizes are determined by the degree of polymerization of the 

side chains.31 As the preorganized interface of the incompatible side chains stabilizes the 

microphase separation, the Janus bottlebrush could form a self-assembled structure with a much 

smaller domain size than a linear block copolymer with the same molecular weight. Generally, in 

comparison with a linier block copolymer, the block and Janus bottlebrush readily form high-

order structures because their stiff main chain can more effectively suppress the intramolecular 

entanglement to accelerate the microphase separation. Other interesting properties of Janus 

bottlebrushes are self-assembling in solution,43,44 nanocarriers of small-molecules,45,46 and the 

stabilization of biphasic systems.47,48 

 

1-4. Interaction Between Polymer and Liquid Crystal 

 A Liquid crystal (LC) is a state of matter that has properties of both solid crystals and 

liquids and may flow like a liquid even though its molecules are oriented like solid crystals.49 The 

best-known states of LC are nematic, smectic, and cholesteric states. In the nematic state, the 

directors of molecules are oriented in one direction, although the relative position of molecules 

are not restricted. In the smectic state, molecules are arranged to form layers in the same direction 

and are able to freely move in the layer. In the cholesteric state, molecules are arranged to form 

layers, and their director in each layer varies with stacking layers. When the orientation of the 

bulk LC is deformed from the most stable state, the LC stores the elastic energy depending on the 

degree of splay, twist, and bend deformations. Additionally, the orientation can be controlled by 

external conditions, such as electric and magnetic fields and temperature. Therefore, the local 

orientation of the LC should be arranged in way to reduce the sum of their elastic energy and free 

energy derived from the external fields. 
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 The orientation of LC can be controlled also by a low-molecular-weight additive, for 

example, chiral dopant,50 gelator51 and microemaulsion.52 Similarly, the structure and properties 

of a LC state can be modified by the interaction between LC and polymers. For instance, the in-

situ polymerization of monomers in the blue-phase LC widen the temperature window.53 In 

general, the temperature window of the blue phase is very narrow because blue phase originally 

contains defects. In such a situation, the polymer is located in the disclination to stabilize the blue 

phase, giving a wider temperature window of the LC state. As mentioned above, the polymer 

network in LC can enhance the functionalities of LC devices. 

 

1-4-1. LC Anchoring at the Interface 

 The motion of LC molecules on the surface is oriented to the easy axis by the interaction 

between the LC and the surface. In bulk, the vertical and horizontal orientation states against the 

surface are called homeotropic and homogenous orientations, respectively. It is important to 

control the easy axis for LC devices with a narrow cell gap because it affects the orientation of 

LC far from surface through elastic interaction of LC molecules. Additionally, the alignment of 

the particles dispersed in the LC can be controlled by the easy axis of the particle surface via the 

defect pattern around the particles. 

 When the director of the LC molecule on the surface deviates from the easy axis, the 

elastic energy is stored. This energy is called the anchoring energy. The anchoring energy f is 

divided into two components: zenial energy f1 and azimuthal anchoring energy f2. The zenithal 

and azimuthal anchoring strength (A1 and A2, respectively) are defined by the following 

equations:54  

𝑓ఝ =
1

2
𝐴ଵ sinଶ൫𝜑 − 𝜑୮൯ 
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𝑓ఏ =
1

2
𝐴ଶ sinଶ൫𝜃 − 𝜃୮൯ 

where φ and θ, and φp and θp represent the zenial and azimuthal directions of the LC molecule 

and the easy axis against the surface, respectively, as shown in Figure 1-5. In the case of a strongly 

anchoring surface, when an external field is applied, the elastic energy is stored between the LC 

in bulk and on the surface because the orientation of the LC on the surface remains unchanged. 

This energy then acts as a driving force and helps in returning to the initial state of the LC device 

without external fields. In contrast, in the case of a weakly anchoring surface, the elastic energy 

is not stored because the orientation of the LC on the surface and the LC in the bulk is changed. 

Therefore, such a surface can be applied to LC devices with memory or energy saving 

performance because LC molecules can be rotated easily and keep the orientation. 

 

  

 

Figure 1-5. Schematic of easy axis and LC orientation. 
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1-5. Background and Purpose of this Thesis 

1-5-1. Fundamentals of Bottlebrushes 

 Bottlebrushes consisting of flexible polymer segments as both side and main chains 

have been mainly studied in their conformation and dynamics related to e.g., the stiffness and 

entanglement of their main chain, in solution and bulk from the viewpoint of their molecular 

characteristics such as the degree of polymerization of the main and side chains, density and 

composition of side chains, and the affinity with solvent.55-66 Additionally, as for Janus 

bottlebrushes, the effect of the composition and molecular weights of different kinds of side 

chains has been investigated as one of key factors determining their structure and properties. 

These studies provided extensive information about the design of bottlebrushes and helped in 

expanding the range of their applications. In those cases, the overlapping of side chains plays an 

important role in the main-chain conformation and bottlebrush dynamics. However, there are few 

studies focusing on the chemical property of the main chain of homo- as well as Janus 

bottlebrushes: most of the studies were targeted on bottlebrushes of flexible main chains easily 

and simply synthesized. Therefore, in the first part of this thesis, the author focuses on cellulose 

as the main chain of bottlebrushes because of its unique molecular characteristics. 

 Cellulose is one of the most abundant natural polymers consisting of anhydroglucose 

repeating units (AGUs)-linked via β(1→4) glycosidic bonds.67 It has three types of hydroxyl 

groups in AGU. The main chain is stiffer than a typical vinyl polymer such as poly(methyl 

methacrylate)68,69 and has chirality. Hence, some cellulose derivatives and cellulose nanocrystals 

form cholesteric liquid crystals. When cellulose is adopted as the main chain of Janus bottlebrush, 

its side chains are restricted in a helical pattern (Figure 1-6) to possibly form a helical higher-

order structure. Therefore, the author aims to analyze the conformation of homo and Janus 

cellulosic bottlebrushes in dilute solution. 
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1-5-2. Applications of Bottlebrushes 

 Bottlebrushes have been applied in various fields of science and technology because of 

their unique structure and properties. Among them, the author focuses on the application taking 

advantage of their novel properties as a surface modifier, especially by the analogy with the 

above-mentioned CPB effect. As shown in Figure 1-7, Sato and coworkers revealed that a CPB 

composed of poly (hexyl methacrylate) (PHMA) exhibits unique LC-anchoring properties in 

which the azimuthal anchoring strength is almost zero (zero azimuthal anchoring).70 In contrast, 

a CPB composed of poly(methyl methacrylate) exhibits high azimuthal anchoring strength.71 As 

for a CPB consisting of poly (ethyl methacrylate)72 or polystyrene,73 the anchoring strength 

depends on the temperature, that is, high and low azimuthal anchoring strength were observed at 

low and high temperatures, respectively. Additionally, they demonstrated that a bottlebrush film 

with PHMA showed zero-azimuthal anchoring properties and successfully applied this system to 

a LC-display device (Figure 1-8).74 The precise surface modification to achieve not only zero 

anchoring but also zero-azimuthal anchoring will open up the potentials to improve the 

performance of the LC device. However, the mechanism of anchoring remains unclear in detail. 

Consequently, in the second part of this thesis, the author aims to reveal the detailed mechanism 

especially from the viewpoint of the structure and dynamics of bottlebrush systems. 

 

Figure 1-6. (a) First and (b) expected higher-order structures of cellulosic Janus bottlebrush. 

(a) (b)

Helical high 
order structure
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1-6. Outline of this Thesis 

 The thesis is divided into two parts subsequently to the general introduction in Chapter 

1. In Part 1, the synthesis of a variety of well-defined cellulosic bottlebrushes and their 

molecular/structural characterization including higher-order structure is described in Chapters 2 

to 5. As Part 2, the interaction between bottlebrushes and LC molecules is discussed in Chapter 

6 and 7. 

 
Figure 1-7. Dependency of azimuthal anchoring strength A2 on temperature of 

CPB (Ref, 73):PMMA: poly(methyl methacrylate); PEMA: poly(ethyl 

methacrylate); PHMA: poly(hexyl methacrylate); PSt: polystyrene. 
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Figure 1-8. Schematic of (a) CPB and (b) crosslinked bottlebrush film. 
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 In Chapter 2, the author attempts to establish a new synthetic route to cellulosic 

bottlebrushes which possess two kinds of side chains at 2,3-O and 6-O positions with high 

regioselectivity. The side chains, poly(ethylene oxide) (PEO) and polystyrene, are introduced 

because of their large Flory-Huggins interaction parameters (χ). To amplify chirality of the main 

chain, it is important to introduce different side chains to the main chain regioselectively and 

quantitatively to arrange them in a potentially helical pattern as a unique cellulosic-chain character. 

In addition, if the density of side chains is too low, they may not form a helix. Therefore, a 

cellulosic derivative with a 6-O hydroxyl group protected regioselectively is chosen as a starting 

material. The introduction of PEO and PSt is carried out using the grafting-to method via the 

esterification and click reactions. The side-chain density and regioselectivity are confirmed by 

NMR and gel permeation chromatography measurements. Based on a newly established 

methodology, other types of cellulosic bottlebrushes are also synthesized. 

 

 

 To date, comprehensive studies on the conformation of bottlebrushes have 

experimentally dedicated mainly to those with flexible main and side chains. In Chapter 3, the 

author focuses on the cellulosic bottlebrush with a PSt side chain in a poor solvent to reveal the 

  

 

Figure 1-9. Schematic of synthetic route for Janus cellulosic bottlebrushes. 
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effect of the semiflexible main chain on the conformation of the whole bottlebrush. The side-

chain conformation can be determined by a cross-sectional Guinier plot of data obtained by small-

angle X-ray scattering (SAXS) measurement, and the main-chain conformation can be analyzed 

with a KP chain model using the relationship between S2 and the degree of polymerization of the 

main chain obtained by a size exclusion chromatography-multi angle light scattering (SEC-

MALS) measurement. The author discusses the conformation of side chains and stiffness of the 

main chains.  

 Janus bottlebrushes are building blocks for high-order structures owing to the 

microphase separation between immiscible side chains. However, their conformation in dilute 

solutions is not yet clear. In Chapter 4, the author analyzes the cross-sectional structure of a Janus 

cellulosic bottlebrush with PSt and PEO side chains as well as the semiflexible main chain. The 

author confirms that the cellulosic bottlebrush with PSt side chains maintains a cylindrical shape 

even in a poor solvent in Chapter 2. Thus, the Janus cellulosic bottlebrush is expected to form a 

microphase-separated structure with no intramolecular aggregation under poor solvent. The cross-

sectional radius of gyration Sc of Janus cellulosic bottlebrush is determined by SAXS 

measurement. Then, the cross-sectional structure is estimated by comparing some models (Figure 

1-10) for cross-sectional structure and the dependency of Sc on the molecular weight of the side 

chain. Finally, the author discusses whether or not the Janus cellulosic bottlebrush would induce 

intramolecular microphase separation to form e.g., fan-shaped domains. 
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 In Chapter 5, the author newly targets, as a Janus bottlebrush, the cellulosic bottlebrush 

regioselectively possessing poly(ε-caprolactone) (PCL) at the 2,3-O position and PSt at the 6-O 

position to demonstrate that the Janus cellulosic bottlebrush could undergo microphase separation 

in bulk (Figure 1-11). The microphase-separated structures are observed by SAXS and a 

transmittance electron microscope. The results are discussed from the viewpoints of the side-

chain restriction by the main chain and detailed intramolecular phase separation. The fundamental 

studies on the formation of higher-order structures can broaden the range of possible applications 

of Janus cellulosic bottlebrushes. 

 

 In Chapter 6, the author aims to reveal the mechanism of a weak LC-anchoring on the 

 

Figure 1-10. Cross-sectional models of phase-separated structures of Janus 

cellulosic bottlebrush in dilute solution. 

 

 

Figure 1-11. Schematic illustrations of Janus cellulosic 

bottlebrush with PCL and PSt side chains and its phase-

separated structure in bulk. 

Janus-type bottlebrush Microphase separation
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cross-linked bottlebrush films consisting of PHMA. For this purpose, the author investigates the 

temperature dependency of the azimuthal anchoring strength of the crosslinked bottlebrush films 

by measuring the voltage-transmittance curve at each temperature. In addition to measuring the 

swelling ratio of crosslinked bottlebrush films, rheological and optical measurements are carried 

out for a mixture of the bottlebrush and the LC instead of crosslinked bottlebrush swollen in LC. 

The same experiment with PEMA is carried out as a reference for PHMA. By combining the 

obtained results, the author discusses how the weak anchoring properties are related to the 

dynamics of the bottlebrush as well as the reduction of interaction. This information would be 

useful to design next-generation LC devices. 

A LC molecule on the bottlebrush film is expected to give a time-dependent response 

with multiple modes, when an external field is applied. In Chapter 7, the author monitors the 

time course of transmittance in the in-plane LC cell with the PHMA bottlebrush film against the 

stepwise electric field applied and analyzes the obtained data with a relaxation function. The same 

experiment with PMMA bottlebrush is carried out as a reference for PHMA. The relaxation mode 

of interaction of LC and bottlebrush film is discussed. 
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Chapter 2 

 

Regioselective Synthesis of Cellulosic Bottlebrushes with High Density of Side 

Chains 

 

2-1. Introduction 

Bottlebrushes have been studied because of its have many fascinating properties derived 

from densely attached side chain. Among them, Janus bottlebrush, which is the bottlebrush with 

immiscible two (or more) kinds of side chains uniformly along the main chain, has attracted much 

attention as a building block of higher order structure and a stabilizer of stabilizers of biphasic 

systems. However, up to now, the backbone of Janus bottlebrush is limited mainly to flexible 

chain, such as poly(methyl methacrylate) (PMMA), polystyrene (PSt) and polynorbornene. 

 Cellulose is known as one of most abundant natural polymers and has anhydroglucose 

units (AGUs) jointed by β-(1,4)-glycosidic bonds. Cellulose is categorized as a semi-flexible 

polymer, being stiffer than common vinyl polymers such as PMMA and PSt. More intriguingly, 

cellulose possesses a chiral center in its repeating unit, possibly inducing a helical conformation. 

For instance, its helical second-order structures are analyzed using crystallographic experiments1 

or molecular dynamics simulations.2 Additionally, some cellulose derivatives are used as one of 

most attractive and effective chiral stationary phases for chiral column chromatography.3 This is 

attributed to the side chains helically arranged by the chiral main chain. Such an inherent 

conformation could lead to the formation of helical higher-order structures. Some cellulose 

derivatives such as hydroxypropylcellulose (HPC) is known to form a cholesteric liquid crystal 

in a concentrated aqueous solution.4-6 In addition, Cowie and coworkers reported that a cellulose 

derivative, 6-O-trityl-2,3-di-O-PEO cellulose regioselectively substituted with poly(ethylene 
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oxide) (PEO, MW = 350 g/mol) side chains also displayed a cholesteric liquid crystalline texture 

in bulk at room temperature, indicating that the higher order structure was dominated by the chiral 

main chain even though its volume fraction was small.7 

The author focused on a Janus cellulosic bottlebrush, which has cellulose as the main 

chain and two kinds of polymers as side chains. When incompatible side chains are sufficiently 

densely and highly regioselectively substituted along the cellulosic main chain, their 

intramolecular microphase separation is expected to enhance the potential helicity of the cellulose 

chain: two helical or chiral domains can be formed around the main chain, resulting in helical or 

chiral higher-order structures. Even though some cellulosic bottlebrushes have been already 

synthesized,8-11 a more sophisticated methodology is required to introduce two kinds of side 

chains with controlled regioselectivity and density. 

In this chapter, the author set a goal to establish a synthetic route for a well-defined 

cellulosic Janus bottlebrush with two kinds of imcompatible side chains densely and 

regioselectively introduced. In order to ensure the regioselectivity of side chains, the author used 

MeOTr-cellulose as a staring material.12 MeOTr is a regioselective protecting group for the 6-O 

hydroxyl group and enables to synthesize not only a homo cellulosic bottlebrush with a kind of 

side chains at 2,3-O positions (2A3A-cellulose) and a hetero (Janus) bottlebrush with different 

kinds of side chains at 2,3-O and 6-O positons (2A3A6B-cellulose). 

Two method can be adopted to introduce side chains to cellulose chain: one is grafting-

to method and the other is grafting-from method. The former has an advantage in characterizing 

the side chain before introduction. On the other hand, in the latter method, introduction of dense 

side chain is achieved, and the degree of polymerization is adjusted flexibly. In this chapter, the 

author demonstrated two synthetic routs, sequentially repeated (two-step) grafting-to reactions 



31 

 

and the combination of grafting-from polymerization and grafting-to reaction, to regioselectively 

introduce different kinds of side chain.  

In the two-step grafting-to method, the author selected PEO and PSt as side chains 

because of their big difference in Flory-Huggins interaction parameter (χ).13 Sequential 

introduction of the two polymers was attempted via the Williamson ether reaction for the PEO 

chain at 2,3-O positions7 and the copper-catalyzed alkyne-azide cycloaddition (CuAAC) click 

reactions14,15 for the PSt chain at 6-O position. The degree of substitution of the side chains was 

confirmed with nuclear magnetic resonance (NMR) and size exclusion chromatography (SEC) 

measurements.  

Another Janus cellulosic bottlebrush of poly(ε-caprolactone) (PCL) at 2,3-O positions 

and PSt at 6-O position was synthesized by the combination of different synthetic strategies: ε-

caprolactone (CL) was first polymerized from the hydroxyl groups of MeOTr-cellulose (via the 

grafting-from method) followed by introduction of PSt via CuAAC click reaction (via the 

grafting-to method). This Janus bottlebrush is expected to be a good model compound for 

microphase separation since there are many reports about the microphase separation of block 

copolymer consisting of PCL and PSt as well as PEO and PSt. 

Based on similar methodology, a homo bottlebrush, 6A-cellulose, was also synthesized. 

2A3A-cellulose and 6A-cellulose will be used to clarify the molecular characteristics of cellulosic 

chain to design cellulosic bottlebrushes of Januss as well as homos in the following chapters. 
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2--2. Experimental Section 

2-2-1. Materials 

 All reactions involving non-aqueous conditions were conducted in oven-dried glassware 

under Ar atmosphere. The starting material, 6-O-p-methoxytritylcellulose (MeOTr-cellulose, 6) 

was synthesized from microcrystalline cellulose (MCC) (1.02331.0500, Merck, Germany) 

according to Gömez and coworkers.12 The degree of substitution (DS) of p-methoxytrityl 

  

 
Figure 2-1. Schematic structures of 2A3A6B-cellulose (a), 2A3A-cellulose and 6A-

cellulose (c), and chemical structures of the corresponding derivatives PEO-PSt-

cellulose, 1 (d) and PCL-PSt-cellulose, (e), PEO-cellulose, 2 (f) and PSt-cellulose 6 

(g). 
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(MeOTr) group was estimated to be 1.06 from the elemental analysis. The starting material, 2,3-

di-O-methylcellulose (4), was synthesized from 6 according to the reported procedure.10 The DS 

of the methyl groups (DSMe) was estimated to be 1.8 from the 1H NMR spectrum after 

derivatization with propionate. Methoxy poly(ethylene oxide) iodide (PEO-I) (MW = 860, DPn = 

16) was synthesized from monomethoxy poly(ethylene oxide) (MeO-PEO) (MW = 750, Sigma-

Aldrich, US) according to Yue and coworkers. Azido-terminated PSt (PSt-N3) was synthesized 

through atom transfer radical polymerization (ATRP) and substitution reaction according to 

Matyjaszewski and coworkers.16 The number-average molecular weight (Mn) and polydispersity 

index (Mw/Mn) of PSt-N3 were 6.4×103 and 1.1, 3.3×103 and 1.1, 2.2×103 and 1.1, 4.0×103 and 

1.1, 9.2×103 and 1.1 and 1.6×104 and 1.1 for the synthesis of 1a and 2a, 1b and 2b, 1c and 2c, 3a, 

3b, and 3c respectively. The percentage of azidation of PSt-N3 was estimated to be over 90 % 

from their 1H-NMR spectrum. Commercial chemicals were of the highest grade available and 

were used without further purification if not stated otherwise. 

 

2-2-2. Synthesis of Bottlebrushes 

2-2-2-1. PSt-bottlebrush 

2,3-di-O-Methyl-6-O-pentynoylcellulose (5). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC•HCl) (1.01 g, 5.28 mmol), 4-pentynoic acid (0.388 g, 3.95 mmol), and 4-

dimethylaminopyridine (DMAP) (0.642 g, 5.26 mmol) were added into a solution of 7 (0.500 g, 

2.63 mmol per AGU) in anhydrous DMF (20 mL). After stirring for 2.5 h at 80 °C, the mixture 

was stirred for 1 d at room temperature, and then stirred at 60 °C for 1 d. The reaction mixture 

was filtered and poured into a mixture of methanol (MeOH) and distilled water (1:1, v/v). The 

precipitate was collected by centrifugation, washed with MeOH, and dried under vacuum at 80 °C. 

The crude product was dissolved in THF (10 mL) and poured into a mixture of MeOH and 
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distilled water (1:1, v/v). The precipitate was collected by filtration, washed with a mixture of 

MeOH and distilled water (1:1 v/v), and dried under vacuum at 80 °C for 1 d to yield 5 (0.352 g, 

48 %). SEC: Mw = 6.2 × 104 g mol-1, Mw/Mn = 1.3. 1H NMR (800 MHz, 27 °C, C2D2Cl4): 2.07 (–

C≡CH), 2.52 (–CH2–CH2–C≡CH), 2.58 (–CH2–C≡CH), 2.96 (H2), 3.25 (H3), 3.3–4.0 (OMe, H4, 

H5), 4.28 (H6), 4.32 (H1), 4.55 (H6′). 13C NMR (800 MHz, 27 °C, C2D2Cl4): 14.2 (–CH2–C≡CH), 

33.1 (–CH2–CH2–C≡CH), 60.2 (3-O-Me), 60.6 (2-O-Me), 63.0 (C6), 69.5 (–C≡CH), 72.5 (C5), 

78.1 (C4), 82.8 (–C≡CH), 83.3 (C2), 84.6 (C3), 102.8 (C1), 171.3 (C=O). DSpentynoyl (DS of the 

pentynoyl groups) = 1.2 (calculated from 1H-NMR). 

 

6-O-PSt60-2,3-di-O-methylcellulose (1a). 5 (9.7 mg, 0.034 mmol per AGU) was dissolved in DMF 

(4.7 mL), and PSt-N3 (Mn = 6.4×103 g mol-1, DP = 60; 365 mg, 0.0568 mmol) and ascorbic acid 

(62.7 mg, 0.356 mmol) were added into the solution. After adding copper(II) sulfate pentahydrate 

(CuSO4•5H2O) (8.9 mg, 0.036 mmol) under Ar, the reaction was stirred at 60 °C for 2 d. The 

reaction mixture was passed through an alumina column and dried under vacuum to yield a crude 

product. It was dissolved in CH2Cl2 (1 mL) and poured into a mixture of hexane and cyclohexane 

(6:1, v/v), and the precipitate was collected by centrifugation. This procedure was repeated twice, 

and the final product was dried under vacuum at 60 °C to yield 2a (234 mg, 95 %). SEC-MALS: 

Mw = 8.1 × 105 g mol-1, Mw/Mn = 1.6. 1H NMR (600 MHz, CDCl3): 0.8–1.1 (–CH2–CH3, –C–

(CH3)2), 1.2–2.5 (–CH2–CHPh–), 2.5–5.5 (ring H, –CH2–CH3, –O-Me, –N–CH(Ph)–CH2–), 6.2–

7.5 (arom-H, N–CH=C). 

6-O-PSt30-2,3-di-O-methylcellulose (1b). 5 (21.0 mg, 0.0744 mmol per AGU) was dissolved in 

DMF (9.4 mL), and PSt-N3 (Mn = 3.3×103 g mol-1, DP = 30; 381 mg, 0.117 mmol), ascorbic acid 

(125 mg, 0.708 mmol), and CuSO4•5H2O (1.8 mg, 0.0070 mmol) were added. The reaction and 
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purification conditions were the same as those of 2a. Yield: 172 mg (60 %). SEC-MALS: Mw = 

4.6 × 105 g mol-1, Mw/Mn = 1.7.  

6-O-PSt20-2,3-di-O-methylcellulose (1c). 5 (27.4 mg, 0.0971 mmol per AGU) was dissolved in 

DMF (14 mL), and PSt-N3 (Mn = 2.2×103 g mol-1, DP = 20; 386 mg, 0.173 mmol), ascorbic acid 

(107 mg, 0.607 mmol), and CuSO4•5H2O (26.2 mg, 0.105 mmol) were added. The reaction and 

purification conditions were the same as those of 2a. Yield: 202 mg (72 %). SEC-MALS: Mw = 

3.2 × 105 g mol-1, Mw/Mn = 1.7. 

 

2-2-2-2. PEO-PSt-bottlebrush 

6-O-MeOTr-2,3-di-O-PEO16-cellulose (7). The bottlebrush 6 was synthesized according to the 

modified method of the reported procedure.7 NaOH (3.35 g, 83.7 mmol) was added into the 

solution of 7 (1.90 g, 4.37 mmol per AGU) in anhydrous dimethyl sulfoxide (DMSO) (57 mL). 

After 3 h, one-half of the solution of PEO-I (DPn = 16; 71.1 g, 82.7 mmol) in anhydrous DMSO 

(38 mL) was added dropwise over 40 min at room temperature, followed by stirring at 50 °C for 

1 day. After 3 day, another one-half portion of PEO-I solution was added over 30 min into the 

reaction mixture and stirred for 3 h at 50 °C. The reaction mixture was extracted with CH2Cl2 

(200 mL) and washed with distilled water (5 times), and then the organic phase was dried over 

Na2SO4, concentrated to yield crude product. Then, the crude product was dissolved into CH2Cl2 

(25 mL) and added the mixture of ethyl acetate and hexane (1: 3 v/v). The precipitate obtained 

was dried in vacuum oven and the same procedures were repeated 10 times to yield 77 (5.20 g, 

75%). SEC: Mw = 1.9×105, Mw/Mn = 2.2. 1H NMR (600 MHz, CDCl3): 2.5-5.0 (-O-CH2-, -Ph-O-

CH3, ring-H), 3.38 (-CH2-O-CH3), 3.55 (-CH2-O-CH3), 6.0 – 8.5 (-Ph). 
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2,3-di-O-PEO16-cellulose (8). The bottlebrush 8 was synthesized according to the modified 

method of the reported procedure.10,12 7 (4.50 g, 2.84 mmol per AGU) was dissolved in 

tetrahydrofuran (THF) (180 mL) and aq. HCl (35%) (9.0 mL) was added to the solution and stirred 

at room temperature for 5 h. The reaction mixture was neutralized with triethylamine and 

concentrated. The sticky mixture was dissolved into CH2Cl2 (100 mL) and washed with distilled 

water (4 times), and then the organic phase was dried over Na2SO4, concentrated to yield crude 

product. This crude product was added into distilled water and the precipitate was removed by 

centrifugation. The supernatant fluid was filtered and dried under vacuum to yield 8 (3.27 g, 88 %). 

SEC: Mw = 1.1×105, Mw/Mn = 1.9. 1H NMR (600 MHz, CDCl3): 2.6-5.0 (-O-CH2-, ring-H), 3.38 

(-O-CH3), 3.55 (-CH2-O-CH3). DSPEO (calculated from 1H-NMR) = 1.6. 

 

6-O-Pentynoyl-2,3-di-O-PEO16-cellulose (9). 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC•HCl) (0.962 g, 5.02 mmol), pentynoic acid (0.328 g, 3.34 mmol) and 4-

dimethylaminopyridine (0.615 g, 5.03 mmol) were added into the solution of 8 (1.00 g, 0.746 

mmol per AGU) in anhydrous dimethylformamide (DMF) (20 mL). The mixture was stirred for 

1 d at room temperature, and then stirred for 2 d at 50 °C. The reaction mixture was diluted with 

distilled water, dialyzed with dialysis membrane (MWCO: 8 kD) for 1 d, and lyophilized to yield 

9 (1.04 g, 100%). SEC: Mw = 6.2×104, Mw/Mn = 1.5. 1H NMR (800 MHz, 80 °C, C2D2Cl4): 2.15 

(-C≡CH), 2.55 (-CH2-CH2-C≡CH), 2.61 (-CH2-C≡CH), 3.39 (3H, s, -CH2-O-CH3), 3.56 (3H, s, -

CH2-O-CH3), 3.4 - 3.8 (-CH2-), 2.8 - 5.5 (ring-H). 13C NMR (800 MHz, 80 °C, C2D2Cl4): 14.2 (-

CH2-C≡CH), 33.3 (-CH2-CH2-C≡CH), 58.6 (-O-CH3), 62.9 (C6), 69.8 (-C≡CH), 69 - 71 (-O-

CH2-), 71.1-73.2 (C5), 71.8 (-CH2-O-CH3), 78.1 (C4), 82.0 (C2), 82.9 (-C≡CH), 83.2 (C3), 102.6 

(C1), 170.9 (C=O). DSpentynoyl (calculated from 1H-NMR) = 1.0. 
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2,3-di-O-PEO16-6-O-PSt60-cellulose (2a). 9 (50.0 mg, 0.0358 mmol per AGU) was dissolved in 

DMF (4.4 mL), and PSt-N3 (Mn = 6.4×103, DP = 60; 376 mg, 0.0585 mmol) and ascorbic acid 

(57.4 mg, 0.326 mmol) were added into the solution. Copper (II) sulfate pentahydrate 

(CuSO4•5H2O) (8.0 mg, 0.032 mmol) was added into the solution under Ar atmosphere and stirred 

at 60 °C for 2 d. The reaction mixture was passed through alumina column and dried under 

vacuum to yield a brown crude product, which was dissolved in CH2Cl2 (1 mL). The solution was 

poured into the mixture of hexane and cyclohexane (3: 2, v / v) and the precipitate was collected 

by centrifugation. This procedure was repeated twice, and the final product was dried under 

vacuum at 60 °C for 6 h to yield 1a (216 mg, 75 %). SEC-MALS: Mw = 9.7×105, Mw/Mn = 2.3. 

1H NMR (600 MHz, CDCl3): 0.8 - 1.1 (-CH2-CH3, -C-(CH3)2), 1.2 - 2.5 (-CH2-CHPh-), 2.5- 5.5 

(-O-CH2-, ring H, -CH2-CH3, -N-CH(Ph)-CH2-), 3.38 (-O-CH3), 3.55 (-CH2-O-CH3), 6.2-7.5 

(arom-H, N-CH=C). 

2,3-di-O-PEO17-6-O-PSt31-cellulose (2b). 9 (100 mg, 0.0715mmol per AGU) was dissolved in 

DMF (8.6 mL), and PSt-N3 (Mn = 3.3×103, DP = 30; 392 mg, 0.117 mmol), ascorbic acid (114 

mg, 0.648 mmol), and CuSO4•5H2O (16.2 mg, 0.0648 mmol) were added for the reaction. Yield: 

259 mg (76 %). SEC-MALS: Mw = 6.1×105, Mw/Mn = 2.4.  

2,3-di-O-PEO16-6-O-PSt20-cellulose (2c). 9 (150 mg, 0.107mmol per AGU) was dissolved in 

DMF (13 mL), and PSt-N3 (Mn = 2.2×103, DP = 20; 397 mg, 0.175 mmol), ascorbic acid (173 mg, 

0.980 mmol), and CuSO4•5H2O (24.4 mg, 0.0977 mmol) were added for the reaction. Yield: 302 

mg (75 %). SEC-MALS: Mw = 4.8×105, Mw/Mn = 2.4.  

  

2-2-2-3. PCL-PSt-bottlebrush 

6-O-MeOTr-2,3-di-O-PCL-cellulose (10). 6, distilled CL, and Sn(Oct)2 (0.05 eq. relative to AGU) 

were mixed in a gastight Schlenk tube equipped with a Teflon cock in a grove box. The mixture 
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became homogeneous under heating at 130 ℃ and stirred for 24 h. After the reaction, the 

product was precipitated with toluene/ n-hexane mixture (5:3, v/v), dissolved in THF, and re-

precipitation in toluene/ n-hexane mixture to yield 10 as a white solid. 

10a. 6 (0.38 g, 1.8 mmol per OH) was reacted with CL (5.0 g, 44 mmol, [CL]/[OH] = 25) in the 

presence of Sn(Oct)2 (0.013 g, 0.089 mmol) for 10 h. The conversion of CL, determined by 1H-

NMR, was almost quantitative. Yield: 4.0 g (75 %). Mn = 2.7×105 g mol-1 and Mw /Mn = 3.2. 

10b. 6 (0.95 g, 4.4 mmol per OH) was reacted with CL (25 g, 219 mmol, [CL]/[OH] = 50) in the 

presence of Sn(Oct)2 (0.031 g, 0.21 mmol) for 24 h. Conversion: almost quant.; Yield: 24.1 g 

(96 %); Mn = 4.9×105 g mol-1; Mw /Mn = 1.8.  

10c. 6 (0.19 g, 0.88 mmol per OH) was reacted with CL (7.5 g, 66 mmol, [CL]/[OH] = 75) in the 

presence of Sn(Oct)2 (0.0068 g, 0.047 mmol). Conversion: almost quant.; Yield: 6.0 g (78 %); Mn 

= 7.3×105 g mol-1; Mw /Mn = 1.5. 

 

6-O-MeOTr-2,3-di-O-AcPCL-cellulose (11). 10c (5.7 g) was treated with acetic anhydride (25 

mL) and pyridine (25 mL) at rt for 2 days under Ar atmosphere. The acetylated polymers 11 were 

obtained through precipitation in methanol (5.08 g, 89 % yield).  

 

2,3-di-O-AcPCL-cellulose (12). The solution of 11 (3 g) in CH2Cl2 (75 mL) was stirred with 

FeCl3·6H2O (2.25 g, 3 eq. per AGU) at rt for 1 h under Ar atmosphere. The product was passed 

through alumina to remove insoluble salts, and the filtrate was concentrated to dryness. The 

sample was purified by the precipitation with methanol (2.64 g). The reaction yield was evaluated 

to be 87 % by comparing SEC peak areas.  
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2,3-di-O-AcPCL-6i-O-pentynoyl-cellulose (13). The solution of 12 (2.5 g) in DMF (50 mL) was 

stirred with pentynoic acid (0.24 g, 15 eq. per AGU), EDC·HCl (0.64 g, 20 eq per AGU), and 

DMAP (0.41 g, 20 eq per AGU) at 60 ℃ for 3 d under Ar atmosphere. The product was 

concentrated, dissolved in CH2Cl2, and precipitated in methanol. The re-precipitation was 

repeated several times and the precipitate was collected and dried under vacuum to yield 13 (2.24 

g) at 90 % yield. 

 

2,3-di-O-AcPCL-6i-O-PSt-cellulose (3). The solution of 13 in DMF (about 2 mM per AGU) was 

stirred with PSt-N3 (Mn = ca. 4, 9, or 16 kg mol-1; 1.2 -2 eq), CuSO4·5H2O (1 eq) and ascorbic 

acid (10 eq) at 60 ℃ under Ar atmosphere. An aliquot of the solution (0.1 mL) was removed 

using a syringe, diluted with THF to a known concentration, and analyzed by SEC in order to 

estimate the conversion of PS-N3 by the peak area decrement. After the reaction, the solution was 

dissolved in CH2Cl2, passed through alumina, and precipitated in cyclohexane. The re-

precipitation in cyclohexane was repeated several times to yield 3a-c. 

3a. 13 (0.20 g, 0.014 mmol per AGU) and PSt-N3 (Mn = 4.0×103 g mol-1, Mw/Mn = 1.1; 0.069 g, 

0.017 mmol) were dissolved in DMF (6.7 mL) in the presence of CuSO4·5H2O (0.0035 g, 0.014 

mmol) and ascorbic acid (0.025 g, 0.14 mmol). Yield: 0.14 g (56 %); Mn = 4.4×105 g mol-1; Mw 

/Mn = 2.4.  

3b. 13 (0.20 g, 0.014 mmol per AGU) and PSt-N3 (Mn = 9.2×103 g mol-1, Mw/Mn = 1.1; 0.22 g, 

0.024 mmol) were dissolved in DMF (6.7 mL) in the presence of CuSO4·5H2O (0.0035 g, 0.014 

mmol) and ascorbic acid (0.025 g, 0.14 mmol.: Yield: 0.29 g (88 %); Mn = 5.2×105 g mol-1; Mw 

/Mn = 2.1.  
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3c. 13 (0.15 g, 0.011 mmol per AGU) and PSt-N3 (Mn = 1.6×104 g mol-1, Mw/Mn = 1.1; 0.27 g, 

0.017 mmol) were dissolved in DMF (5 mL) in the presence of CuSO4·5H2O (0.013 g, 0.053 

mmol) and ascorbic acid (0.093 g, 0.53 mmol). Yield: 0.23 g (71 %); Mn = 3.4×105 g mol-1; Mw 

/Mn = 1.6.  

 

2-2-3. Measurements 

 Nuclear magnetic resonance (NMR) spectra (600 and 800 MHz) were obtained from 

AVANCE III 600 or AVANCE III 800 (Bruker, MA, USA) with CDCl3 and C2D2Cl4. 13C 

resonances were assigned by combination of heteronuclear single quantum correlation (HSQC) 

and H-detected multiple bond coherence (HMBC) spectra. SEC analysis for Janus bottlebrush 3 

and intermediates 5 – 7 and 9 – 13 (Scheme 2-1) was conducted with a Shodex GPC-101 system 

(for SEC), which was equipped with a KF-G (Shodex) guard column, two KF-806 (Shodex) 

columns, and an RI-101 differential refractometer (Shodex) at a flow rate of 0.8 mL min-1 at 40 °C. 

The eluent was THF and standards were PMMA for 5, 7–9 and PSt for 3 and 10. SEC-MALS 

analysis for 1a–c and 2a–c was carried out on DAWN HELEOS II instrument (Wyatt Technology, 

Corp., Santa Barbara, CA, USA, λ = 658 nm) at room temperature (for MALS) combined with 

the above-mentioned Shodex GPC-101 system except that DMF with LiBr (10 mM) was used as 

the eluent. The click reaction for synthesis of 1a–c and 2a–c was monitored by SEC using a Tosoh 

SEC system equipped with a CCPS pump (Tosoh Corp., Tokyo, Japan), KF-G guard column 

(Shodex), two KF-806L columns (Shodex), a CO-8020 column oven (Tosoh) at 40 °C, and a UV-

8020 UV detector (Tosoh). THF with triethylamine (0.5 v%) was used as the eluent at a flow rate 

of 0.8 mL min⁻1.  
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 To determine the absolute values of molecular weights from the SEC-MALS data, the 

refractive index increment (dn/dc)1 of 1 and 2 were calculated from the following equation, 

respectively:17 
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where (dn/dc)PEO, (dn/dc)PSt, and (dn/dc)EC were the refractive index increments for homopolymer 

PEO, PSt, and ethyl cellulose (EC), respectively, and wPEO and wPSt were the weight fractions of 

PEO and PSt in bottlebrushes 1 and 2, respectively. Instead of the dn/dc value of unsubstituted 

cellulose, the value for EC was used as the main chain because unsubstituted cellulose does not 

dissolve in DMF-LiBr. The values (dn/dc)PEO, (dn/dc)PSt, and (dn/dc)EC were measured to be 0.047, 

0.158 and 0.045 mL g-1, respectively, using a differential refractometer (Optilab rEX, Wyatt 

Technology, λ = 658 nm, at 25 °C). The reasonability of Eq. 1 was confirmed using Janus 

cellulosic bottlebrush. 
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2-3. Results and Discussion  

2-3-1. Synthetic Strategy 

 Figure 2-1 shows the schematic structures of homo and Janus bottlebrushes targeted in 

this thesis, and Scheme 2-1 shows their synthetic routes. Trityl group family is known to be 

applied to a regioselective protecting group for 6-O position of cellulose. Among them, MeOTr 

group is superior to other trityl groups in the viewpoint of the regioselectivity of protection and 

rapidness of deprotection.12 Therefore, The author synthesized Janus cellulosic bottlebrush 2 and 

3, and their  with regioselectivity from MeOTr-cellulose as a starting material. 

 In the synthetic route 1, firstly, the author synthesized cellulosic derivative with 

pentynoyl group at 6-O position from 2,3-O-dimethylcellulose. Then, introduction of PSt chain 

was carried out with Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition (CuAAC) reaction, one 

of the most common click reactions. Generally, in the grafting-to method, the reactivity decreases 

with increasing degree of substitution because of the steric repulsion by already introduced side 

chains. In this viewpoint, the CuAAC reactions was expected to be suitable for quantitative 

introduction of side chains because of excellently high reactivity.14,15 

In the synthetic route 2, the firstly-introducing side chain requires the resistance against 

an acid condition, under which MeOTr group is removed afterward. Additionally, it requires a big 

difference in χ parameter from the secondary-introducing side chain.13 Hence, the author selected 

PEO as the firstly-introducing side chain. Cowie and coworkers esterified the 2,3-O position of 

tritylcellulose with a monofunctionalized PEO in the presence of NaH to yield 6-O-trityl-2,3-di-

O-PEOcellulose with a DSPEO of ~ 1.9, which is almost quantitative introduction of side chains.7 

Thus, in the same way, the author introduced monofunctionalized PEO at 2,3-O positions of 2 via 

the Williamson ether reaction. After the removal of MeOTr group from 7, the bottlebrush 8 was 

modified with pentynoyl group at the 6-O position (9). Then, PSt chains was introduced to 5 via 
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grafting-to method with CuAAC reaction to yield 2. 

 In the synthetic route 3, the author adopted a grafting-form method for firstly-

introducing side chain. Generally, the grafting-from method is superior in the introduction of side 

chain with high density and high molecular weight. In this route, poly(ε-caprolactone) (PCL) was 

introduced to the starting material 4 as firstly-introducing side chain because ε-caprolactone could 

be polymerized directly form the hydroxyl groups at 2,3-O positions of 4. Then, after removal of 

MeOTr groups, PSt was introduced with CuAAC click reaction. 

 

2-3-2. Preparation and Characterization of Homo Cellulosic Bottlebrush (1a–c) 

 The pentynoyl group was introduced to residual hydroxyl groups of 2,3-di-O-

methylcellulose (4) (DSMe = 1.8) with the ester condensation reagent EDC•HCl to yield 5. The 1H 

NMR spectrum showed peaks ascribed to the protons of the pentynoyl group, cellulose ring, and 

methyl groups (Figure 2-6a). The DSpentynoyl value was calculated to be 1.2 from the 1H-NMR 

spectrum of 5, indicating that the pentynoyl group was quantitatively introduced to the residual 

hydroxyl group, mainly to O-6 position of 5. The regioselectivity of 5 is confirmed by their 13C 

NMR spectrum (Figure 2-6b). Figure 2-6b shows sharp peaks at 102.8, 63.0, and 171.3 ppm, 

attributed to C-1, C-6, and the carbonyl carbon of the pentynoyl group, respectively. This clearly 

shows that the pentynoyl group was highly regioselectively introduced at the O-6 position. 
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 CuAAC click reactions between 5 and the PSt-N3 species were carried out in the same 

condition for Janus cellulosic bottlebrushes. The DPPSt values were calculated only via SEC 

analysis because the 1H NMR spectra of 1a–c purified after the completed reaction of showed 

almost only peak contributed to PSt chains (Figure 2-7) and it is difficult to calculate the weight 

fraction of PSt chain in the whole of cellulosic bottlebrush. Figure 2-8 shows the SEC profiles of 

the mixtures of 5 and the PSt-N3 before (dotted line) and after (solid line) the coupling reaction, 

 
Figure 2-6. (a) 1H and (b) 13C NMR spectra of 5 (C2D2Cl4, 27 °C, 800 MHz). 
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as detected by UV. Note that the starting material 5 was invisible by UV detection. The profiles 

after the reaction show a decreased peak assigned to the PSt-N3 starting material. On the other 

hand, an additional peak corresponding to 1 appears in a high molecular weight range. From the 

area ratio of these two peaks, the value of DPPSt were calculated to be 1.1, 1.1, and 1.2 for 1a, 1b, 

and 1c, respectively. SEC profiles indicated that PSt chains were qualitatively introduced to 5 

since those values were almost equivalent to the DSpentynoyl (= 1.2). Consequently, the author 

concluded that the grafting-to method with CuAAC reaction was suitable to for quantitative 

introduction of PSt chains to the cellulose derivative. 
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Figure 2-7. 1H NMR spectrum of 1a (a), 1b (b) and 1c (c) (CDCl3, rt, 600 MHz). 
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2-3-3. Preparation and Characterization of Janus Cellulosic Bottlebrush (2a–c) 

 Firstly, the residual hydroxyl groups of 6 were etherified with PEO-I (MW = 860, DPn 

= 16) using NaOH to yield 7, following the deprotection of MeOTr group with HCl to yield 8. In 

the 1H NMR spectrum of 8 (Figure 2-2), the peak derived from methylene of PEO appears at δ = 

3.34 ppm but that from MeOTr group disappears at around 7 ppm, indicating that the 

etherification and the removal of MeOTr group proceeded. DSPEO was evaluated to be 1.6 from 

1H NMR spectra of the completely propionated 8. Subsequently, the pentynoyl group was 

introduced through ester condensation reaction to yield 9. The 1H NMR spectrum of 9 exhibited 

 
Figure 2-8. SEC charts before (dotted line) and after (solid line) the coupling reaction 

between 5 and PSt-N3 for l = 60 (black), 30 (red), and 20 (blue) for the synthesis of 1a, 1b, 

and 1c, respectively; UV detector (wavelength: 254 nm); THF/triethylamine (0.5 vol%) as 

eluent). 
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the peaks derived from protons of pentynoyl group, cellulose ring proton, and PEO side chains 

(Figure 2-3a). DSPEO and DSpentynoyl were evaluated to be 1.6 and 1.04, respectively, from 1H NMR 

spectra. In addition, the peaks assigned to C-1, C-6 and carbonyl carbon of pentynoyl group at 

102.6, 62.9, and 170.9 ppm, respectively, in 13C NMR spectrum (Figure 2-3b) confirm 

regioselective functionalization with PEO and pentynoyl groups at O-2,3 and O-6 positions, 

respectively. Since the reactivity of hydroxyl group at 6-O position is higher than that at 2,3-O 

position, pentynoyl groups might be introduced mainly to 6-O position, though the cellulosic 

bottlebrush 8, the precursor of 9, had unsubstituted hydroxyl groups at 2,3-O position. In 

comparison with 5, however, the 13C NMR spectrum of 9 showed broader peak. This could be 

explained by the following two reasons. One is that 5 had fewer substituted groups of the main 

chain not to lose the mobility of main chain Another is that 5 went through a regioselective and 

qualitative introduction of side chains.  
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Figure 2-2. 1H-NMR spectrum of 7 (a) and 8 (b) in CDCl3. 
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 CuAAC click reaction between 9 and three kinds of PSt-N3 (Mn = 6.4 × 103, DPn = 60; 

Mn = 3.3 × 103, DPn = 30; Mn = 2.2 × 103, DPn = 20) was carried out with CuSO4•5H2O and 

ascorbic acid to obtain 2a–c. Figure 2-4 represents 1H NMR spectra of 2a–c. There are the peaks 

 

 

Figure 2-3. (a)1H and (b)13C NMR spectra of 9 (C2D2Cl4, 80 oC, 800 MHz). 
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derived from ring proton and PEO side chains (2.70 - 5.25 ppm) and those of the 

ethoxycarbonylisopropyl group at the end of PSt chain (δ = 0.8 - 1.1 ppm; peak h and j). The 

amount of PSt chain of 2a–c proved to be 1.0, 1.0 and 1.1 chains per AGU from the peak ratio of 

these two peaks, respectively. Figure 2-5 shows the SEC profiles of the mixture of 9 and PSt-N3 

before (dotted line) and after (solid line) the coupling reaction, detected by UV (λ = 254 nm). The 

former profile showed only one peak derived from unreacted PSt-N3 since 6 was UV-inactive, 

while the latter exhibited both the decreased peak of the unreacted PSt-N3 and the additional peak 

corresponding to 2 in a high molecular weight range. By comparing these two peak areas, the DP 

for PSt side chains (DPPSt) were calculated to be 1.0, 1.0 and 1.1 for 2a, 2b and 22c, respectively. 

The match of DPPSt evaluated in the different ways supports that cycloaddition reaction between 

9 and PSt-N3 proceeded quantitatively. Additionally, the values of DPPSt for 2a–c reached to the 

value of DSpentynoyl of 6 (1.04), indicating that qualitative coupling reaction between PEOcellulose 

(9) and PSt chains. From above results, the author concluded that the compounds 2a–c were the 

target Janus cellulosic bottlebrush which possessed two kind of side chains with high density and 

regioselectively.  
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Figure 2-4. 1H NMR spectrum of 2a (a), 2b (b) and 2c (c) (CDCl3, rt, 600 MHz). 
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Figure 2-5. SEC charts before (dotted line) and after (solid line) the coupling reaction 

between 9 and PSt-N  with DP  of 60 (black), 31 (red), and 20 (blue) for the synthesis of 
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 Table 2-1 summarizes the characteristics of Janus bottlebrushes 1a–c and cellulosic 

bottlebrush 2a–c. The DPw (instead of Mw) and DPw/DPn (= Mw/Mn) values of main chains of 

Janus cellulosic bottlebrushes 1a–c and cellulosic bottlebrushes 2a–c were almost same, 

respectively, where DPw = 1.2 – 1.3×102 for 1a–c and DPw = 1.1 – 1.2×102 for 2a–c. Thus, the 

author concluded that 1a–c and 2a–c were molecularly dispersed and hence their molecular 

wights correctly measured without their intramolecular aggregation or adsorption to the column 

in DMF/LiBr by SEC-MALS. All Janus cellulosic bottlebrushes 1a–c and cellulosic bottlebrushes 

2a–c had longer stretched main chain than 15 nm and shorter stretched side chain than 15 nm, 

meaning that their conformation is not star-like but cylinder-like bottlebrush. the author expects 

that Janus cellulosic bottlebrushes 1a–c form helical second or higher order structure. The more 

detailed analysis of second structure is discussed in the following chapters. 

 

2-3-4. Preparation and Characterization of Janus Cellulosic Bottlebrush (3a–c) 

The preparation of Janus cellulosic bottlebrushes 6 with PCL and PS was accomplished 

via a protecting group strategy (Scheme 2-1). Firstly, PCL was grafted onto MeOTr-cellulose (4) 

using Sn(Oct)2 as a catalyst by ring-opening polymerization, yielding PCL-grafted cellulose 10 

(Table 2-2). The PCL chain length was controlled by the initial feed ratio [CL]/[OH] of 25, 50, 

and 75. The starting material 6 was soluble in CL, so that the bulk polymerization was performed 

with keeping homogeneous state throughout the polymerization. The DP of PCL side chains 

(DPPCL) was estimated from the 1H-NMR spectrum (Figure 2-9), based on the comparison of the 

signals at 4.06 ppm (ε-methylene protons of the grafts) and at 3.65 ppm (ε’-methylene protons of 

the graft ω-end).18 The DS of the PCL grafts (DSPCL) was then estimated based on the comparison 

between the initial feed ratio [CL]/[OH] and the DPPCL. When [CL]/[OH]=75, the DSPCL was 1.5, 
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close to the value of complete substitution (that is, 2). The sample 10c was then used to the 

following reaction. 

 

 

 

The unreacted/PCL-terminal hydroxyl groups of 10c were acetylated and subjected to remove the 

MeOTr groups in an acidic condition. This step is crucial, since PCL chains are labile to acid 

 

Figure 2-9. 1H-NMR spectra for 10a-c in CDCl3. 
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Table 2-2. Ring-opening polymerization of CL with MeOTr-cellulose (4).a 

Sample [CL]/[OH]b 
Conv.c 

(%) 

Mn
d 

(105 g mol-1) 
Mw /Mn

 d DPPCL
e DSPCL

e 

10a 25 > 99 2.7 3.2 50 1.0 

10b 50 > 99 4.9 1.8 104 1.0 

10c 75 > 99 7.3 1.5 100 1.5 
a[Sn(Oct)2] = 0.05 mol L-1; polymerization temperature: 130 °C, time: 24h. 
bMolar ratio of CL and hydroxyl groups of 6. cConversion of CL, determined 

by 1H-NMR. dDetermined by SEC in THF using PSt standards. eDetermined 

by 1H-NMR. 
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hydrolysis. We first used HCl, but acid hydrolysis of PCL side chains proceeded rapidly. Then, 

the detritylation using a Lewis acid FeCl3 was applied. Figure 2-10a exhibits that the area of the 

UV-detected SEC profile of 12 was decreased to be 76 % as compared to the UV-area of the 

starting material 11. In addition, the hydrolyzed portion of the PCL side chains was successfully 

inhibited, judging from the fact that the RI-peak was not changed significantly.  

 

 

 
Figure 2-10. (a) Normalized SEC profiles for 11 and 12 (detector: RI (black) and UV-vis 

(red)). (b) 1H-NMR spectra of 3a-c in CDCl3. 
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After the introduction of pentynoyl group at the 6-O position, the grafting of the PSt chains, 

synthesized via ATRP and the subsequent terminal azidation, was conducted through the CuAAC 

click reaction to prepare Janus bottlebrushes 3a-c (Table 2-3). The degree of the introduction of 

the PSt chains (DSPSt) was estimated by SEC analysis. The final DSPSt values of 3a, 3b, and 3c 

were calculated to be 0.84, 0.75, and 0.64 for PSt with 4.0, 9.2, and 16.0×104 g mol-1, respectively 

(Table 2-3). Figure 2-10b shows the 1H-NMR of 3a-c. Though peaks from the cellulosic backbone 

were hardly observed, the peaks of the grafted PCL and PSt were clearly observed. The volume 

fraction was calculated from the comparison of the peak areas between the PSt aromatic protons 

at around 6.2 – 7.2 ppm and the PCL ε-methylene protons at 4.0 ppm.  

 

 

 

2-4. Conclusion 

 In this chapter, the author established the methodology to synthesize a series of 

cellulosic bottlebrushes; homo bottlebrush with one- and two-arm, and hetero bottlebrush with 

three-arm (Janus bottlebrush). As for Janus cellulosic bottlebrush 2a-c, the click reaction allowed 

almost quantitative grafting-to reaction with the secondary-introducing PSt side chains with 

molecular weights up to 6000 g/mol against steric hindrance around the reaction position. The 

author confirmed that these bottlebrushes had side chains with high regioselectivity and high 

Table 2-3. Results of the grafting of PSt-N3.a 

Sample 
Grafted PSt-N3 

 
Bottlebrush 

Mn (g mol-1) DSPSt fPSt : fPCL
b Mn (g mol-1) Mw /Mn 

3a 4.0×103  0.84 0.20 : 0.80 4.4×105 2.4 

3b 9.2×103  0.75 0.44 : 0.56 5.2×105 2.1 

3c 16.0×104  0.64 0.54 : 0.46 3.4×105 1.6 
aDPPCL of 3 was assumed to be 100 (see 10c, Table 2-2). bVolume fraction ratio 

of PSt and PCL, determined by 1H-NMR. 
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density via the characterization with 1H NMR and SEC measurements. On the other hand, the 

DSPSt values did not reached to 1 in Janus cellulosic bottlebrush 3a-c. There may be a possibility 

that the steric hindrance form PCL chain as well as low DSpentynoyl value of the precursor 13. 

However, this strategy is prior to twice grafting-to method from the viewpoint of easier synthesis 

of high molecular weight of side chain. 
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Chapter 3 

 

Conformations of Side and Main Chains of Homo Cellulosic Bottlebrushes in 

Solution 

 

3-1. Introduction 

 A bottlebrush is a graft or comb-like polymer with highly dense side chains along a 

main chain. In a good solvent, the side chains are stretched to the direction perpendicular to the 

main chain because of the excluded-volume effect among side chains. Therefore, the main chain 

is stretched and stiffened to recover the conformational enthalpy of side chains. With increasing 

density of side chains and/or increasing affinity between the side chain and solvent, the 

bottlebrush becomes thicker, and hence the main chain becomes stiffer owing to the excluded-

volume effect among side chains. The conformations of main and side chains are theoretically, 

experimentally, and computationally studied. Especially, the conformation of main chain is 

quantified with the Kratky-Porod wormlike (KP) chain model, which is equivalent to an elastic 

wire model.1 The KP model contains a stiffness parameter λ-1, which increases with increasing 

stiffness of the main chain. 

 Nakamura and coworkers synthesized bottlebrushes consisting of main and side chains 

of polystyrene (PSt) and experimentally revealed the effect of degree of polymerization of side 

chain and solvent quality on the conformation of the main chain.2-4 Additionally, they synthesized 

bottlebrushes which have polybutadiene as a main chain and PSt as side chains and studied the 

effect of the side-chain density along the main chain on their conformation.5 Most of the 

experimental studies including their works targeted the bottlebrushes with flexible synthetic 

polymer segments in a sufficiently good solvent. Much less work has been experimentally done 
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on bottlebrushes with a semi-flexible main chain and highly dese side chains in a good as well as 

poor solvent. 

 Cellulose is one of naturally occurring polymers, consisting of anhydroglucose units 

(AGUs) joined by β-(1,4)-glucosidic bonds. Cellulose has a stiff main chain and a chiral center 

in the repeating unit to show fascinating properties.6 For instance, cellulose and its derivatives 

could form cholesteric liquid crystals7 and be used for chiral column chromatography.8 From the 

viewpoints not only of the fundamental aspects but also of highly potential applications, their 

conformation in a solution have attracted much attention. The author set a goal of this chapter to 

reveal the side-chain conformation and its effect on the main-chain stiffness for a cellulosic 

bottlebrush with a PSt side chain every repeating AGU in a poor solvent (for the side chain). 

Owing to such a rather low density, the side chain was expected to have a sufficient space as to 

study the cross-over in the side-chain conformation from globule to stretched coil as a function 

of side-chain length.9 The author carried out the small X-ray scattering (SAXS) and size-exclusion 

chromatography-multi angle light scattering (SEC-MALS) measurements for the bottlebrushes 

(PSt-cellulose) with cellulose as main chain and PSt as side chain at the 6-O position in order to 

estimate the thickness and the main-chain stiffness of the bottlebrushes in DMF/LiBr. The 

determined parameter was compared with those for cellulosic derivatives and the PSt-PSt 

bottlebrush to discuss the relationship between the effect of the intrinsic stiffness of cellulosic 

main chain on the bottlebrush characteristics. 
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3-2. Experimental Section 

3-2-1. Samples. 

 The studied cellulosic bottlebrushes of a PSt side chain (of different molecular weights) 

in every AGU were synthesized and characterized in the previous chapter. Their molecular 

characteristics are listed in Table 3-1. 

 

 

Figure 3-1. (a) Chemical structure of the cellulosic bottlebrushes 2 with PSt side chains: l = 

60 (1a), 30 (1b), and 20 (1c). (b) Schematic illustration of the conformation of 2 in dilute 

solution: d, bottlebrush diameter; d, apparent contribution of side chains located at both ends 

of the main chain; MW, molecular weight; ML, molecular weight per unit contour length; M0, 

molecular weight per repeating unit. 

M0/ML

d

MW/ML d/2

d/2

(a)

(b)



66 

 

 

3-2-2. Instrumentation and Measurements. 

 SEC-MALS analysis for PSt-cellulose was carried out using a DAWN HELEOS 

instrument (Wyatt Technology Corp., Santa Barbara, CA, USA, λ = 658 nm) at room temperature 

(for MALS) combined with Shodex GPC-101 system (for SEC), which was equipped with a KF-

G (Shodex) guard column, two KF-806L (Shodex) columns, and an RI-71S differential 

refractometer (Shodex). Dimethylformamide (DMF) with LiBr (10 mM) was used as the eluent. 

To determine the weight-average molecular weight Mw, the mean-square radius of gyration S2, 

and polydispersity index Mw/Mn with MALS, the Berry plot was used. The refractive index 

increment (dn/dc) of 1a–c was calculated using Equation 2-2 in chapter 2:10  

SAXS measurements were carried out at room temperature using BL40B2 at SPring-8 (Hyogo, 

Japan). Each SAXS profile was obtained using an imaging plate (RIGAKU R-AXIS VII) with a 

frame size of 3000 × 3000 pixels and a pixel size of 100 × 100 µm2. The X-ray wavelength was 

1.000 Å. The camera length was calibrated to be 1654 mm using the diffraction peaks of silver 

behenate. The excess scattering intensity I(q) was obtained as the difference of scattering intensity 

between the solution and the pure solvent. Each solution of PSt-cellulose at a concentration of 0.5 

Table 3-1. Characteristics of PSt-cellulose 1a–c. 

sample DSMe DSPSt Mn,PSt wmain chain
a wPSt

a dn/dcb Mw
c DPw

c Mw/Mn
c 

1a 1.8 1.1 6400 0.04 0.96 0.154 8.1×105 1.1×102 1.6 

1b 1.8 1.1 3300 0.07 0.93 0.150 4.6×105 1.2×102 1.7 

1c 1.8 1.2 2200 0.10 0.90 0.148 3.2×105 1.1×102 1.7 

aWeight fraction of the main chain and PSt chains. bRefractive index increment calculated 

from Equation 2-2. cDetermined by SEC-MALS in LiBr/DMF. 
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w/v% in DMF/LiBr (10 mM) was introduced into a flat cell (width, 3 mm) equipped with a pair 

of thin quartz glass windows (thickness, 20 µm).  

 

3-3. Results and Discussion 

3-3-1. Cross-Sectional Diameters of Bottlebrushes and Conformation of Side Chain.  

 In order to estimate the conformation of side chain of bottlebrush 1a–c, their thickness 

was evaluated by SAXS measurements in DMF/LiBr. When the bottlebrush is stretched and take 

a cylindrical conformation, its cross-sectional radius of gyration (Sc) is described by the following 

cross-sectional Guinier approximation:11  

ln[𝑞𝐼(𝑞)] = 𝐶 −
1

2
𝑆ୡ

ଶ𝑞ଶ (3-1) 

where q, I(q) and C represent scattering vector, scattering intensity and the constant factor, 

respectively. Here, q is defined by the following equation: 

𝑞 =
4𝜋 sin 𝜃

𝜆
 (3-2) 

where θ and λ are the scattering angle and wavelength, respectively. It should be noted that 

Equation 3-3 holds within the ranges satisfying the requirements, q2S2s 1 and q2Sc
2  1.12 Figure 

3-2 shows the SAXS profiles: qI(q) is plotted against q2 in a semi logarithmic scale according to 

Equation 3-1. The Sc values for 1a, 1b, and 1c were calculated to be 3.6, 2.5, and 2.1 nm, 

respectively, from the slopes of the broken lines under the above-mentioned requirements. The 

diameters (d) of the bottlebrushes were determined as 10, 7.1, and 5.9 nm for 1a, 1b, and 1c, 

respectively, using the following equation: 

𝑆௖
ଶ =

𝑑ଶ

8
 (3-3) 
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Note that this calculation is based on the assumption that the electron density of the cross-sections 

of cellulosic bottlebrushes 1a–c is constant. In Figure 3-3, the estimated d values are plotted as a 

function of the degree of polymerization (l) of the side chain in a double logarithmic scale. All 

the data are larger than the counter length of main chain between two neighboring side chains h 

(= 0.52 nm / DSPSt, plotted by open symbols in the figure), indicating that the side chains of 1a–c 

are interacted each other and somehow stretched in the radical direction. 

  

Sheiko and coworkers performed a scaling analysis for the graft polymer with flexible side chains 

in poor solvent and presented the phase diagram of graft polymer in poor solvent as shown in 

Figure 3-4 (reproduced and modified with permission from Ref. 9). The horizontal axis indicates 

the scaled grafting density (X = l1/2h-1), and the vertical axis indicates the scaled distance from the 

Theta temperature (Z = l1/2|τ|, τ = T / TΘ – 1: TΘ is Θ temperature). In the region I and II, an isolated 

side chain takes a mushroom state and a collapsed globule state, respectively. In the region III, a 

bottlebrush forms a pearl-necklace structure. In the region IV and V, side chains form axially 

   
Figure 3-2. Cross-sectional Guinier plots for 1a (blue circles), 1b (green 

circles), and 1c (red circles) in DMF/LiBr. The broken lines represent the 

Guinier approximations for the cross-sections of the corresponding 

samples. 
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uniform stretched and collapsed brush, respectively. In the region IV and V, the thickness of a 

bottlebrush scales as d ≅ l2/3h−1/3 and d ≅ l1/2(h|τ|)−1/2, respectively. Figure 3-3 suggests that the 

d value follows a power law with an exponent of 0.50 (d ≅ l1/2). This means that 1a–c takes not 

a pearl-neckless state but a collapsed brush as in the region V of Figure 3-4. This is consistent 

with the fact that DMF is a poor solvent for PSt and that the side chain is confined but somehow 

stretched by the interaction between neighboring side chains. 

As far as the author knows, this is the first report experimentally showing that the diameter of 

bottlebrushes in a poor solvent follows a power law with an exponent of 0.5. This analysis on the 

side-chain conformations is also the key to the following advanced discussion on the main-chain 

stiffness and helicity of 2. 

 

  

Figure 3-3. Counter length of main chain between two neighboring side chains 

(h) (open circle) and the dependence of diameter (d) on the degree of 

polymerization (DP) of the side chains for 1 in DMF/LiBr (closed circle). The 

line represents a power law fit of the data (parameters in Table 3-2). 
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3-3-2. Conformation of Main Chain. 

The author carried out SEC-MALS measurements to determine the mean-square radius of 

gyration (S2) as a function of molecular weight of the bottlebrush 1a–c and to discuss the main-

chain conformation. Figure 3-5 shows the SEC profiles as well as Mw and S2 determined by 

MALS.  

 

Figure 3-4. Phase diagram of graft polymer in poor solvent (Ref. 9). 
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Figure 3-5. Elution-volume dependence of the weight-average molecular weight M  (yellow 
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Since the S2 value determined by SEC-MALS contains S2M and Sc
2, the S2M value can be 

calculated using the following equation:13 

〈𝑆ଶ〉୑ = 〈𝑆ଶ〉 − 𝑆ୡ
ଶ (3-4) 

Figure 3-6 plots thus estimated S2M value as a function of DPw for 1a–c in a double logarithmic 

scale, where DPw represents the weight-average degree of polymerization of main chain and is 

calculated using the average molecular weight (M0) per AGU including the side chains:  

𝐷𝑃୵,୫ୟ୧୬ =
𝑀୵

𝑀଴
 (3-5) 

Since a bottlebrush has a finite thickness, S2M is giving by the following equation based on the 

KP chain model with a stiffness parameter, λ-1; 

〈𝑆ଶ〉୑ =
1

𝜆ଶ ൜
𝜆𝐿

6
−

1

4
+

1

4𝜆𝐿
−

1

8𝜆ଶ𝐿ଶ
[1 − 𝑒𝑥𝑝(−2𝜆𝐿)]ൠ (3-6) 

where L represent the contour length of main chain. For the L value, the side chains near both 

ends of the main chain should be taken into account as a correction value equivalent to the cross-

sectional diameter d of the bottlebrush (as shown in Figure 3-1b). Thus, L is calculated by the 

following equation: 

𝐿 =
𝑀୵

𝑀୐
+ 𝑑 (3-7) 

where ML is the molecular weight per unit contour length. 
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Figure 3-6. DPw dependence of S2M for (a) 1a, (b) 1b, and (c) 1c in DMF/LiBr 

(black circles). The red curves represent the theoretical values calculated for the 

perturbed KP chain model (parameters in Table 3-2). 
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For estimating the ML, the author assumed that the ratio of M0 to ML, corresponding to the contour 

length per repeating unit, is equal to the length of AGU along the long axis of cellulose crystal 

(0.52 nm)14 using the following equation, 

൬
𝑀଴

𝑀୐
൰

𝟏

= 0.52 (nm) (3-8) 

The red curves in Figure 3-6 are the theoretical values determined from the KP chain model using 

Equation 3-6 with the parameters ML and λ⁻1 (listed in Table 3-2), which well reproduced the 

experimental data. Figure 3-7 shows the plots of DPw vs S2M/ DPw for the experimental and 

theoretical data in order to discuss the validity of the KP chain model and the accuracy of the 

determined λ⁻1 value: the theoretical data are calculated with the determined λ⁻1 value and the λ⁻1 

± 1 values. Obviously, the theoretical curves with the determined λ⁻1 value better reconstructed 

the experimental data. Thus, the author concluded that the KP chain model could well describe 

the conformation of main chain of 1 and reasonably precisely estimate the λ⁻1 value in the range 

of molecular weights analyzed.  

 

 

 

Table 3-2. Results of SAXS and SEC-MALS measurements for cellulosic 

bottlebrushes 1. 

sample 

 SAXS  SEC–MALS 

 
Sc  

(nm) 

d 

(nm) 
 

ML 

(×104 nm⁻1) 

λ⁻1  

(nm) 

1a  3.6 10  1.4 17 

1b  2.5 7.1  7.4 12  

1c  2.1 5.9  5.5 12 
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Finally, the λ⁻1 value was reasonably estimated to be 17, 12, and 12 nm for 1a–c, respectively. 

Off course, these values are much larger than those of common vinyl polymers such as PMMA 

and PSt. Interestingly, these values are comparable to those of (non-substituted) cellulose (λ⁻1 = 

7 nm in 3-butyl-1-methylimidazolium chloride (BMIC)15 and 18 nm in N,N-dimethylacetamide 

(DMAc)/LiCl16 and its derivatives including cellulose triacetate (λ⁻1 = 14 nm in DMAc),17 

cellulose tristearate (λ⁻1 = 25 nm in THF),18 and cellulose tris(phenylcarbamate) (λ⁻1 = 21 nm in 

THF).19 In general, the main chain of a bottlebrush may be stiffened by the side chains radically 

stretched owing to their excluded volume effects, but this is not the case with the cellulosic 

bottlebrushes 1a–c. 

 Nakamura and coworkers experimentally showed that a bottlebrush of PSt as both main 

and side chains (PSt-PSt bottlebrushes) become stiffer with increasing molecular weight of the 

side chain in a Θ-solvent as well as in a good solvent (open circles in Figure 3-8).2-4, 20 Additionally, 

they theoretically derived the following equation using the first order perturbation theory:21 

 

Figure 3-7. The dependence of log(S2M/ DPw) on log(DPw) for (a) 1a, (b) 1b, and (c)1c. The 

red curves represent the theoretical value of the unperturbed KP chain model with the 

determined λ⁻1 values listed in Table 3-2, whereas the blue and yellow curves represent the 

theoretical value of the KP chain model with the determined λ⁻1 values plus 1 and minus 1, 

respectively. 
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𝜆ିଵ = 𝜆଴
ିଵ + 𝜆௕

ିଵ (3-9) 

where λ0⁻1 is the contribution due to the internal rotation sterically hindered by the side chain near 

the main chain and λb⁻1 is the one derived from the excluded-volume interactions among side 

chains. On the assumption that the conformation of the side chains takes the Gaussian model, λb⁻1 

of a bottlebrush in a Θ-solvent is represented as follows:21 

𝜆௕
ିଵ = 0.02334 ൬

𝑙

𝑏
൰

ଶ

൬
𝛽ଷ

ℎଷ
൰ (3-10) 

where h, b and β3 represent contour length of the main chain per side chain, effective bond length 

of each side chain, and ternary cluster integral, respectively. The theoretical curve (a solid curve 

in Figure 3-8) is calculated using Equation 3-9 and 3-10 with h = 0.27 nm for the PSt-PSt 

bottlebrush. As shown in Figure 3-8(a), the theoretical curve obtained with the parameters listed 

in Table 3-3 well reproduces the experimental data (plotted by open symbols) and clearly shows 

that the main chain of a bottlebrush become stiffer as the side chain become longer.  

 Based on this consideration, one can directly compare the results of the cellulosic 

bottlebrushes with those of the PSt-PSt one, even though their side-chain density is different. 

Figure 3-8(b) shows the l dependency of λ⁻1; the closed symbols are the experimental data for the 

cellulosic bottlebrushes, the solid curve is the theoretical data calculated for the hypothetic PSt-

PSt bottlebrush with the model parameters listed in Table 3-3 including h = 0.52 nm (the same as 

the cellulosic bottlebrushes), and the dotted curves indicates the already mentioned λ⁻1 values for 

(non-substituted) cellulose. It should be noted that the λ⁻1 values of the cellulosic bottlebrushes 

are larger and less dependent on the side-chain length as compared with those for the hypothetic 

PSt-PSt bottlebrushes. This can be ascribed to different contribution to the main-chain stiffness. 

Figure 3-8(b) can be understood to suggest the crossover in the origin of main-chain stiffness of 

the cellulosic bottlebrush as a function of side-chain length in a Θ-solvent (even in a poor solvent). 
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In the region of side-chain length sufficiently small, the main-chain stiffness is dominated by the 

intrinsic stiffness of cellulose chain and hence remains constant independent of the side-chain 

length. With increasing side-chain length, the excluded-volume interaction between neighboring 

side chains increases and hence the main-chain stiffness increases via the crossover region. It 

should be noted that the cross-over side-chain length was roughly estimated to be 60 in l 

(equivalent molecular weight, 6000), which is so high as to understand that the grafting-to 

approach to synthesize the bottlebrushes proceeds in a controlled fashion.  

 

 

 

Table 3-3. Model parameters of the first order perturbation theory for PSt-PSt 

bottlebrush and hypothetic PSt-PSt bottlebrush. 

sample  
λ0⁻1 

(nm) 

h 

(nm) 

b 

(nm) 

β3 

(× 10-3 nm6) 

PSt-PSt bottlebrush  8 0.27 0.74 4 

hypothetic PSt-PSt bottlebrush  8 0.52 0.74 4 
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3-4. Conclusion  

 

 

Figure 3-8. (a) The dependence of λ⁻1 on the degree of polymerization (l) of the side chains for PSt-

PSt bottlebrush in a Θ-solvent. the solid lines represents the theoretical curve for the PSt-PSt 

bottlebrush calculated with h = 0.27 nm; (b) The dependence of λ⁻1 on the degree of polymerization (l) 

of the cellulosic bottlebrush 1 in a poor solvent. The broken curve represents the theoretical curve for 

the PSt-PSt bottlebrush calculated with h = 0.52 nm in a Θ-solvent. 
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 The author has fully characterized a cellulosic bottlebrush with one PSt-side chain every 

AGU by SEC-MALS and SAXS measurements and reveal the conformation of side and main 

chains in DMF/LiBr, which is a poor solvent for PSt. Their conformations in dilute solution were 

characterized by the value of Sc
2 and the dependence of S2 on the DP of the main chain. The 

diameter d of the cellulosic bottlebrushes (associated with Sc
2) was larger than the contour length 

of main chain per side chain and followed a power law with an exponent of 0.50. These results 

suggested that the side chains are confined in a poor solvent but somewhat extended in the radial 

direction. The main-chain conformation of cellulosic bottlebrushes was well reproduced with the 

KP chain model, successfully estimating the stiffness parameter λ⁻1. The determined stiffness of 

main chain of bottlebrush was almost independent of the DP of the PSt side chains and 

comparable to that of cellulose and its derivatives with small substituents. This means that the 

excluded-volume effect among neighboring side chains was too small to affect the main-chain 

conformation of the cellulosic bottlebrush in a studied range of molecular weight of side chain. 

Furthermore, the l dependency of λ⁻1 value was evaluated for the hypothetic bottlebrushes of 

flexible main and side chains (PSt-PSt bottlebrushes) assuming the same side-chain density to 

those of the studied cellulosic bottlebrushes. This clarify the crossover in the origin of the main-

chain stiffness from the intrinsic character to the effect of excluded-volume interaction between 

side chains with increasing side-chain length. Below 6000 in PSt molecular weight, the intrinsic 

stiffness of semi-flexible cellulose plays an important role to keep the main-chain conformation 

of bottlebrushes even when the attractive interaction works among side chains with a compact 

conformation in a poor solvent. The author also expects that a cellulosic bottlebrush may keep an 

originally equipped chain character, e.g., main-chain helicity, hence exhibiting fascinating 

structure and properties in the side-chain length up to the PSt molecular weight as high as 6000. 
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Chapter 4 

 

Intramolecular Phase Separation of Janus Cellulosic Bottlebrushes in Solution 

 

4-1. introduction 

 Recent advance in precise polymer synthesis brings a new type of bottlebrushes 

possessing different kinds of side chains (hetero bottlebrush). Among them, the bottlebrush which 

have the structure like different bottlebrushes connected in series, is called block bottlebrush.1 On 

the contrary, the bottlebrushes possessing immiscible side chains uniformly along the main chain 

is called Janus-type bottlebrush.2,3 Janus bottlebrush could act surfactant with low critical micelle 

concentration because of its large cross-sectional area to contact solvent.4,5 Meanwhile, Janus 

bottlebrush self-assembles into micelle6 or vesicles7,8 in solution, of which shapes are influenced 

by the curvature of Janus bottlebrushes. The distinct feature for Janus bottlebrush is that the 

intramolecular phase separation contributes to low entropy loss in forming bulk microphase 

separation. Janus bottlebrush could form microphase separation with smaller domain pitch than 

diblock copolymers with the same chemical composition.9,10 Additionally, the stiffened main 

chain enables to reduce entanglement, leading rapid progression of microphase separation. Thus, 

it is important to figure out the intramolecular phase separation of isolated Janus bottlebrush. 

Up to now, the second structure of Janus bottlebrush in solution has been theoretically11 

and computationally12-14 studied. As for Janus bottlebrush with rigid main chain it was reported 

that the lower the affinity between solvent and side chains is, the more the intramolecular phase 

separation proceeds (i) (Figure 4-1a).12 Additionally, in poor solvent for side chains, it was showed 

that the Janus bottlebrush with stiff main chain and low-dense side chains takes pearl-necklace 

structure (ii) (Figure 4-1b),13 and that the Janus bottlebrush with flexible main chain forms 
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intramolecular spherical aggregation (iii) (Figure 4-1c).14 However, experimental study for the 

second structure of Janus bottlebrush has not been sufficiently explored. Therefore, in this chapter, 

the author aimed to observe the microphase separation of isolated Janus bottlebrush in solution. 

 

 

In this study, the author planned to prepare a Janus bottlebrush with dense side chain 

 

 

Figure 4-1. Schematic illustration of the second structure of Janus bottlebrushes with rigid 

man chain and dense side chains (a), rigid main chain and sparse side chains (b), and 

flexible main chain (c). 
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and stiff main chain as a model shown in Figure 4-1a, and then to figure out the conformation in 

poor solvent by scattering experiment. The author thinks that cellulose is the best main chain as 

the model Janus bottlebrushes, since cellulose is semi-flexible with three hydroxyl groups in 

anhydroglucose unit (AGU), to which different side chains can be densely introduced.15 The 

author previously revealed that the cellulosic homo bottlebrushes possessing polystyrene (PSt) 

side chains (DP = 20, 30 and 60) at O-6 position with high density (PSt-cellulose) formed 

cylindrical conformation in poor solvent for PSt chains (DMF). Based on that, in this section, the 

author analyzed cross-sectional microphase separated structure of PEO-PSt-cellulose. SAXS 

measurement for PEO-PSt-cellulose and PSt-cellulose were carried out in DMF/LiBr to 

determine the cross-sectional radius of gyration (Sc,SAXS) via the cross-sectional Guinier plots. 

Cross-sectional microphase-separation structure was determined by comparing the dependency 

of Sc, SAXS for PEO-PSt-cellulose and PSt-cellulose on molecular weight of PSt per AGU and the 

cross-sectional model. Then, SEC-MALS measurement for PEO-PSt-cellulose was carried out to 

obtain the dependency of the mean square radius of gyration S2 on the degree of polymerization 

in order to confirm the conformation in solution. These results show that PEO-PSt-cellulose 

formed the cylindrical structure with intramolecular phase separation along their main chain. 
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4-2. Experimental Section 

4-2-1. Samples. 

The cellulosic Janus (PEO-PSt-cellulose 2, Figure 4-2) and homo bottlebrushes (PSt-

cellulose 1 and PEO-cellulose 9, Figure 4-2) were used. DMF with LiBr (DMF/LiBr) at the 

concentration of 10 mM was used as the solvent throughout this study. Their molecular 

characteristics are listed in Table 4-1. 

 

 

 

 

 

Figure 4-2. Chemical structure of PEO-PSt-cellulose 2, PSt-cellulose 1 and PEO-cellulose 

9. 

1 92
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4-2-2. Instrumentation and Measurements. 

 SAXS measurements were carried out at room temperature using BL40B2 at SPring-8 

(Hyogo, Japan). Each SAXS profile was obtained using an imaging plate (RIGAKU R-AXIS VII) 

with a frame size of 3000 × 3000 pixels and a pixel size of 100 × 100 µm2. The X-ray wavelength 

was 1.000 Å. The camera length was calibrated to be 1654 mm using the diffraction peaks of 

silver behenate. The excess scattering intensity I(q) was obtained as the difference of scattering 

intensity between the solution and the pure solvent. Each solution of bottlebrushes at a 

concentration of 0.5 w/v% in DMF/LiBr was introduced into a flat cell (width, 3 mm) equipped 

with a pair of thin quartz glass windows (thickness, 20 µm).  

SEC-MALS analysis was carried out using a DAWN HELEOS instrument (Wyatt 

Technology Corp., Santa Barbara, CA, USA, λ = 658 nm) at room temperature (for MALS) 

combined with Shodex GPC-101 system (for SEC), which was equipped with a KF-G (Shodex) 

guard column, two KF-806L (Shodex) columns, and an RI-71S differential refractometer 

(Shodex). DMF with LiBr (10 mM) was used as the eluent. To determine the weight-average 

molecular weight Mw, the mean-square radius of gyration S2, and polydispersity index Mw/Mn 

with MALS, the Berry plot was used. The refractive index increment (dn/dc) of 1a–c and 2a–c 

was calculated using equation 2-2 in chapter 2. 
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4-2. Results and Discussion 

4-2-1. Cross-Sectional Structure of Bottlebrushes 

4-2-1-1. Comparison of the Cross-Sectional Radius of Gyration Values between Janus 

bottlebrush PEO-PSt-cellulose and Homo Bottlebrush PSt-cellulose and PEO-cellulose 

 To determine the cross-sectional radius of gyration (Sc ) values for bottlebrushes, SAXS 

measurements for PEO-PSt-cellulose (2a–c), PSt-cellulose (1a–c) and PEO-cellulose (9) in 

DMF/LiBr were carried out. Figure 4-3 shows the cross-sectional Guinier plots of ln[qI(q)] versus 

q2 for SAXS profile, where q and I(q) are the scattering vector and scattering intensity, 

respectively. q is defined by following equation: 

𝑞 =
4𝜋 sin 𝜃

𝜆
 (4-1) 

where 2θ and λ are the scattering angle and wavelength, respectively. Assuming that the 

bottlebrush takes a rod-like conformation, the Sc values determined by SAXS (Sc,SAXS) is described 

by the following equation in the range of q2S2 1 and q2 Sc,SAXS
 2  1: 16,17  

ln[𝑞𝐼(𝑞)] = 𝐴 −
1

2
𝑆ୡ,ୗ୅ଡ଼ୗ

ଶ𝑞ଶ (4-2) 

where A represents the constant factor.   
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The Sc,SAXS values are determined from the slope of the broken line in Figure 4-3. In chapter 3, it 

was revealed that the bottlebrush 1 was in “collapsed brush” state in DMF, and the density of side 

chains domain was constant. Thus, assuming that the bottlebrushes 2 have each constant electron 

density across the cylinder, the radius of the bottlebrushes (Rce) were calculated from the 

following equation: 

𝑆ୡ,ୗ୅ଡ଼ୗ
ଶ =

𝑅ୡୣ
ଶ

2
 (4-3) 

Table 4-2 shows that the Rce values calculated with equation 4-3. PEO-PSt-cellulose had smaller 

Rce values than PSt-cellulose with same molecular weight of PSt side chains, which was discrepant 

to the fact that PEO-PSt-cellulose had larger molecular weight per AGU (M0). This means that 

the R value did not reflect the actual thickness of bottlebrushes. The author considers that this is 

because the assumption that bottlebrushes had a constant electron density across the cylinder is 

 

 

Figure 4-3. Cross-sectional Guinier plots for bottlebrushes; 2a, 2b and 2c (red, green and blue 

closed circles); 1a, 1b and 1c (red, green and blue open circles); 9 (purple closed open circle). 

The solid and broken lines represent the increment of cross-sectional Guinier approximation 

for 1, 2 and 9 respectively. 
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not adequate. Following discussion shows the bottlebrush having shell with inhomogeneous 

electron density across the cylinder. 

 

 

4-2-1-2. Core-(Homo-Shell) Model with Homogeneous Shell 

 In this core-shell model (Figure 4-3), the main chain of bottlebrush, cellulose, forms the 

core and swollen PEO and PSt side chains do not undergo microphase separation to form 

homogeneous shell with constant electron density (core-(homo-shell) model). In order to adopt 

this model to PEO-PSt-cellulose, the density of the core occupied by cellulose (dcelllose) was 

determined by analyzing the dependency of Sc,SAXS
2 on the molecular weight of PSt side chain per 

AGU (MWAGU,PSt) in PSt-cellulose 1a-c with core-shell model. As a result, the experimental data 

are reproduced well by the theoretical curve in this model with fitting parameters (dcelllose = 1.17 

g/cm3 and the density of swollen PSt (dPSt,solvent) = 0.26 g/cm3) (Figure 4-4). Then, the author 

calculated the radius of PEO-cellulose and PEO-PSt-cellulose on assumption that PEO-cellulose 

and PEO-PSt-cellulose have same dcelllose value as that of PSt-cellulose. Table 4-3 shows the radius 

of core-(homo-shell) model (Rchs) and the density of swollen PEO (dPEO,solvent) and dPSt,solvent. It is 

expected that PEO-PSt-cellulose have smaller dPSt,solvent than PSt-cellulose because PEO side 

chains are coexistent with PSt side chains in the shell of PEO-PSt-cellulose. However, the 

calculated dPSt,solvent values for PEO-PSt-cellulose with equation 4-3 had larger values than PSt-

cellulose. Consequently, the author concluded that this model was inappropriate to PEO-PSt-

Table 4-2. Cross-sectional Guinier approximation for 1a-c and 2a-c and 6 in 

DMF. The broken lines represent the Guinier approximation for cross-section of 

the corresponding samples. 

 Janus Homo 

 2a 2b 2c 1a 1b 1c 9 

Rce (nm) 4.9 3.3 2.7 5.1 3.6 2.9 1.9 
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cellulose and that PEO and PSt side chains underwent intramolecular phase separation. 

 

 

 

 

 

Figure 4-3. Schematic illustration of core-(homo-shell) model for a Janus bottlebrush. 

MWPSt,AGU

 

Figure 4-4. The relation between Sc,SAXS
2 and MWAGU,PSt for PSt-cellulose (1a-c). The red 

curves represent the theoretical curve of core-shell model (dcelllose = 1.17 g/cm3 and dPSt,solven = 

0.26 g/cm3). 
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4-2-1-3. Core-Shell Model with Heterogeneous Shell 

 The author considered following 4 models for cross-sectional structure of Janus 

bottlebrushes (Figure 4-5). 

 

 Core-(core-shell) model I 

Core consisting of cellulose is wrapped by swollen PSt and PEO domains in this order 

 Core-(core-shell) model II 

Core consisting of cellulose is wrapped by swollen PEO and PSt domains in this order 

 Core-Janus model I 

Core consisting of cellulose is wrapped by Janus shell with swollen PEO and PSt domain. 

When the gap between the swollen PEO and PSt domain size is big, the Janus shell takes 

core-shell like form. 

 Core-Janus model II 

Core consisting of cellulose is wrapped by Janus shell with swollen PEO and PSt domain. 

Even if gap between the swollen PEO and PSt domain size is big, the domains take fan shape.  

 

In above 4 models, the structural model parameters in Figure 4-12 depend only the cross-sectional 

Table 4-3. Results of analysis of PEO-cellulose and PEO-PSt-cellulose with core-

(homo-shell) model. 

 2a 2b 2c 9 

MWPEO,AGU (g/mol) 1.1×103 1.1×103 1.1×103 1.1×103 

MWPSt,AGU (g/mol) 6.7×103 4.7×103 2.4×103 — 

Rchs (nm) 5.0 3.4 2.8 2.1 

dPEO,solvent (g/cm3) 0.048 0.10 0.15 0.29 

dPSt,solvent (g/cm3)a 0.28 0.30 0.32 — 
a the dPSt,solvent for 2 is 0.26 g/cm3. 
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area of main chain (cellulose derivative), PSt and PEO domains. The density of PSt and PEO 

domains are inversely proportional to their swelling ratio (the cross-sectional area). Assuming 

that the cross-sectional area of each domains in homo and Janus bottlebrush (1a–c, 9, 2a–c) is 

directly proportional to molecular weight per AGU (MW0), the author determined the dPEO,solvent 

value. 

 

 

Figure 4-5. Cross-sectional structure of core-(core-shell) model I and II, and core-Janus I and 

II. Gray: cellulosic backbone; blue: PEO regions; orange: PS regions. 

Core-(core-shell) II
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4-2-1-3-1. Core-Shell Model with Heterogeneous Shell 

Figure 4-6 shows the theoretical curves for the dependency of Sc,SAXS
 2 on MWAGU,PSt 

determined by the core-shell model with heterogeneous shell. The cross-sectional area of main 

chain and PSt domain are fixed to the values determined from core-shell model analysis for PSt-

cellulose in section 4-2-1-2 (dcelllose = 1.17 g/cm3 and dPSt,solvent = 0.26 g/cm3). The theoretical 

curves of core-(core-shell) model I and core-Janus model I and II did not reproduce the data over 

the MWAGU,PSt range of measured in this study. As for core-Janus model II, the dPEO,solvent value 

exceeded the density of PEO in bulk as the theoretical maximum. Similarly, considering that the 

PEO has higher affinity to DMF than PSt (χ = 0.89, 1.5 for PEO and PSt, respectively),18 core-

(core-shell) model II showed somewhat too high dPEO,solvent. 

 Hence, the author predict that the LiBr were accumulated in the PEO domain and 

oxygen atom coordinated to Lithium ion, which enhance the difference in electron density 

between PEO domain containing LiBr and the others, such as PSt domain and solvent. 
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4-2-1-3-2. PEO Domain with Electron Density Increased by LiBr Coordination 

The model I – IV were modified with parameter, the maximum ratio LiBr coordinating 

to oxygen (co-LiBr) against ethylene oxide unit (EO) in PEO graft chain ([co-LiBr]/[EO])max. It 

is note that the author assume that all LiBr in the SAXS sample could be concentrated in PEO 

domain, if the SAXS sample does not have enough LiBr to coordinate to oxygen atom of PEO 

side chains to reach ([co-LiBr]/[EO])max, in order to simplify the calculation.  

 

Figure 4-6. The relation between Sc,SAXS
2 and MWAGU,PSt for PEO-cellulose (9) and PEO-PSt-

cellulose (2a-c). The purple, bule, green and red curves represent the theoretical curve for 

core-(core-shell) model I, core-(core-shell) model II, core-Janus I and core-Janus II model, 

respectively. 
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Table 4-4. Model parameters for the theoretical curve in figure 4-6. 

model  
Core-(core-shell) 

I 

Core-(core-shell) 

II 

Core-Janus 

I 

Core-Janus 

II 

reduced χ2 35 0.75 5.7 2.3 

dPEO,solvent 

(g/cm3) 
> 100 0.48 0.38 2.3 
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4-2-1-3-2-1. Core-(homo-shell) Model with Accumulated LiBr 

 Figure 4-7 shows the relationship between ([co-LiBr]/[EO])max and area of shell under 

the condition that the calculated Sc,SAXS
2 values from [co-LiBr]/[EO] and the area of shell match 

to experimental Sc,SAXS
2 value listed in Table 4-1. In all sample, the cross-sectional area of shell 

decrease with increasing ([co-LiBr]/[EO])max. This means that the dPSt,solvent value will increase as 

LiBr coordinate to oxygen atom in PEO. Thus, the author rejected this model because the dPSt,solvent 

values in PEO-PSt-cellulose become more bigger to enhance dPSt,solvent values in PEO-PSt-

cellulose if LiBr accumulation is taken into account.  

 

 

 

4-2-1-3-2-2. Core-(core-shell) Model and Core-Shell Model with Inhomogeneous and 

Coordination with LiBr 

 

Figure 4-7. The dependency of cross-sectional area on ([co-LiBr]/[EO])max for Core-(homo-

shell) Model.  
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 The experimental data of Sc,SAXS
2 for PEO-cellulose and PEO-PSt-cellulose were 

analyzed with core-(core-shell) model I, II and core-Janus model I, II modified with parameter 

([co-LiBr]/[EO])max. As a result of fitting with core-(core-shell) model I and core-Janus model I, 

the model parameter ([co-LiBr]/[EO])max became zero to generate the same fitting curve as those 

model without coordination of LiBr. On the contrary, in core-(core-shell) model II and core-Janus 

model II, ([co-LiBr]/[EO])max converged to non-zero finite values (0.029 and 0.29, respectively) 

to reproduced well the experimental values (Figure 4-8). The theoretical curve for core-Janus 

model II modified with accumulated LiBr showed the smallest reduced χ2 parameter, which is an 

index for goodness of fit testing, indicating that this model was most probable among the models 

discussed above. Thus, the author concluded that in PEO-PSt-cellulose 2a-c, the hetero side 

chains underwent microphase separation to form fan-shaped shell. Though the PEO is predicted 

to have higher affinity for solvent than PSt since the difference in χ parameter between PEO and 

DMF (0.89) is smaller than that between PSt and DMF (1.5), the dPEO,solvent value was smaller than 

the dPSt,solvent value. This may be because the Li ion coordinate to multi oxygen atom in PEO chain 

to act cross-linking points in densely grafted PEO side chain. In chapter 3, SAXS measurement 

revealed that PSt-cellulse 1a-c form collapsed bottlebrush in DMF/LiBr. As for PEO-PSt-

cellulose, the PEO side chain did not swell than PSt side chain in DMF/LiBr, which means that 

PEO-PSt-cellulose form collapsed bottlebrush as with PSt-cellulse. The area ratio of PSt domain 

in cross section is calculated by following equation, and listed in Table 4-6; 

𝑓ୱ,୔ୗ୲ =

𝑤୔ୗ୲
𝑑୔ୗ୲,ୱ୭୪୴ୣ୬୲

𝑤୔୉୓
𝑑୔୉୓,ୱ୭୪୴ୣ୬୲

+
𝑤୔ୗ୲

𝑑୔ୗ୲,ୱ୭୪୴ୣ୬୲

 (4-4) 

where, wPEO and wPSt represent the weight fraction of PEO and PSt, respectively. In all PEO-PSt-

cellulose, PSt domain is much larger than PEO domain, which means the surface of Janu 

bottlebrush is covered mainly by PSt domain. Figure 4-9 shows the [co-LiBr]/[EO] value and the 
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[free-LiBr] in the situation corresponding to the theoretical curve in Figure 4-8. The red solid 

curves in Figure 4-9 indicates that the oxygen atom in PEO side chains sufficiently coordinated 

to LiBr to reach the maximum ratio ([co-LiBr]/[EO])max though PEO-cellulose did not coordinate 

to enough LiBr under this experimental condition ([LiBr] = 10mM).  

 

 

 

 

Figure 4-8. The relation between Sc,SAXS
2 and MWAGU,PSt for PEO-cellulose (9) and PEO-PSt-

cellulose (2a-c). The bule and red curves represent the theoretical curve for core-(core-shell) 

model II and core-Janus II model with accumulated LiBr, respectively. 
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Table 4-5. Model parameters for the theoretical curve in figure 4-

8. 

model  Core-(core-shell) II Core-Janus II 

reduced χ2 0.69 0.43 

dPEO (g/cm3) 0.41 0.48 

([co-LiBr]/[EO])max 0.029 0.29 
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4-2-2. SEC-MALS measurement 

 The previous section, the author analyzed the cross-sectional structure on the 

assumption that the bottlebrushes took cylindrical conformation. Therefore, in the same way as 

chapter 3, SEC-MALS measurement and analysis with Kratky-Porod wormlike (KP) chain model 

were carried out with cellulosic Janus bottlebrush (PEO-PSt-cellulose) (2a-c) in order to confirm 

the validity of the assumption.  

 Figure 3-10 shows the SEC profiles as well as the weight average molecular weight 

(Mw) and radius of gyration (S2) determined by MALS. Then, the relationship between S2 and 

Mw was converted to the relationship between the mean square radius of gyration of main chain 

(S2M) and the degree of polymerization of the main chain (DPw,main) in order to analyze with KP 

chain model;19 

 

Figure 4-9. The dependency of [co-LiBr]/[EO] and [free-LiBr] on MWAGU,PSt calculated from 

model parameters listed in table 4-5; the bule curve for core-(core-shell) model II and the red 

curve for core-Janus II model with concentrated LiBr. 
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〈𝑆ଶ〉୑ =
1

𝜆ଶ ൜
𝜆𝐿

6
−

1

4
+

1

4𝜆𝐿
−

1

8𝜆ଶ𝐿ଶ
[1 − 𝑒𝑥𝑝(−2𝜆𝐿)]ൠ (4-5) 

where λ-1 and L represent stiffness parameter and contour length of the main chain of bottlebrush. 

The S2M value is calculated from following equation;20 

〈𝑆ଶ〉୑ = 〈𝑆ଶ〉 − 𝑆ୡ,୑୅୐ୗ
ଶ (4-6) 

where Sc,MALS is the cross-sectional radius of gyration for MALS and calculated by following 

equation with cross-sectional radius of bottlebrush in core-Janus model II (RcjII); 

𝑆ୡ,୑୅୐ୗ
ଶ =

𝑅ୡ୨୍୍
ଶ

2
 (4-7) 

with 

𝑅ୡ୨୍୍
ଶ = ቆ

𝑤ୠୟୡ୩ୠ୭୬ୣ

𝑑ୡୣ୪୪୳୪୭ୱୣ
+

𝑤୔୉୓

𝑑୔୉୓,ୱ୭୪୴ୣ୬୲
+

𝑤୔ୗ୲

𝑑୔ୗ୲,ୱ୭୪୴ୣ୬୲
 ቇ

𝑀଴

𝜋𝐿୅ୋ୙𝑁୅
 (4-8) 

where wbackbone, M0, LAUG and NA represent weight fraction of backbone, the molecular weight and 

contour length of main chain per AGU (LAUG = 0.52 nm), and Avogadro constant, respectively. 

Since the apparent contour length is elongated by side chains near both end of the main chain, the 

contour length of main chain L is estimated by; 

𝐿 =
𝑀୵

𝑀୐
+ 2𝑅ୡ୎୍୍ (4-9) 

where ML is molecular weight per unit contour length of main chain. The ML value was calculated 

on the assumption that the contour length of main chain per repeating unit is equal to that of 

cellulose crystal; 

൬
𝑀଴

𝑀୐
൰

ଵ

= 𝐿୅ୋ୙ (4-10) 

where M0 represents the molecular weight per repeating unit. Figure 4-11 shows DPw,main 

dependence of S2M for (a) 2a, (b) 2b, and (c) 2c.  
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Figure 4-10. Elution-volume dependence of the weight-average molecular weight Mw (blue 

circles), the mean-square radius of gyration S2 (red circles), and the polymer mass 

concentration c (solid line) for (a) 2a, (b) 2b, and (c) 2c. 
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Figure 4-11 DPw dependence of S2M for (a) 2a, (b) 2b, and (c) 22c in DMF/LiBr (black 

circles). The red curves represent the theoretical values calculated for the perturbed KP chain 

model (parameters in Table 4-6). 

1.5

2.0

2.5

3.0

3.5

1.5

2.0

2.5

3.0

3.5

1.5 2.0 2.5 3.0

1.5

2.0

2.5

3.0

3.5

log[DPw]

lo
g[
S

2 
M

/ 
n

m
2 ]

(a)

(c)

(b)



104 

 

The theoretical curves for KP chain model well reproduced the experimental data of 2a-c with 

stiffness parameter λ-1 (Figure 4-11). Thus, the author concluded that the main-chain conformation 

of cellulosic Janus bottlebrush is reconstructed with KP chain model. The values of λ-1 for PEO-

PSt-cellulose 2a, 2b and, 2c were larger than PSt-cellulose 1a, 1b and, 1c, respectively (Table 4-

6). Obviously, this is because PEO-PSt-cellulose have more side chains than PSt-cellulose. 

Additionally, one of other reason may be attributed to the restriction of the rotation of the main 

chain due to the effect for decreasing the interface between microphase-separated PEO and PSt 

domains along with the main chain. Anyway, the author had confirmed the validity of the 

assumption for cross-sectional Guinier approximation since PEO-PSt-cellulose did not form 

intramolecular aggregate. 

 

 

4-3. Conclusion 

 In this chapter, the author analyzed the cross-sectional structure of mixed and homo 

bottlebrushes with SAXS and SEC-MALA measurement. The cross-sectional gyration Sc,SAXS of 

bottlebrush is determined by cross-sectional Guinier approximation for data obtained by SAXS 

measurement. Comparing the dependency of Sc,SAXS on the molecular weight of side chains in 

Janus bottlebrush (2a-c) and homo bottlebrush (1a-c and 9), the author examined the validity of 

Table 4-6. Results of SAXS and SEC-MALS measurement analyzed 

with core-Janus model 1. 

 Janus Homo 

 2a 2b 2c 1a 1b 1c 9 

fs,PSt 0.92 0.84 0.79 — — — — 

RcjII (nm) 5.4 4.0 3.5 5.3 3.8 3.3 1.6 

Sc,MALS
 2 (nm2) 14 7.9 6.0 — — — — 

λ-1 (nm) 22 18 17 17 a 12 a 12 a — 

  
a the value determined in chapter 3 (Table 3-2). 
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some cross-sectional structure model of microphase separation. Additionally, the author carried 

out SEC-MALS measurement in order to confirm the validity of cross-sectional Guinier 

approximation by evaluating the stiffness parameter λ-1 in KP chain model. As a result, it is 

experimentally revealed that Janus bottlebrush underwent intramolecular phase separation and 

formed Janus-like structure with collapsed bottle structure in solution. It is revealed that the main 

chain of Janus bottlebrush (PEO-PSt-cellulose, 2a-c) was stiffer than that of homo bottlebrush 

(PSt-cellulose, 1a-c) and that the approximation was valid. The stiffened main chain was attribute 

to the density of side chains. 
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4-5. Appendix 

4-5-1. Model Parameters 

 

Table 4-7. Definition of parameter symbols. 

symbol parameter 

Δρe,x electron density in solution 

ρe,x electron density in buck 

ρx density in bulk 

Sx 
cross-sectional area, which is calculated from following equation: 

𝑆୶ = 𝑀𝑊୅ୋ୙,୶𝑆୑୛,୶ 

SMW,x cross-sectional area per molecular in AGU 

MWAGU,x molecular weight per AGU 

MWunit,x molecular weight per repeating unit or per molecule 

LAGU contour length of main chain per AGU (0.52 nm) 

nx the number electron per repeating unit or per molecule 

NA Avogadro constant 

[EO] 

density of ethylene oxide repeating unit, which is calculated from following 

equation with concentration of bottlebrush, concbottlebrush (1.0×10-2 g/cm3):   

[EO] =
𝑐𝑜𝑛𝑐ୠ୭୲୲୪ୣୠ୰୳ୱ୦

𝑀𝑊୳୬୧୲,୔୉୓

𝑀𝑊୅ୋ୙,୔୉୓

𝑀𝑊୅ୋ୙,ୠ୭୲୲୪ୣୠ୰୳ୱ୦
 

[LiBr] density of total LiBr ([LiBr] = [co-LiBr] + [free-LiBr] = 10 mM) 

[free-LiBr] density of LiBr which is not concentrated to PEO domain 

[co-LiBr] 

density of LiBr which is concentrated to PEO domain 

[co − LiBr] =

⎩
⎪
⎨

⎪
⎧ [LiBr],

[LiBr]

[EO]
< ቆ

[co − LiBr]

[EO]
ቇ

୫ୟ୶

[EO] ቆ
[co − LiBr]

[EO]
ቇ

୫ୟ୶

,
[LiBr]

[EO]
> ቆ

[co − LiBr]

[EO]
ቇ

୫ୟ୶

 

ቆ
[co − LiBr]

[EO]
ቇ

୫ୟ୶

 
the maximum ratio LiBr coordinating to oxygen (co-LiBr) to ethylene oxide 

unit (EO) in PEO domain. 
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Table 4-8. Parameters value for analysis of SAXS data. 

x PEO PSt main chain DMF LiBr 

nx 24 56 
180 for 1 

146 for 2 and 9 
40 38 

MWunit,x (g/mol) 44.05 104.14 — 73.10 86.85 

MWAGU,x (g/mol) — — 
282 for 1 

276 for 2 and 9 
— — 

ρx (g/cm3) 1.13 1.05 — 0.944 3.46 
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4-5-2. Scattering Intensity for Randomly Oriented Long Cylinder 

 The scattering intensity I(q) of randomly oriented particle in spherical coordinate is 

given by 

𝐼(𝑞) =
1

4𝜋
න 𝑑𝜑

గ

ିగ

න 𝑑𝜃
గ

଴

sin 𝜃 𝐹(𝑞, 𝜃, 𝜑)𝐹∗(𝑞, 𝜃, 𝜑) (4-11) 

here, F(q,θ,φ) and is form factor and q is the absolute value of scattering vector q which is 

described by spherical coordinate (q = q(sinθcosφ, sinθsinφ, cosθ)). 

If the form factor for the cylinder with length L extremely larger than the diameter (Figure 4-12) 

is given by 

𝐹(𝑞, 𝜃, 𝜑) =
𝐿 sin൫𝑞 cos 𝜃 (𝐿 2⁄ )൯

𝑞 cos 𝜃 (𝐿 2⁄ )
𝐹ୡ(𝑞, sin 𝜃 , 𝜑) (4-12) 

the scattering intensity is simplified as following equation: 

𝐼(𝑞) =
1

4𝜋
න 𝑑𝜑

గ

ିగ

න 𝑑𝜃
గ

଴

sin 𝜃 𝐹(𝑞, 𝜃, 𝜑)𝐹∗(𝑞, 𝜃, 𝜑)

=
1

4𝜋
න 𝑑𝜑

గ

ିగ

sin 𝜃 ቆ
𝐿 sin൫𝑞 cos 𝜃 (𝐿 2⁄ )൯

𝑞 cos 𝜃 (𝐿 2⁄ )
ቇ

ଶ

න 𝑑𝜑
ଶగ

଴

𝐹ୡ(𝑞, 𝜃, 𝜑)𝐹ୡ
∗(𝑞, 𝜃, 𝜑)

=
1

4𝜋
න 𝑑𝜑

గ

ିగ

sin 𝜃 ቆ
𝐿 sin൫𝑞 cos 𝜃 (𝐿 2⁄ )൯

𝑞 cos 𝜃 (𝐿 2⁄ )
ቇ

ଶ

× න 𝑑𝜑
ଶగ

଴

𝐹ୡ ቀ𝑞,
𝜋

2
, 𝜑ቁ 𝐹ୡ

∗ ቀ𝑞,
𝜋

2
, 𝜑ቁ

=
1

4𝜋

2𝐿𝜋

𝑞
න 𝑑𝜑

గ

ିగ

𝐹ୡ ቀ𝑞,
𝜋

2
, 𝜑ቁ 𝐹ୡ

∗ ቀ𝑞,
𝜋

2
, 𝜑ቁ =

𝐿

2𝑞
න 𝑑𝜑

గ

ିగ

𝐹ୡ ቀ𝑞,
𝜋

2
, 𝜑ቁ 𝐹ୡ

∗ ቀ𝑞,
𝜋

2
, 𝜑ቁ 

(4-13) 

Where, Fc is cross-sectional form factor. 
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4-5-2. Cross-Sectional Form Factor for Bottlebrushes 

 

 

 

 

Figure 4-12. Schematic illustration of cylinder in spherical coordinate. 
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Figure 4-13. Schematic illustration of model parameter for cross-sectional structure of bottlebrush 

with intramolecular microphase separation. Grey, bule and orange area represent core (cellulose) 

and swollen PEO and PSt domains, respectively. 
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4-5-2-1. Core-Shell Model 

 The Fc for cylinder with core-shell structure (core-(homo-shell) model in Figure 4-3 and 

core-(core-shell) model I and II in Figure 4-5) is written by 

𝐹ୡ(𝑞, 𝜃, 𝜑) = 2𝜋 ቆΔ𝜌ୣ,ୱଶ𝑅ୱଶ
ଶ 𝐽ଵ[𝑞𝑅ୱଶ sin 𝜃]

𝑞𝑅ୱଶ sin 𝜃
+ ൫Δ𝜌ୣ,ୱଵ − Δ𝜌ୣ,ୱଶ൯𝑅ୱଵ

ଶ 𝐽ଵ[𝑞𝑅ୱଵ sin 𝜃]

𝑞𝑅ୱଵ sin 𝜃

+ ൫Δ𝜌ୣ,ୡ − Δ𝜌ୣ,ୱଵ൯𝑅ଵ
ଶ 𝐽ଵ[𝑞𝑅ୡ sin 𝜃]

𝑞𝑅ୡ sin 𝜃
ቇ 

(4-14) 

where, Δρe,c, Δρe.s1 and Δρe,s2, and Rc, Rs1 and Rs2 are electron density and radius for core, inner 

shell and outer shell, respectively (Figure 4-13). When qRs2 < 1, I(q) is simplified as following 

equation: 

𝐼(𝑞) =
1

4𝜋
න 𝑑𝜑

గ

ିగ

𝐹ୡ ቀ𝑞,
𝜋

2
, 𝜑ቁ 𝐹ୡ

∗ ቀ𝑞,
𝜋

2
, 𝜑ቁ

= න 𝑑𝜑
గ

ିగ

ቈ2𝜋 ቆΔ𝜌ୣ,ୱଶ𝑅ୱଶ
ଶ 𝐽ଵ[𝑞𝑅ୱଶ]

𝑞𝑅ୱଶ
+ ൫Δ𝜌ୣ,ୱଵ − Δ𝜌ୣ,ୱଶ൯𝑅ୱଵ

ଶ 𝐽ଵ[𝑞𝑅ୱଵ]

𝑞𝑅ୱଵ

+ ൫Δ𝜌ୣ,ୡ − Δ𝜌ୣ,ୱଵ൯𝑅ୡ
ଶ 𝐽ଵ[𝑞𝑅ୡ]

𝑞𝑅ୡ
ቇ቉

ଶ

= 2𝜋ଶ ൤
1

4
൫Δ𝜌ୣ,ୱଶ𝑅ୱଶ

ଶ + ൫Δ𝜌ୣ,ୱଵ − Δ𝜌ୣ,ୱଶ൯𝑅ୱଵ
ଶ + ൫Δ𝜌ୣ,ୡ − Δ𝜌ୣ,ୱଵ൯𝑅ୡ

ଶ൯
ଶ

−
1

16
൫Δ𝜌ୣ,ୱଶ𝑅ୱଶ

ଶ + ൫Δ𝜌ୣ,ୱଵ − Δ𝜌ୣ,ୱଶ൯𝑅ୱଵ
ଶ + ൫Δ𝜌ୣ,ୡ − Δ𝜌ୣ,ୱଵ൯𝑅ୡ

ଶ൯൫Δ𝜌ୣ,ୱଶ𝑅ୱଶ
ସ

+ ൫Δ𝜌ୣ,ୱଵ − Δ𝜌ୣ,ୱଶ൯𝑅ୱଵ
ସ + ൫Δ𝜌ୣ,ୡ − Δ𝜌ୣ,ୱଵ൯𝑅ୡ

ସ൯𝑞ଶ൨ + ⋯

=
1

2
𝜋ଶ൫Δ𝜌ୣ,ୱଶ𝑅ୱଶ

ଶ + ൫Δ𝜌ୣ,ୱଵ − Δ𝜌ୣ,ୱଶ൯𝑅ୱଵ
ଶ + ൫Δ𝜌ୣ,ୡ − Δ𝜌ୣ,ୱଵ൯𝑅ୡ

ଶ൯
ଶ

× exp ቆ−
1

4

Δ𝜌ୣ,ୱଶ𝑅ୱଶ
ସ + ൫Δ𝜌ୣ,ୱଵ − Δ𝜌ୣ,ୱଶ൯𝑅ୱଵ

ସ + ൫Δ𝜌ୣ,ୡ − Δ𝜌ୣ,ୱଵ൯𝑅ୡ
ସ

Δ𝜌ୣ,ୱଶ𝑅ୱଶ
ଶ + ൫Δ𝜌ୣ,ୱଵ − Δ𝜌ୣ,ୱଶ൯𝑅ୱଵ

ଶ + ൫Δ𝜌ୣ,ୡ − Δ𝜌ୣ,ୱଵ൯𝑅ୡ
ଶ 𝑞ଶቇ 

(4-15) 

Therefore, 

ln[𝐼(𝑞)𝑞] = 𝐶 −
1

4

Δ𝜌ୣ,ୱଶ𝑅ୱଶ
ସ + ൫Δ𝜌ୣ,ୱଵ − Δ𝜌ୣ,ୱଶ൯𝑅ୱଵ

ସ + ൫Δ𝜌ୣ,ୡ − Δ𝜌ୣ,ୱଵ൯𝑅ୡ
ସ

Δ𝜌ୣ,ୱଶ𝑅ୱଶ
ଶ + ൫Δ𝜌ୣ,ୱଵ − Δ𝜌ୣ,ୱଶ൯𝑅ୱଵ

ଶ + ൫Δ𝜌ୣ,ୡ − Δ𝜌ୣ,ୱଵ൯𝑅ୡ
ଶ 𝑞ଶ (4-16) 

where, C represent constant. 
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4-5-2-2. Core-Janus Model I 

 The Fc for cylinder with core-Janus model I in Figure 4-3 is written by 

𝐹ୡ(𝑞, 𝜃, 𝜑) = 2𝜋Δ𝜌ୣ,ୱଵ

𝐿 sin൫𝑞 cos 𝜃 (𝐿 2⁄ )൯

𝑞 cos 𝜃 (𝐿 2⁄ )

𝑅ୱଵ
ଶ𝐽ଵ(𝑞𝑅ୱଵ sin 𝜃)

𝑞𝑅ୱଵ sin 𝜃

+
𝐿 sin൫𝑞 cos 𝜃 (𝐿 2⁄ )൯

𝑞 cos 𝜃 (𝐿 2⁄ )
ቊ൫Δ𝜌ୣ,ୱଶ

− Δ𝜌ୣ,ୱଵ൯ ቈන 𝑑𝜑୰

1

𝐴ଶ ൫𝑒௜஺ଶோ౩మ ୡ୭ ౨[1 − 𝑖𝐴2𝑅ୱଶ cos 𝜑୰] − 1൯
గ ଶ⁄

ିగ ଶ⁄

− න 𝑑𝜑୰

ఉ

ିఉ

1

𝐴ଶ ൫𝑒௜஺ଶோమ ୡ୭ୱ ౨[1 − 𝑖𝐴2𝑅ୱଶ cos 𝜑୰]

− 𝑒௜஺ோ౩భ[1 − 𝑖𝐴𝑅ୱଵ]൯቉ቋ

+ 2𝜋Δ𝜌ୣ,ୡି௦ଵ

𝐿 sin൫𝑞 cos 𝜃 (𝐿 2⁄ )൯

𝑞 cos 𝜃 (𝐿 2⁄ )

𝑅௖
ଶ𝐽ଵ(𝑞𝑅ୡ sin 𝜃)

𝑞𝑅ୡ sin 𝜃

+
𝐿 sin൫𝑞 cos 𝜃 (𝐿 2⁄ )൯

𝑞 cos 𝜃 (𝐿 2⁄ )
ቊ൫Δ𝜌ୣ,ୡିୱଶ

− Δ𝜌ୣ,ୡିୱଵ൯ ቈන 𝑑𝜑୰

1

𝐴ଶ ൫𝑒௜஺ଶோ౩మ ୡ୭ୱ ఝ౨[1 − 𝑖𝐴2𝑅ୱଶ cos 𝜑୰] − 1൯
గ ଶ⁄

ିగ ଶ⁄

− න 𝑑𝜑୰

ఈ

ିఈ

1

𝐴ଶ ൫𝑒௜஺ଶோ౩మ ୡ୭ୱ ఝ౨[1 − 𝑖𝐴2𝑅ୱଶ cos 𝜑୰]

− 𝑒௜஺ோౙ[1 − 𝑖𝐴𝑅ୡ]൯቉ቋ 

(4-17) 

with 

𝐴 = 𝑞 sin 𝜃 cos(𝜑୰ − 𝜑) (4-18) 

Δ𝜌ୣ,ୡି௦ଵ = Δ𝜌ୣ,ୡ − Δ𝜌ୣ,ୱଵ (4-19) 

Δ𝜌ୣ,ୡି௦ଶ = Δ𝜌ୣ,ୡ − Δ𝜌ୣ,ୱଶ (4-20) 

where, Δρe,c, Δρe.s1 and Δρe,s2 represent electron density for core, shell 1 and outer shell 2, 

respectively, and Rc, Rs1 and Rs2 represent radius for core and shell, respectively (Figure4-13). 

When qRs < 1, I(q) is simplified as following equation: 
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𝐼(𝑞) =
1

4𝜋
න 𝑑𝜑

గ

ିగ

𝐹ୡ ቀ𝑞,
𝜋

2
, 𝜑ቁ 𝐹ୡ

∗ ቀ𝑞,
𝜋

2
, 𝜑ቁ

= න 𝑑𝜑
గ

ିగ

ቤ2𝜋Δ𝜌ୣ,ୱଵ

𝑅ଵ
ଶ𝐽ଵ(𝑞𝑅ୱଵ sin 𝜃)

𝑞𝑅ୱଵ sin 𝜃

+ ቊ൫Δ𝜌ୣ,ୱଶ

− Δ𝜌ୣ,ୱଵ൯ ቈන 𝑑𝜑୰

1

𝑞ଶ𝐵ଶ ൫𝑒௜ଶ௤஻ோ౩మ ୡ୭ୱ ఝ౨[1 − 𝑖2𝑞𝐵𝑅ୱଶ cos 𝜑୰]
గ ଶ⁄

ିగ ଶ⁄

− 1൯

− න 𝑑𝜑୰

ఉ

ିఉ

1

𝑞ଶ𝐵ଶ ൫𝑒௜ଶ௤஻ ౩మ ୡ୭ୱ ఝ౨[1 − 𝑖2𝑞𝐵𝑅ୱଶ cos 𝜑୰]

− 𝑒௜௤஻ோ౩భ[1 − 𝑖𝑞𝐵𝑅ୱଵ]൯቉ቋ + 2𝜋Δ𝜌ୣ,ୡିୱଵ

𝑅௖
ଶ𝐽ଵ(𝑞𝑅ୡ sin 𝜃)

𝑞𝑅ୡ sin 𝜃

+ ቊ൫Δ𝜌ୣ,ୡିୱଶ

− Δ𝜌ୣ,ୡିୱଵ൯ ቈන 𝑑𝜑୰

1

𝑞ଶ𝐵ଶ ൫𝑒௜ଶ௤஻ோ౩మ ୡ୭ୱ ఝ౨[1 − 𝑖2𝑞𝐵𝑅ୱଶ cos 𝜑୰]
గ ଶ⁄

ିగ ଶ⁄

− 1൯

− න 𝑑𝜑୰

ఈ

ିఈ

1

𝑞ଶ𝐵ଶ ቆන 𝑑𝜑୰

1

𝑞ଶ𝐵ଶ ൫𝑒௜ଶ௤஻ோ౩మ ୡ୭ୱ ఝ౨[1
గ ଶ⁄

ିగ ଶ⁄

− 𝑖2𝑞𝐵𝑅ୱଶ cos 𝜑୰] − 1൯ቇ቉ቋቤ

ଶ

 

(4-21) 

with 

𝐵 = cos(𝜑୰ − 𝜑) (4-22) 

Therefore, 
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ln[𝐼(𝑞)𝑞] = 𝐶 − ൥2 ቀ𝑅ୱଵ
ଶ൫𝜋Δ𝜌ୣ,ୱଵ + ൫Δ𝜌ୣ,ୱଶ − Δ𝜌ୣ,ୱଵ൯𝛽൯

+ 𝑅ୡ
ଶ൫𝜋Δ𝜌ୣ,ୡିୱଵ − ൫Δ𝜌ୣ,ୱଶ − Δ𝜌ୣ,ୱଵ൯𝛼൯

+ 𝑅ୱଶ
ଶ൫Δ𝜌ୣ,ଶ − Δ𝜌ୣ,ଵ൯൫(2𝛼 + sin(2𝛼)) − (2𝛽 + sin(2𝛽))൯ቁ

ଶ

×
1

4
𝜋 ൭𝑅ୱଵ

ସ൫𝜋Δ𝜌ୣ,ୱଵ + ൫Δ𝜌ୣ,ୱଶ − Δ𝜌ୣ,ୱଵ൯𝛽൯

+ 𝑅ୡ
ସ൫𝜋Δ𝜌ୣ,ୱଵ − ൫Δ𝜌ୡ,ୱଶ − Δ𝜌ୣ,ୱଵ൯𝛼൯

+ ൫Δ𝜌ୡ,ୱଶ − Δ𝜌ୣ,ୱଵ൯𝑅ୱଶ
ସ ቆ൬6𝛼 + 4 sin 2𝛼 +

1

2
sin 4𝛼൰

− ൬6𝛽 + 4 sin 2𝛽 +
1

2
sin 4𝛽൰ቇ൱

− 𝜋 ൬
Δ𝜌ୡ,ୱଶ − Δ𝜌ୣ,ୱଵ

3
൰

ଶ

ቆ𝑅ୱଶ
ଷ ൬6𝛼 + 4 sin 2𝛼 +

1

2
sin 4𝛼൰

− 𝑅ୱଶ
ଷ ൬6𝛽 + 4 sin 2𝛽 +

1

2
sin 4𝛽൰ − 2𝑅ଵ

ଷ(sin 𝛼 − sin 𝛽)ቇ

ଶ

൩

÷ ൤2𝜋 ቀ𝑅ୱଵ
ଶ൫𝜋Δ𝜌ୣ,ୱଵ + ൫Δ𝜌ୡ,ୱଶ − Δ𝜌ୣ,ୱଵ൯𝛽൯

+ 𝑅ୡ
ଶ൫𝜋Δ𝜌ୣ,ୡିୱଵ − ൫Δ𝜌ୡ,ୱଶ − Δ𝜌ୣ,ୱଵ൯𝛼൯

+ 𝑅ୱଶ
ଶ൫Δ𝜌ୡ,ୱଶ − Δ𝜌ୣ,ୱଵ൯൫(2𝛼 + sin(2𝛼)) − (2𝛽 + sin(2𝛽))൯ቁ

ଶ
൨

× 𝑞ଶ 

(4-23) 

where, C represent constant. 

 

 when the area of circle Rs2 is equal to a quarter of area of circle RS1, α is expressed in 

the following equation: 

𝛼 = cosିଵ ൬
𝑅௖

𝑅ଵ
൰ (4-24) 

Thus, the overlapping area of circle Rs2 and Rc (SRs2Rc) is calculated as: 

𝑆ோ௦ଶோୡ = 𝑅ୡ
ଶ𝛼 + ቆ൬

𝑅ୱଵ

2
൰

ଶ

(𝜋 − 2𝛼) − sin 𝛼
𝑅ୱଵ

2
𝑅ୡቇ (4-25) 
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Thus, SRs2 is calculated from the following equation: 

𝑆ோ௦ଶ = 𝑆ோ௦ଶோୡ + 𝑆௦ଶ = 𝑅ୡ
ଶ𝛼 + ቆ൬

𝑅ୱଵ

2
൰

ଶ

(𝜋 − 2𝛼) − sin 𝛼
𝑅ୱଵ

2
𝑅ୡቇ + 𝑆ୱଶ

= 𝑅ୡ
ଶ cosିଵ ൬

𝑅ୡ

𝑅ୱଵ
൰

+ ቆ൬
𝑅ୱଵ

2
൰

ଶ

൬𝜋 − 2 cosିଵ ൬
𝑅ୡ

𝑅ୱଵ
൰൰ − sin ൬cosିଵ ൬

𝑅ୡ

𝑅ୱଵ
൰൰

𝑅ୱଵ

2
𝑅ୡቇ

+ 𝑆௦ଶ 

(4-26) 

(i) When, SRs2 is smaller than a quarter of SR1, β is equal to 0 and the SRs2Rc is calculated form the 

following equation: 

𝑆ୖୱଶୖୡ = 𝑅ୡ
ଶ𝛼 + ((𝑅ୱଶ)ଶ(𝜋 − 2𝛼) − sin 𝛼 𝑅ୱଶ𝑅௖)

= 𝑅௖
ଶ𝛼 + ቆ൬

𝑅௖

2 cos 𝛼
൰

ଶ

(𝜋 − 2𝛼) − sin 𝛼
𝑅௖

2 cos 𝛼
𝑅௖ቇ 

(4-27) 

Thus, Ss2 is calculated as: 

𝑆ୱଶ = 𝜋𝑅ୱଶ
ଶ − 𝑆ୖୱଶୖୡ = 𝜋𝑅ୱଶ

ଶ − ቀ𝑅௖
ଶ𝛼 + ൫𝑅ୱଶ

ଶ(𝜋 − 2𝛼) − sin 𝛼 𝑅ୱଶ𝑅௖൯ቁ

= 2𝛼𝑅ୱଶ
ଶ − 𝑅௖

ଶ𝛼 + sin 𝛼 𝑅ୱଶ𝑅௖

= 2𝛼 ൬
𝑅ୡ

2 cos 𝛼
൰

ଶ

− 𝑅௖
ଶ𝛼 + sin 𝛼 ൬

𝑅ୡ

2 cos 𝛼
൰ 𝑅௖ 

(4-28) 

where, 𝑅ୱଶ =
ோౙ

ଶ ୡ୭ୱ ఈ
. 

α is the value that satisfies the following relationship: 

𝑆ୱଶ

𝑆ୡ
=

2𝛼 ቀ
𝑅ୡ

2 cos 𝛼
ቁ

ଶ

− 𝑅ୡ
ଶ𝛼 + sin 𝛼 ቀ

𝑅ୡ
2 cos 𝛼

ቁ 𝑅௖

𝜋𝑅௖
ଶ

= ൬
𝑅ୡ

𝑅ୱଵ
൰

ଶ

ቌ2𝛼 ൬
1

2 cos 𝛼
൰

ଶ

− 𝛼 + sin 𝛼 ൬
1

2 cos 𝛼
൰ቍ 𝜋൘  

(4-29) 

(ik) When, SRs2 is larger than a quarter of SR1, the overlapping area of circle Rs2 and circle Rs1 

(SRs1Rs2) and the overlapping area of circle Rs2 and circle Rc (SRs1Rc) are represented as: 
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𝑆ୖୱଵୖୱଶ = 𝑅ୱଵ
ଶ𝛽 + ((𝑅ୱଶ)ଶ(𝜋 − 2𝛽) − sin 𝛽 𝑅ୱଶ𝑅ୱଵ) (4-30) 

𝑆ୖୱଶୖୡ = 𝑅ୡ
ଶ𝛼 + ((𝑅ୱଶ)ଶ(𝜋 − 2𝛼) − sin 𝛼 𝑅ୱଶ𝑅ୡ) (4-31) 

Thus, Ss2 is calculated from following equation: 

𝑆ୱଶ = 𝑆ୖୱଵୖୱଶ − 𝑆ୖୱଵୖୱଶ

= ቀ𝑅ୱଵ
ଶ𝛽 + ((𝑅ୱଶ)ଶ(𝜋 − 2𝛽) − sin 𝛽 𝑅ୱଶ𝑅ୱଵ)ቁ

− ቀ𝑅ୡ
ଶ𝛼 + ((𝑅ୱଶ)ଶ(𝜋 − 2𝛼) − sin 𝛼 𝑅ୱଶ𝑅ୡ)ቁ

= 2 ൬
𝑅ୱଵ

2 cos 𝛽
൰

ଶ

൬cosିଵ ൬
𝑅ୡ

𝑅ୱଵ
cos 𝛽൰ − 𝛽൰

+
𝑅ୱଵ

2 cos 𝛽
൬sin ൬cosିଵ ൬

𝑅௖

𝑅ୱଵ
cos 𝛽൰൰ 𝑅ୡ − sin 𝛽 𝑅ୱଵ൰ + 𝑅ୱଵ

ଶ𝛽

− 𝑅ୡ
ଶ cosିଵ ൬

𝑅ୡ

𝑅ଵ
cos 𝛽൰ 

(4-32) 

where, 𝛼 = cosିଵ ቀ
ோౙ

ோ౩భ
cos 𝛽ቁ、𝑅ଶ =

ோ౩భ

ଶ ୡ୭ୱ ఉ
. 

β is the value that satisfies the following relationship: 

𝑆ୗଶ

𝑆ୡ + 𝑆ୱଵ + 𝑆ୱଶ
= 2 ൬

1

2 cos 𝛽
൰

ଶ

൬cosିଵ ൬
𝑅ୡ

𝑅ୱଵ
cos 𝛽൰ − 𝛽൰

+
1

2 cos 𝛽
൬sin ൬cosିଵ ൬

𝑅ୡ

𝑅ୱଵ
cos 𝛽൰൰

𝑅ୡ

𝑅ୱଵ
− sin 𝛽൰ + 𝛽

− ൬
𝑅ୡ

𝑅ୱଵ
൰

ଶ

cosିଵ ൬
𝑅ୡ

𝑅ୱଵ
cos 𝛽൰ 

(4-33) 

 

 

4-5-2-3. Core-Janus Model II 

The Fc for cylinder with core-Janus II in Figure 4-3 is written by21 
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𝐹ୡ(𝑞, 𝜃, 𝜑) = 2𝜋Δ𝜌ୣ,ୡ

𝑅௖
ଶ𝐽ଵ(𝑞𝑅௖ sin 𝜃)

𝑞𝑅௖ sin 𝜃

+ න 𝑑𝜑୰

గ

ିగ

Δ𝜌ୣ(𝜑୰)
1

𝐴ଶ ൫𝑒௜஺ோೞ[1 − 𝑖𝐴𝑅௦] − 𝑒௜஺ோ೎[1 − 𝑖𝐴𝑅௖]൯ 

(4-34) 

with 

Δ𝜌ୣ(𝜑୰) = ൜
Δ𝜌ୣ,ୱଵ, −𝛼 < 𝜑୰ < 𝛼

Δ𝜌ୣ,ୱଶ, 𝑒𝑙𝑠𝑒
 (4-35) 

𝛼 =
𝑆ୱଵ

𝑆ୱଵ + 𝑆ୱଶ
 (4-36) 

𝐴 = 𝑞 sin 𝜃 cos(𝜑୰ − 𝜑) (4-37) 

where, Δρe,c, Δρe.s1 and Δρe,s2 represent electron density for core, shell 1 and outer shell 2, 

respectively, and Rc, Rs1 and Rs2 represent radius for core and shell, respectively (Figure4-13). 

When qRs < 1, I(q) is simplified as following equation: 
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𝐼(𝑞) =
1

4𝜋
න 𝑑𝜑

గ

ିగ

𝐹ୡ ቀ𝑞,
𝜋

2
, 𝜑ቁ 𝐹ୡ

∗ ቀ𝑞,
𝜋

2
, 𝜑ቁ

=
1

4𝜋
න 𝑑𝜑

గ

ିగ

ቤ2𝜋Δ𝜌ୣ,ୡ

𝑅௖
ଶ𝐽ଵ(𝑞𝑅௖)

𝑞𝑅௖

+ න 𝑑𝜑୰

గ

ିగ

Δ𝜌ୣ(𝜑୰)
1

𝑞ଶ𝐵ଶ ൫𝑒௜௤஻ோೞ[1 − 𝑖𝑞𝐵𝑅௦]

− 𝑒௜௤஻ ೎[1 − 𝑖𝑞𝐵𝑅௖]൯ቤ

ଶ

=
1

4𝜋
ቊቀΔ𝜌ୣ,ୡ𝑅௖

ଶ + Δ𝜌ୣ,ఈ൫𝑅௦
ଶ − 𝑅௖

ଶ൯ቁ
ଶ

− ቆ
1

4
ቀΔ𝜌ୣ,ୡ𝑅௖

ଶ + Δ𝜌ୣ,ఈ൫𝑅௦
ଶ − 𝑅௖

ଶ൯ቁ ቀΔ𝜌ୣ,ୡ𝑅௖
ସ

+ Δ𝜌ୣ,ఈ൫𝑅௦
ସ − 𝑅௖

ସ൯ቁ

− 2 ൬
sin 𝛼

3𝜋
൰

ଶ

൫𝑅௦
ଷ − 𝑅௖

ଷ൯
ଶ

൫Δ𝜌ୣ,ଵ − Δ𝜌ୣ,ଶ൯
ଶ

ቇቋ

=
1

4𝜋
൞ቀΔ𝜌ୣ,ୡ𝑅௖

ଶ + Δ𝜌ୣ,ఈ൫𝑅௦
ଶ − 𝑅௖

ଶ൯ቁ
ଶ

× 𝑒𝑥𝑝

⎝

⎛−
1

ቀΔ𝜌ୣ,ୡ𝑅௖
ଶ + Δ𝜌ୣ,஑൫𝑅௦

ଶ − 𝑅௖
ଶ൯ቁ

ଶ

× ቆ
1

4
ቀΔ𝜌ୣ,ୡ𝑅௖

ଶ + Δ𝜌ୣ,ఈ൫𝑅௦
ଶ − 𝑅௖

ଶ൯ቁ ቀΔ𝜌ୣ,ୡ𝑅௖
ସ

+ Δ𝜌ୣ,஑൫𝑅௦
ସ − 𝑅௖

ସ൯ቁ

− 2 ൬
sin 𝛼

3𝜋
൰

ଶ

൫𝑅௦
ଷ − 𝑅௖

ଷ൯
ଶ

൫Δ𝜌ୣ,ଵ − Δ𝜌ୣ,ଶ൯
ଶ

ቇ

⎠

⎞ൢ 

(4-38) 

with 

𝐵 = cos(𝜑୰ − 𝜑) (4-39) 

𝜋Δ𝜌ୣ,஑ = 𝜋Δ𝜌ୣ,ଶ + 𝛼൫Δ𝜌ୣ,ଵ − Δ𝜌ୣ,ଶ൯ (4-40) 
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Therefore, 

ln[𝐼(𝑞)𝑞] = 𝐶 − ቐ
1

ቀΔ𝜌ୣ,ୡ𝑅௖
ଶ + Δ𝜌ୣ,஑൫𝑅௦

ଶ − 𝑅௖
ଶ൯ቁ

ଶ

× ቆ
1

4
ቀΔ𝜌ୣ,ୡ𝑅௖
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(4-41) 

 

where, C represent constant. 

 

 

 

  

Table 4-11. Model parameters for core-Jansu model. 

 core-Janus I core-Janus I 

concentrated LiBr in PEO domain absent present absent present 

([co-LiBr]/[EO])max 0 Variable 0 Variable 

Δρe,c Δρe,cellulose Δρe,cellulose 

Δρe,s1 Δρe,PSt (SPSt ≤ SPEO) 

Δρe,PEO (SPEO < SPSt) 

Δρe,PSt 

Δρe,s2 Δρe,PEO (SPSt ≤ SPEO) 

Δρe,PSt (SPSt < SPEO) 

Δρe,PEO 

Rc (Scellulose /π)1/2 (Scellulose /π)1/2 

Rs ((Scellulose + SPSt + SPEO) /π)1/2 ((Scellulose + SPSt + SPEO) /π)1/2 
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Chapter 5 

 

Thermal Property and Microphase Separation of Janus Cellulosic Bottlebrushes  

in Bulk 

 

5-1. Introduction 

Janus bottlebrushes, bearing two immiscible side chains attached to the polymeric 

backbone densely,1-5 have emerged as a fascinating polymeric architecture from the viewpoints 

of precise polymer synthesis,6-14 self-assembly,14-26 and applications such as emulsion 

surfactants,27,28 antifouling surface,29 ion conductive membranes,30 and so on. They possess the 

characteristics of conventional bottlebrushes such as cylindrical structure, backbone stiffness, low 

entanglement, and ultrahigh molecular weight. Thus, Janus bottlebrushes exhibit self-assembled 

morphologies and dynamics distinct from those of traditional linear block copolymers.31-33 For 

example, sub-10 nm periodic patterns have successfully been prepared from Janus bottlebrushes 

in bulk, which overcomes the criteria of χN for the formation of microphase separation with short 

graft chain lengths (small N), where χ and N are the Flory-Huggins interaction parameter and the 

degree of polymerization.34,35 

 One of the most striking characteristics is that, in the microphase separation of Janus 

bottlebrushes, the polymeric backbone exists at the interface between the two blocks. Thus, the 

nature of the backbone would affect the formation of the morphologies and functionalities. 

Cellulose is a polysaccharide consisting of β-1,4-glycosidic linked D-glucose units with perfect 

stereoregularity. Cellulose is regarded as a semiflexible (semirigid) linear polymer, adopting 

helical conformation, which are exemplified by cholesteric liquid crystalline formation and chiral 

separation.4, 30, 36 Janus cellulosic bottlebrushes, graft copolymers with two different side chains 
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in every anhydroglucose unit (AGU) regioselectively, could therefore phase separate to form the 

microdomain structures as similar to methacrylate-33 and norbornene-based31,34-35 Janus 

bottlebrushes, though not explored yet. The author further expects novel morphologies and 

functionalities from the cellulosic Janus bottlebrushes because cellulose resides at the phase 

separation interface. 

 In this chapter, the author demonstrated the formation of solid-state microphase 

separation of Janus cellulosic bottlebrush with polystyrene (PSt) and poly(ε-caprolactone) (PCL) 

chains at C-6 and C-2,3 positions of AGU, respectively (3, Figure 5-1). The bulk samples were 

characterized by small-angle X-ray scattering (SAXS) and transmission electron microscope 

(TEM), revealing the formation of the lamellar morphologies. This is the first study to exemplify 

the microphase separation of Janus cellulosic bottlebrushes in bulk. 

 

 

 

5-2. Experimental Section 

5-2-1. Samples 

 

Figure 5-1. Schematic of this study based on the regioselectively-grafted Janus cellulosic bottlebrushes 

(3)  



125 

 

The studied Janus cellulosic bottlebrushes with a PCL and PSt side chain (of different 

molecular weights) in every AGU were synthesized and characterized in Chapter 2. Their 

molecular characteristics are shown in Table 5-1. 

 

5-2-2. Instrumentation and Measurements 

Thermogravimetric analysis (TGA) was performed on a SDT Q600 (TA Instruments 

Japan) under a continuous flow of nitrogen gas from 25 to 500 C at a heating rate of 10 C min-

1. Differential scanning calorimetry (DSC) measurements were carried out on a Discover DSC 

2500 (TA Instruments Japan) from -80 to 200 °C at a heating/cooling rate of 10 ℃ min-1 under 

nitrogen atmosphere. Small-angle X-ray scattering (SAXS) measurement was performed on 

Rigaku NANO-Viewer equipped with a detector PILATUS 100K (Rigaku Co., Tokyo, Japan) 

having 487 × 195 pixels of a 172 μm pixel size. The X-ray wavelength (λ) was 0.154 nm. The 

sample-to-detector distance was 1320 mm. The scattered intensities are expressed as a function 

of the scattering vector q = 4π sinθ/λ, where 2θ is the scattering angle. The q value was calibrated 

using silver behenate. The excess scattering intensity I(q) was obtained as the difference of 

Table 5-1. Molecular characteristics of Janus cellulosic bottlebrush 3a-c. 

Sample 

Grafted PCL Grafted PS-N3 Bottlebrush 

Mn
a 

(105 g 

mol-1) 

PDIa DPb DSb 

Mn
a
 

(103 g 

mol-1) 

PDIa DP DS fPS : fPCL
c 

χC
d 

(%) 

3a     4.0 1.1 38 0.84 0.20 : 0.80 44 

3b 7.3 1.5 100 1.5 9.2 1.1 90 0.75 0.44 : 0.56 44 

3c     16.0 1.1 158 0.64 0.54 : 0.46 37 

 
aDetermined by GPC in THF using PSt standards. bDetermined by 1H-NMR. cVolume fraction ratio 

of PS and PCL, determined by 1H-NMR. dPercentage of crystallinity of PCL. 
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scattering intensity between the sample and air. TEM images were acquired using a JEM-2100 

(JEOL, Japan) microscope (accelerating voltage, 200 kV) equipped with a CCD camera. Ultrathin 

sections were prepared using a Leica Ultracut R ultramicrotome with a diamond knife at rt. Prior 

to the ultramicrotomy, the block samples were stained with ruthenium tetroxide (RuO4). Sections 

of about 100 nm thickness of the block samples were collected on a carbon-coated Cu grid.  

  

5-3. Results and Discussion 

 Figure 5-2 shows the thermal properties of 3a-c measured by TGA and DSC under 

nitrogen atmosphere. The decomposition of the bottlebrushes 3a-c started at a temperature over 

310 °C, which is reasonable since the decomposition of the neat PCL and PS started over 330 °C. 

The DSC curves of 3a-c exhibited the melting and the glass-transition peaks for PCL and PS 

grafts at 53 and 97 °C, respectively. The peak positions were unchanged among 3a-c, whereas the 

peak area for the PCL melting depended well on the volume fraction of PCL (Table 5-1). 

According to these results, the thermal annealing temperature was set 120 °C under vacuum for 

the formation of microphase separation. From the area of the melting peak (ΔHm) for PCL, the 

percentage of crystallinity (χC) for PCL was determined according to the equation χC = (100·ΔHm) 

/ΔH0
m·w), where ΔH0

m = 135.44 J g-1 is the heat of fusion of fully crystalline PCL37 and w is the 

weight fraction of PCL in the bottlebrushes. The χC values were 30-50 % for 3a-c, suggesting that 

the crystallinity was influenced by the PS blocks in this study, comparative to the behavior of 

PCL-block-PS where the PCL crystallization significantly depends on the volume fraction.38 
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The solution of 3a – c in toluene (10 wt%) was casted on a poly(tetrafluoroethylene) 

dish. The as-prepared film was annealed at 120 °C under vacuum for 24 h and then cooled 

gradually to rt under vacuum. Figure 5-3 presents SAXS patterns for 3a-c bulk films. The 

scattering peaks for 3b and 3c, corresponding to a ratio of 1:2, suggest the lamellar morphology, 

thought the scattering patters were scarce because of the small difference in electron density 

 

Figure 5-2. (a) TGA (10 ℃ min-1) and (b) DSC (2nd heating; 10 ℃ min-1) 
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between PCL and PSt.38 From the principal scattering vector q*, the lamellar thickness was 

calculated using d = 2π/ q* to be 30 and 34 nm for 3b and 3c, respectively. Though the broad 

scattering for 3a suggests irregular morphology, the domain size was deduced to be 19 nm from 

the broad peak top position. Thus, the characteristic size (d) depended on the length of PS grafts, 

3a < 3b < 3c. It was confirmed that the SAXS patterns were almost unchanged as the annealing 

condition varied (higher annealing temperature or longer time) (Figure 5-4).   

 

 

Figure 5-3. SAXS curves for 3a-c bulk films. Downward arrows in Figure b indicate the positions of 

the estimated lattice structure factor peaks. 
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The morphology of the Janus bottlebrushes was further examined by TEM in order to 

observe the lamellar structure. Figure 5-6 shows the TEM images for 3b and 3c bulk films 

annealed at 120 °C for 24h. Before observation, the samples were stained with RuO4. There were 

lamellar structures with three distinguishable regions as dark, gray, and white. Since RuO4 reacts 

preferentially with double bounds and diffuses into amorphous regions, both of the aromatic PS 

and the amorphous PCL regions became stained, whereas the crystalline regions of PCL were 

white. The crystallinity of PCL in the bulk films, determined by DSC, was around 55 % for 3b 

and 3c (Figure 5-5). Based on the microdomain sizes from SAXS, the black and gray regions 

were assigned to be the amorphous PCL and PS regions (Figure 5-6d). Though the observed 

microdomain structure and orientation were not so homogeneous, the interdistance of 3b and 3c 

were estimated to be about 26 and 29 nm, respectively, from the TEM images, which were slightly 

smaller than those (30 and 34 nm for 3b and 3c) determined by SAXS. The width of the 

 

Figure 5-4. SAXS curves for 3b bulk films annealed at various conditions as indicated. 
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amorphous and crystal PCL and the PS regions were about 5, 6, and 10 nm for 3b, and 5, 6, and 

13 nm for 3c, respectively. The width of the amorphous and crystal PCL regions was the same 

between 3b and 3c, apparently because of the same length of the PCL grafts. It is assumed that 

the cellulose backbone resides between the amorphous PS and PCL regions, since the PCL chains 

close to the cellulose backbone are restricted and thus cannot crystallize. On the contrary, the PCL 

chains apart from the cellulose backbone can move freely and thus fold intra- and intermolecularly 

to crystallize.  

 

 

Figure 5-5. DSC thermograms (heating) for the bulk films of 3a-c 
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Higher annealing temperature and further annealing time improved the homogeneity of the 

microdomain structure. Figure 5-7 shows the TEM images of samples 3b and 3c annealed at 

150 °C for 7 days, exhibiting lamellar fingerprints clearly. The grain sizes were larger over 500 

nm, in which several strands of the microdomains were oriented windingly. These results 

exemplified that cellulose as the polymeric backbone for Janus bottlebrushes can exhibit 

microscale morphologies without interfering the microphase separation. The author expects that 

cellulosic Janus bottlebrushes will potentially develop new morphologies and functionalities 

owing to the cellulose inherent rigidity and helicity.  

 
Figure 5-6. TEM images of (a, b) 3b and (c) 3c bulk films annealed at 120 °C for 24h. (e) 

Schematic illustration of the packing of the Janus bottlebrush with the stained regions. cPCL: 

crystalline PCL; aPCL: amorphous PCL. 
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5-4. Conclusion 

The annealed bulk samples of the Janus bottlebrushes exhibited lamellar morphology 

when the PS/PCL volume ration of around 50/50, characterized by SAXS and TEM. The lamellar 

structure composed of three layers: the amorphous PCL, crystal PCL, and amorphous PS layers. 

The cellulose backbone was thought to exist at the interface between the amorphous PCL and PS 

layers. Janus cellulosic bottlebrushes will open a new direction for the self-assembly of Janus 

bottlebrushes with new morphologies and functionalities owing to the cellulose inherent rigidity 

and helicity.  

 

Figure 5-7. TEM images of (a, b) 3b and (c, d) 3c bulk films annealed at 150 °C for 7 days. 
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Chapter 6 

 

Near-Zero Azimuthal LC-Anchoring Correlated with Viscoelasticity on 

Bottlebrush-Coated Surface 

 

6-1. Introduction 

The alignment of liquid crystal (LC) can be intrinsically changed by external field such 

as electric and magnetic fields. This is the case in bulk but not at some interfaces: the mobility of 

the LC molecule at the interface is restricted by their interaction, which is called as anchoring 

effect. On the strong anchoring surface, the orientation of LC is fixed to the easy axis and not 

changed by external fields. Even in this case, however, the LC molecule apart from the interface 

can be aligned, and hence the external field stores an elastic energy between LC molecules on the 

interface and in bulk owing to their orientational gap. This energy can act as a driving force, which 

makes the alignment of LC in bulk back to the original one determined by the surface anchoring. 

Actually, this mechanism is widely used in current LC devices. Off course, any elastic energy is 

not induced, if the restriction of LC molecules at the surface is so weak to allow the orientational 

change the same as in bulk. Such weak anchoring is expected to provide a good platform to study 

fundamental properties of LC1,2 and to develop an advanced LC device with high efficiency and 

responsiveness.3 Especially, an in-plane isotropic surface with weak anchoring can achieve LC 

devices with memory properties.4 

The degree of anchoring strength can be understood by two factors, zenithal anchoring 

strength (A1) and azimuthal anchoring strength (A2), which prescribe how easily the alignment of 

the LC molecule can be changed in the normal in-plane directions of the surface, respectively. In 

general, it is difficult to achieve weak anchoring, especially weak zenithal anchoring. Up to now, 
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it was reported that the surface modification by a liquid layer and a flexible oligomer/polymer 

layer could weaken the azimuthal anchoring strength.5-10 The key to success is to shield the 

interaction between LC molecules and their strongly anchored solid surface. Among others, a 

polymer coating has an advantage in stabilizing such a so-called stealth layer and keeping it on 

the surface. However, weak anchoring had not been achieved in a wide range of temperatures. 

Sato and coworkers investigated the LC-anchoring property on concentrated polymer 

brushes (CPB),11 i.e., assemblies of densely end-grafted polymers and revealed the following 

features: (i) strong and weak anchoring was achieved at low and high temperatures on the CPB 

of poly (ethyl methacrylate) (PEMA)12 and polystyrene,13 (ii) at medium temperature, their 

response to external fields was viscoelastic, which is related to the concept of gliding anchoring,14 

and (iii) among others, the CPB of poly (hexyl methacrylate) (PHMA) showed near-zero 

azimuthal anchoring over a wide range of temperature.12,15 This strongly suggests that the mobility 

of polymer layer should play an important role for LC anchoring, but the detail is still unclear. 

In this chapter, the author aimed to reveal anchoring mechanism on a polymer layer. For 

this purpose, the author selected the coating layer of bottlebrushes because of the following 

reasons: (i) some bottlebrush films were reported to show a weak anchoring property similarly to 

the case of the corresponding CPB,16 (ii) a thicker film can be prepared by controlling the amount 

of coating and the degree of crosslinking, and (iii) the mixture of (uncross-linked) bottlebrush and 

LC can be a good reference to evaluate viscoelastic properties, which is one of the most important 

points. 

 

6-2. Experimental Section 

6-2-1. Materials 

Nematic liquid crystal JC-5051XX (JNC; a nematic–isotropic transition temperature, 
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TNI = 112.7 °C) was used as LC. All other reagents were commercially available and used without 

further purification. 

 

6-2-2. Synthesis and Characterization of Bottlebrushes 

As shown in Scheme 1, the bottlebrushes studied in this chapter were synthesized from 

a macroinitiator, poly(2-(2-iodo-2-methylpropionyloxy)ethyl methacrylate) (200 mer; Mn = 

4.2×104 and Mw/Mn = 2.1 determined as polystyrene-calibrated values by SEC) by the procedure 

of the reversible chain transfer catalyzed polymerization (RTCP) with iodide. As the side chain 

of bottlebrushes, two types of polymers, PHMA and PEMA, were introduced with and without 

cross-linkable terminal segment, which was given by the block copolymerization of 3-

(methoxysilyl)propyl methacrylate (MOPS). A typical polymerization procedure was as follows. 

The macroinitiator (0.64 g, 2.0 mmol), monomer, hexyl methacrylate (HMA) or ethyl 

methacrylate (EMA) (293 mmol), and tetra n-butylammonium iodide (2.16 g, 5.85 mmol) were 

dissolved in diglyme (78.9 g). After the solution was purged with Ar gas, the polymerization was 

carried out at 80 °C for a prescribed time. In some cases, MOPS (0.46 g, 1.9 mmol) was added 

during the reaction for the block copolymerization. After the polymerization, the reaction mixture 

was diluted with THF (58.5 g), to which diethyl phosphonate (0.81 g, 5.9 mmol) was added and 

stirred at 60 °C for 1 h to remove iodide at the end of side chains. Then, the bottlebrush was 

recovered and purified via reprecipitation in methanol. The monomer conversion was estimated 

by gravimetry (not only after the polymerization but also before the addition of MOPS in the case 

of the block copolymerization). The content of MOPS at the block copolymerization was also 

determined from the nuclear magnetic resonance (NMR) spectra in CDCl3 on JEOL JNS-ECS 

400SS spectrometers (400 MHz; JEOL, Tokyo, Japan). The cross-linkable samples were stored 

as a solution of propyleneglycol monomethyl ether acetate (PGMEA). 
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The obtained bottlebrushes were further characterized by cutting off the side chain from 

the main chain and measuring its molecular weights by SEC. A typical cutting-off procedure is as 

follows. A bottlebrush sample (0.10 g) was dissolved in THF (0.75 g), to which NaOMe in MeOH 

(28 w%) (0.47 g) was added at room temperature. After the reaction for 4 d, the solution was 

neutralized with acetic acid, extracted with CHCl3, and repeatedly washed with water. Finally, the 

organic phase was concentrated with evaporator and dried in vacuum oven at 60 °C overnight. 

After this treatment, the SEC chart gave no peak of the original bottlebrush but a new sharp peak 

in the lower-molecular-weight region, which was ascribed to the side chain. Thus, the degree of 

polymerization (DPmeas) and polydispersity index (PDI) of the side chain were estimated. The 

initiating efficiency (f) was given as the ratio of DPmeas to the DP calculated from the conversion 

(DPtheo). Table 6-1 summarizes the molecular characteristics of the studied bottlebrushes. It should 

be noted that the f value is higher for PEMA than for PHMA, which is reasonably understood 

because of a larger steric hindrance of HMA monomer. Almost equivalent bottlebrushes were 

obtained with and without cross-linkable segment, suggesting that PEMA-BB and PEMA-BB 

 

Scheme 6-1. Synthesis route and chemical structures of bottlebrushes. 

PHMA-BB (m = 5)
PEMA-BB (m = 1)

PHMA-MOPS-BB (m = 5)
PEMA-MOPS-BB (m = 1)
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could serve as model compounds of PHMA-MOPS-BB and PEMA-MOPS-BB. 

SEC analysis of the purified product was carried out at 40 °C on a Shodex GPC-104 

high-speed liquid chromatography system (Showa Denko K.K., Tokyo, Japan) equipped with a 

KF-G (Shodex) guard column, two KF-404 HQ (Shodex) columns, and an RI-74S differential 

refractometer (Shodex). Tetrahydrofuran (THF) was used as the eluent at a flow rate of 0.3 mL 

min⁻1. PMMA standards were used to calibrate the SEC system. 

 

 

6-2-3. Preparation and Characterization of the mixture of bottlebrush and LC 

The bottlebrush and LC of different compositions were dissolved in a co-solvent, 

CH2Cl2, and dried in vacuum oven at 60 °C for 1.5 h to yield their mixtures. A mixture was put in 

between slide glasses with a spacer (cover glass; 0.12 ~ 0.17 mm in thickness) and observed by 

Table 6-1. Molecular characteristics of bottlebrushes and their side chains. 

sample 

bottlebrush Side chain 

Mn
a 

(g/mol) 
PDIa fMOPS

b DPtheo
c DPmeas

d PDId fe fMOPSchain
f 

PHMA-BB 6.14×105 1.43 — 74 1.5×105 1.5 0.50 — 

PHMA-

MOPS-BB 
6.21×105 1.55 5.4×10-4 90 1.7×102 1.4 0.53 9.1×10-2 

PEMA-BB 4.74×105 1.57 — 85 1.0×102 1.5 0.82 — 

PEMA-MOPS-

BB 
6.10×105 2.62 6.2×10-4 84 1.1×102 1.5 0.78 6.7×10-2 

a Determined by GPC with PSt standard 
b Calculated from 1H NMR spectra. 
c Calculated from Conversion. 
d Determined by GPC with PMMA standard 
e Initiation efficiency (DPtheo/DPmeas) 
f Fraction of side chain with MOPS segment (fMOPS×DPmeas) 
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POM (BX53, Olympus, Tokyo, Japan) equipped with camera (SPOT Idea CMOS 1.3MP, Cornes 

Technologies, Tokyo, Japan) to judge its mixing state. A mixture was also subjected to rheological 

measurements performed on MCR 302 (Anton Paar, GRAZ, Austria) with 8 mm parallel plate. 

Before measurement, the mixture was annealed at 140 °C between the plates. The measured 

frequency range was 0.01 to 100 rad/s. The obtained dynamic data with different temperature 

were corrected with shift factor aT to construct a master curve with a reference temperature at 

25 °C using time−temperature superposition principle. 

 

 

6-2-4. Preparation and Characterization of cross-linked bottlebrush films 

The cross-linkable bottlebrush with MOPS was spin-coated from its solution in 

propyleneglycol monomethyl ether acetate on a precleaned substrate, annealed at 210 °C for 15 

min for cross-linking, subjected to the following experiments. The degree of swelling of the cross-

linked film on a Si wafer by LC was evaluated by measuring the film thicknesses before and after 

swelling using Ellipsometer (M-2000 UL, J.A.Woollam Inc., Lincoln, Nebraska, USA) using the 

refractive index of PMMA. After the swelling equilibrium achieved by annealing the film with 

LC at 140 °C for 10 min, the surplus LC was removed, for the ellipsometric measurement, by 

standing the sample substrate upright at room temperature for PHMA bottlebrush and at 50 °C for 

PHMA bottlebrush for over than 30 min. 

A twist anchoring coefficient of LC on the cross-linked film of bottlebrushes was 

measured using a LC cell shown in Figure 6-1. Two glass plates with a comb-shaped electrode 

and a rubbed polyimide (RPI) (JSR AL16301)-coated layer were separated with a gap d = 3 μm. 

The crosslinked bottlebrush layer was fabricated on the electrode plates. The rubbing direction of 

the RPI plate was tilted by 15° against the direction of the comb-shaped electrodes. After injecting 
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LC into the cell, the electro-optical properties were measured using an LCD-5200 (Otsuka 

Electronics): the rectangular tooth voltage with 60 Hz was applied from 0 V to 20 V. 

 

 

 

6-3. Results and Discussion. 

6-3-1. Azimuthal Anchoring Strength of Cross-Linked Bottlebrush Films 

 The author measured the dependency of light transmittance on voltage of LC cell at 

different temperatures to evaluate the LC mobility (azimuthal anchoring coefficient, A2) on cross-

linked bottlebrush films. Before the measurement, the LC cell were annealed at 140 °C and cooled 

to room temperature in order to reset the effect of the LC-injection process and to homogeneously 

align the LC molecules along the rubbing direction. By this processing, the transmittance was 

zero under the cross-Nicol condition with the analyzer parallel to the rubbing direction. When the 

voltage is applied to the comb-shaped electrode, the torque occurs to align the LC molecule 

perpendicularly to the rubbing direction owing to the electric field. If the applied voltage exceeds 

a threshold voltage (Vth), the LC molecule starts to rotate. Because of the inverted electric field 

applied, the rotation angle of the LC director against the original direction increases with 

 
Figure 6-1. Schematic illustration of LC cell. 
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increasing applied voltage. With rotating of the LC director, the transmittance firstly increases 

and then decreases because of rotation over the diagonal position under the cross-Nicol condition. 

Figure 6-2 shows the voltage-transmittance (V-T) curves obtained for the cross-linked film of 

PHMA-MOPS-BB and PEMA-MOPS-BB. Here, Vth was determined as the voltage at which the 

transmittance was 2% of the maximum transmittance.  

 

 The value of Vth depends on the azimuthal anchoring coefficient (A2) of the surface. The 

following relationships, Equations 6-1 and 6-2, were derived for the LC cell with both interfaces 

of strong anchoring17 and that of weak anchoring,18 respectively. 

𝑉୲୦,ୖ୔୍ =
𝜋𝑙

𝑑
ඨ

𝐾ଶ
𝜀଴∆𝜀′

 (6-1) 

𝑉୲୦ =
𝜋𝑙

𝑑 + 2𝐾ଶ 𝐴ଶ⁄
ඨ

𝐾ଶ
𝜀଴∆𝜀′

 (6-2) 

where l, d, K2, ε0 and Δε’ represent electrode distance, cell gap, twist elastic constant of LC, 

electric constant in space and the electric constant anisotropy, respectively. For the studied LC 

 

Figure 6-2. V-T curves for LC cell with cross-linked PHMA-MOPS-BB (a) and PEMA-

MOPS-BB (b). 
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cell with interfaces of weak and strong anchoring, the author applied the following equation on 

the analogy of Equations 6-1 and 6-1. 

𝑉୲୦ =
𝜋𝑙

𝑑 + 𝐾ଶ 𝐴ଶ⁄
ඨ

𝐾ଶ
𝜀଴∆𝜀′

 (6-3) 

Consequently, the A2 value estimated by the following equation. 

𝐴ଶ =
𝐾ଶ

൫𝑉୲୦,ୖ୔୍ 𝑉୲୦⁄ − 1൯𝑑
 (6-4) 

Table 6-2 lists Vth experimentally determined and A2 calculated from Equation 6-4 as well as K2 

data as a function of temperature. 

 

Figure 6-3 shows the estimated A2 values as a function of temperature for the cross-linked 

bottlebrush films. The A2 for the PEMA system was almost constant below 25 °C and decreased 

with increasing temperature over 25 °C. On the other hand, the A2 value for the PHMA system 

decreased in a lower temperature range and leveled off over 45 °C. These data possibly suggest 

that there exist two states of weaker and stronger anchoring depending on temperature and that 

its transition temperature is lower for the PHMA system than for the PEMA system. This trend is 

Table 6-2. LC-anchoring characteristics on the surface of cross-linked bottlebrushes. 

Temp (°C) K2 (pN)a 
PHMA-MOPS-BB PEMA-MOPS-BB 

Vth (V) A2 (Jm-2) Vth (V) A2 (Jm-2) 

-15 7.9 2.70 3.6×10-6 3.00 4.7×10-6 

5 7.5 2.20 2.2×10-6 2.90 4.0×10-6 

25 6.9 1.40 9.8×10-7 3.10 4.5×10-6 

45 6.5 1.10 6.6×10-7 2.90 3.5×10-6 

65 6.0 1.10 6.1×10-7 2.00 1.5×10-6 

90 5.5 1.00 5.0×10-7 1.20 6.3×10-7 
a provided by JNC corporation. 
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similar to that for the corresponding CPBs of the same chemical species12 except that the 

difference in A2 was much larger, the reason for which is still unclear at present and a target of the 

future work. Anyhow, the author concluded that these two systems were good enough to discuss 

the mechanism of weak LC-anchoring because they gave the temperature-dependent A2 in the 

studied range of temperature with different transition temperature.  

 

 

  

 

Figure 6-3. The dependency of A2 on temperature for the thin films of PHMA-MOPS-BB (red 

circles) and PEMA-MOPS-BB (blue circles). The red line and blue band represent the 

characteristic temperature of the side-chain relaxation of PHMA-MOPS-BB and PEMA-

MOPS-BB, respectively.  
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6-3-2. Miscibility of Bottlebrushes and LC 

 The degree of swelling of crosslinked film was determined. Figure 6-4 shows the 

relationship between the film thicknesses in a dry and swollen states. The proportional 

relationship indicates that the films were swollen by the LC with lateral uniformity and that the 

excessive LC was removed by the simple procedure described in Experimental section. From the 

slope of the lines in the figure, the degree of swelling was estimated to be 1.6 for PHMA-MOPS-

BB and 1.2 for PEMA-MOPS-BB, which will be discussed in the next section. 

 

 In order to discuss the miscibility of the bottlebrushes and the LC, the author carried out 

the POM observation on the mixtures of (non-cross-linked) PHMA- or PEMA-BB and LC of 

different compositions. The phase states were clearly classified into two cases, i.e., a miscible 

state with optical isotropy and a phase-separated state with optical anisotropy. Figure 6-5 shows 

the phase diagram of the mixtures. At low LC compositions, neither phase separation nor light 

 
Figure 6-4. The relationship between swollen and dry cross-linked bottlebrush films. 
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transmittance was observed under open- and cross-nicol conditions, respectively, suggesting that 

the bottlebrush and the LC formed a homogeneous (miscible) mixture with a random orientation. 

On the other hand, at high LC compositions, a domain structure and a light transmittance, i.e., an 

optical anisotropy, were observed under open- and cross-nicol conditions, respectively. This 

strongly suggests that the mixtures were phase separated into two domains, i.e., a bottlebrush-rich 

phase and a LC-rich phase, the latter of which is in a LC state. The difference in the LC 

composition of phase boundary between PHMA- and PEMA-BB was attributed to the higher 

affinity of the former. In Figure 6-5, the green circular symbols represent the LC compositions of 

the swollen cross-linked film, which were calculated from the swelling ratio (given by Figure 6-

4) and the density of LC and linier PHMA and PEMA (instead of PHMA- and PEMA-BB). These 

compositions are located in a homogeneous and isotropic phase near the phase boundary. This 

suggests that the cross-linked bottlebrush film was swollen by the LC with the degree, which was 

mainly controlled by its chemical composition but not much limited by cross-linking. In other 

words, the studied bottlebrushes were reasonably understood to be slightly crosslinked so as to 

hardly restrict the chain mobility and to keep the original molecular characteristics, as expected 

because the molar fraction of MOPS unit of the cross-linkable bottlebrushes was as low as 

approximately 0.1 %. 
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6-3-3. Rheological Properties of the Mixtures of Bottlebrushes and LC 

 LC anchoring including gliding anchoring on a polymer-coated surface was expected to 

depend on the reorientation of polymer chains. In order to clarify the anchoring mechanism, 

therefore, it is very important to understand the rheological property of the polymer-coated layer 

as it is. However, the crosslinked film in this study was too thin to carry out the rheological 

measurement. Fortunately, as discussed in the above section, the studied cross-linked system was 

reasonably assumed to be equivalent to the mixture of (uncross-linked) bottlebrushes and LC of 

the same composition at least in local and/or segmental dynamics, on which the author will focus. 

Consequently, the author carried out the rheological measurements on the mixture of bottlebrush 

without MOPS and LC of the same composition as the LC-swollen film of cross-lined 

bottlebrushes. 

 
Figure 6-5. The phase diagram of the mixture of bottlebrush and LC. The 

red circles represent that the mixture was homogeneous and not 

birefringent. The blue circles represent that the mixture was inhomogeneous 

and birefringent. The arrows represent the weight fraction of bottlebrush in 

the swollen cross-linked bottlebrush film. 
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Figure 6-6 shows the temperature-dependent dynamic viscoelastic data for the mixtures. Well-

defined master curves were obtained at a reference temperature of 25 °C, similarly to the bulk 

bottlebrush system in its shape. This means that the mixture gave little drastic change of 

miscibility and LC anisotropy in the studied range of temperature. The viscoelastic property of a 

bottlebrush was expected to be characterized by sequential relaxation modes from the glassy state 

to the terminal flow, being assigned to the dynamics of side- and whole-chains of a bottlebrush in 

 
Figure 6-6. Master curves of G’ and G’’ and temperature dependency of shift factor aT for the 

mixture of PHMA-BB (a, c) and PEMA-BB (b, d) with LC: the LC composition was 63 w% 

and 82 w%, respectively. 
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addition to the glass transition. Therefore, the viscoelastic master curve should be divided into the 

segmental, arm, and terminal regimes. As for the PEMA system, a glassy regime was obviously 

observed at high frequency region. The PHMA system was more flexible, as was expected 

because the PHMA system has a lower Tg in bulk of the polymer segment constituting the 

bottlebrush as well as a higher LC composition. In Figure 6-6, the plateaus assignable to the 

relaxations other than the glass transition were not obvious. In order to discuss these relaxation 

modes in a larger scale, the author carried out van Gurp–Palmen analysis:19,20 van Gurp–Palmen 

plot, i.e., the plot of tan δ versus storage modulus, could provide the plateau modulus of these 

modes as a minimum.21,22 Figure 6-7 shows the Gurp–Palmen plot for the data measured at 

different temperatures frequencies (plotted in Figure 6-6). The data for the PHMA system at 

different temperatures gave a well-overlapped master curve with a single minimal point. A single 

minimal point was observed also for the PEMA system but incompletely overlapped at different 

temperatures. Figure 6-7 shows the G’ value at the minimal point as a function of temperature. 

The exact reason for the temperature dependency is still unclear, but the glass transition may 

affect the side-chain dynamics because these two modes are very closely located.23 Finally, the 

author ascribed the minimal point to the dynamics of the side chain of bottlebrushes. The G’ value 

at the minimal point, i.e., the plateau modulus of the side-chain relaxation was estimated to be 1.3 

× 105 Pa and 6.6 × 105 - 1.7 × 107 Pa for the PHMA and PEMA systems, respectively. These data 

are reasonably lower than that in the glassy state (1 × 109 Pa clearly observed for the PEMA 

system). The difference in the plateau modulus of the side-chain relaxation between the two 

system is reasonably understood since the PHMA system has a higher LC composition and a 

constituted polymer segment of a lower Tg. It should be noted that in these systems, the relaxation 

mode of whole bottlebrush chain was not obviously observed. This is presumably because the 

main-chain length (the degree of polymerization of main chain = 200) is not so large as compared 
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with the side-chain length (DPmeas = 171 of PHMA-BB and 108 of PEMA-BB), suggesting a more 

or less star-like conformation for the bottlebrushes.23  

 

 
Figure 6-7. Van Gurp–Palmen plot for the mixture of LC and PHMA-BB (a) and PEMA-BB 

(b). the first derivative of the phase angle respect to the storage modulus for the mixture of LC 

and PHMA-BB (c) and PEMA-BB (d). 
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6-3-4. Correlation between LC anchoring and bottlebrush dynamics 

 Concerning two types of cross-linked bottlebrush films, their temperature-dependent A2 

(shown in Figure 6-3) were insufficiently correlated with their G’ and G’’ values as well as the 

glass transition temperature. Therefore, the author more focuses on their side-chain dynamics, 

which was clarified in the previous section, and attempts to evaluate the corresponding 

characteristic temperature via the aT parameter and to compare it with the temperature-dependent 

A2. From the plateau modulus of the side-chain relaxation, the corresponding aT and hence aT 

values were estimated for the PHMA and PEMA systems as shown by lines and bar in Figure 6-

6a and b. Here, the author set 0.1 rad/s for  corresponding to the measurement of LC anchoring 

by assuming  = 2/tmax, where tmax is the time taken to achieve the maximum transmittance in 

Figure 6-2. Then, the characteristic temperature of the side-chain relaxation was given as −26 °C 

and 50 - 81 °C for the PHMA and PEMA systems, respectively (Figure 6-6c and d). These 

temperatures are also shown by line and band in Figure 6-3. The author concluded that the 

 

Figure 6-8. Temperature dependence of G’ value at minimal point in van Gurp–Palmen plot 

for the PHMA and PEMA systems. 
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estimated characteristic temperature of side-chain relaxation was reasonably correlated with the 

temperature range of A2 decreasing. This means that weak anchoring property of the bottlebrush 

film was mainly understood as the gliding anchoring enhanced by the side-chain motion. 

 

6-4. Conclusions 

 In this section, the author revealed the temperature-dependent A2 on two types of cross-

linked bottlebrushes similarly to the corresponding CPB. The temperature range of A2 decreasing 

was lower for the PHMA system than for the PEMA system. For better understanding of such 

anchoring mechanism, the swollen and crosslinking state of the cross-linked bottlebrushes by the 

LC molecule was firstly investigated also using the mixtures of (uncross-linked) bottlebrushes 

and LC as references, suggesting that the bottlebrushes are slightly crosslinked with keeping their 

original characters in affinity with LC and possibly in dynamics of side-chain relaxation. This 

means that the mixtures of (uncross-linked) bottlebrushes with the same LC composition were 

sufficiently good reference systems for the cross-linked system. Then, the viscoelastic data were 

obtained for the reference mixtures to discuss the LC-anchoring mechanism from the viewpoint 

of chain dynamics. The author successfully applied van Gurp–Palmen analysis to clarify the side-

chain relaxation mode and estimated its characteristic temperature for the PHMA and PEMA 

systems by assuming the frequency corresponding to the LC-anchoring measurements. Finally, 

the author found a good correlation between the temperature dependency in A2 and the side-chain 

relaxation and concluded that the bottlebrushes slightly swollen by LC molecule plays an 

important role not only in decreasing the interaction with the LC molecule but also in enhancing 

the gliding anchoring by side-chain dynamics. This understanding is expected to provide a newly 

designed concept of highly functionalized polymer coating toward a next-generation LC display 

and other applications. 
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Chapter 7 

 

Time Dependent and LC Anchoring and Bottlebrush Polymer Dynamics 

Revealed by High-Speed Polarized Microscopy 

 

7-1. Introduction 

 In bulk the liquid crystal (LC) molecule rotates according to external fields and changes 

its orientation. However, the mobility of LC molecule on surface is suppressed by the interaction 

between LC molecules and surface, which is called as anchoring effect. On strong anchoring 

surface, the LC molecule is fixed and could not rotate. On the contrary, on zero anchoring surface, 

as the limiting case of weak anchoring, the rotation of LC molecule on surface is not restricted 

and the easy axis changes.1-5 Controlling anchoring strength is important to assemble LC device 

since it affects the responsibility of LC in bulk to the external field. 

Generally, the strong anchoring surface is utilized in commercial LC device. On the 

other hand, offering weak anchoring surface is still in an investigational stage. Sato and coworkers 

demonstrated the concentrated polymer and cross-linked bottlebrush film consisting mainly of 

poly(hexyl methacrylate) (PHMA) (PHMA-BB) could offer weak azimuthal anchoring surface.6-

8 In chapter 6, the author investigated the mechanism of cross-linked bottlebrush film offering 

weak anchoring from the viewpoint of chain dynamics. As a result, it is revealed that the azimuthal 

anchoring strength (A2) is constant below the temperature range of the relaxation of side chain of 

bottlebrush9,10 where A2 decrease with increasing temperature. This indicated that the mobility of 

LC molecule on bottlebrush film depend on multiple relaxation mode, such as the relaxation 

associated with side chain and viscosity of LC. 

 In this chapter, the author observed the response of transmittance of LC cell with cross-



158 

 

linked PHMA bottlebrush to stepwise applying electric field with high-speed camera equipped in 

microscope. Strictly speaking, the torque on LC molecules is differ depending on area because 

the electric field is lateral and vertical direction between electrode and on electrodes, respectively. 

The observations with microscope have an advantage that it could isolate the lateral rotation detect 

since it could distinguish the area on and between electrodes, while the macroscopic observation 

of LC device detects lateral and vertical rotation of LC. Note, in this chapter, the author analyzed 

the change in transmittance without extracting LC between electrodes. The obtained data of time 

evolution was analyzed by relaxation function. As reference, the LC with cross-linked bottlebrush 

consisting mainly of poly(methyl methacrylate) (PMMA) (PMMA-BB) was observed, too. Then, 

the relaxation modes were discussed from viewpoint of side chain dynamics.  

 

7-2. Experimental Section 

7-2-1. Materials 

 Nematic liquid crystal JC-5051XX (JNC Corporation, Tokyo, Japan; a nematic–

isotropic transition temperature, TNI = 112.7 °C and refractive index anisotropy Δn = 0.081) was 

used as LC. The in-plane switching LC cell configuration was same to the cell used in chapter 6. 

The crosslinked bottlebrush layer was fabricated with PHMA-MOPS-BB or PMMA-MOPS-BB 

(Table 7-1) synthesized in the same scheme in chapter 6. Figure 7-1 displays the estimated 

dependency of A2 on temperature calculated from equation 6-4 with data of LC cell with PHMA-

BB and PMMA-BB measured with a LC display evaluation system (LCD-5200, Otsuka 

Electronics Co., Ltd., Osaka, Japan). The author expect that the cross-linked PMMA bottlebrush 

film and LC formed a homogeneous (miscible) mixture with a random orientation in the swollen 

PMMA bottlebrush film alike poly(ethyl methacrylate) (PEMA) system in chapter 6. 



159 

 

 

 

 

7-2-2. Instrumentation and Measurements 

Figure 7-2 show the schematic illustration of experimental set up. The change in the 

transmittance of LC cell was recorded by polarized optical microscope (BX53, Olympus, Tokyo, 

Japan) equipped with a halogen light source (U-LH100-3, Olympus) and a high-speed camera 

(MEMORECAM Q1m, NAC image technology, Tokyo, Japan). The exposure time was set to 0.5 

ms. When the LC cell was heated in a hot stage (HS82, Mettler Toledo, Ohio, United States) with 

a temperature control unit (HS1, Mettler-Toledo), the exposure time was set to 4 ms. The voltage 

Table 7-1. Molecular characteristics of bottlebrush. 

sample Mn
a (g/mol) PDIa DPtheo

b 

PHMA-MOPS-BB 7.07×105 2.34 88 

PMMA-MOPS-BB 2.82×105 1.77 19 

a Determined by GPC with polystyrene standard 
b Degree of polymerization calculated from Conversion. 

 

Figure 7-1. The dependency of A2 on temperature for the thin films 

of PMMA-MOPS-BB. 
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(10 Vp-p, 60 Hz, square wave) was applied to LC cell by a function generator (WF1974, NF 

Corporation, Kanagawa, Japan). 

 

 

7-3. Results and Discussion 

 In Figure 6-3, the dependency of LC cell with cross-linked bottlebrush on temperature 

exhibit the intriguing curves: The A2 for the PEMA system was almost constant below 45 °C and 

decreased with increasing temperature over 45 °C; the A2 value for the PHMA system decreased 

in a lower temperature range and leveled off over 45 °C. From this data as well as Figure 7-1, the 

author proposed the unified anchoring model on bottlebrush film: the A2 value is constant at lower 

temperature, which is mainly determined the viscous LC and the interaction between LC 

molecules and swollen bottlebrush film with frozen side chain (corresponding to the PEMA and 

PMMA system below 25 and 45 °C, respectively); the A2 value decrease with temperature, which 

is related with the relaxation of side chain of the bottlebrush film (corresponding to PHMA system 

below 45°C, and PEMA and PMMA system over 25 and 45 °C, respectively); the A2 value is level 

off, which is associated with bottlebrush film with highly mobile side chain (corresponding to 

PHMA system over 45°C) (Figure 6-2). Therefore, the mobility of LC on the bottlebrush film 

 

Figure 7-2. Schematic illustration of the experimental setup. 
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may reflect the multiple relaxation mode of LC and the swollen bottlebrush films with LC. 

 

 Figure 7-4 shows the time evolution of the transmittance of LC cell with PHMA-MOPS-

BB and PMMA-MOPS-BB coat at different temperatures. LC cell with PHMA at 90 °C, after the 

voltage of 5V was applied, the transmittance started to increase and reached to maximum, then 

slightly decreased to level out. This may be because in LC cell with PHMA-MOPS-BB at 90 °C, 

the LC molecule twisted too much, and the retardation exceeded the level which makes the 

transmittance maximum. This is supported by V-T curve for the LC cell with PMMA at 90 °C 

where the transmittance almost reached the maximum at voltage 5V (Figure 6-2). On the other 

hand, in PHMA system at 45 °C and PMMA system, the transmittance monotonically increased 

and approached asymptotically to constant value. Thus, it was assumed that the LC in those 

sample did not reach to the retardation which makes the transmittance maximum. In the PHMA 

system at 15 and 25 °C, the transmittance gradually was increasing 1 s after stepwise applying 

electric field, which is attributed to the rotating easy axis. Note that the transmittance could not 

been compared between the experiment with and without a hot stage because the light intensity 

 

Figure 7-3. schematic illustration of relaxation mode of LC on bottlebrush 
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and the exposure time of camera were different.  

  

 The time evolution of transmittance was analyzed with the following multiple-

exponential function.5 

𝐶 = 𝐶௧௢௧௔௟෍𝐶௜൫1 − 𝑒௧ ఛ೔⁄ ൯ (7-1) 

where, Ctotal, Ci, τi and t represent the transmittance, the fraction of relaxation mode, relaxation 

time and time. 

 

 Concerning LC cell with PMMA system, the data was approximated to the single 

exponential. On the other hand, the data of PHMA system was not represented by single nor 

double but triple exponential function. As for data for LC cell with PHMA at 90 °C was tentatively 

 

Figure 7-4. Time evolution of the transmittance of LC cell (yellow, bule red and green dots 

represent the data at 15, 25, 45 and 90 °C; in b and d, the dots with pale color represent the data of 

250 frames per second, and the other dot represent data of 50 frame per second) 
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fitted by doble exponential function (Figure7-5). Table 7-2 shows the parameters.  

 

 

 

 

Figure 7-5. Relaxation function of response to stepwise applying electric field. Yellow, bule 

red and green dots represent the data at 15, 25, 45 and 90 °C (a and b, PHMA system: c and d, 

PMMA system).  
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 As with PEMA system, the dependency of A2 on temperature for the PMMA system at 

15 and 25 °C exhibit the constant region, which indicating that the side chains are in glass state 

(Figure 7-1). Consequently, the τ1 value for PMMA system corresponded to the relaxation mode 

of viscous LC on the swollen bottlebrush film with randomly oriented LC. As for PHMA system, 

its exhibit the τ1 value comparable to for the τ1 value for PMMA, indicating that this relaxation 

corresponds to that of PMMA system. Thus, as for PHMA system, the author considered that 

residual relaxation modes with relaxation mode with longer time scale, τ2 and τ3, are derived from 

viscous properties of the swollen bottlebrush film with LC, for example the relaxation of the side 

chains of bottlebrush. They could not be negligible in long time scale, though those relaxation 

modes do not affect the orientation of LC immediately after stepwise applying electric field. In 

chapter 6, the anchoring strength is estimated form the data obtained by LC display evaluation 

system (LCD 5200). In this system, the electric field gradually increases (in the order of 10 – 100 

s) and the threshold voltage, at which the transmittance start to increase, is detected. Thus, the A2 

in chapter 6 is considered that to reflect the relaxation modes with long as well as long time scale 

on surface. The value τ1, τ2 and τ3, in the LC cell with PHMA, and τ1 in the LC cell with PEMA 

Table 7-2. Coefficient and time constant of response for  

 
Temp. 

(ºC) 
Ctotal C1 τ1 (ms) C2 τ2 (ms) C3 τ3 (ms) 

PHMA-MOPS-

BB 

15 234 0.66 6.6×10 0.084 1.9×103 0.25 2.3×105 

25 288 0.54 6.1×10 0.20 1.6×103 0.254 1.2×105 

45 242 0.81 2.3×10 0.16 2.7×102 0.019 4.5×104 

90 — — (1.1×10) — (1.1×10) — — 

PMMA-MOPS-

BB 

15 157 1 5.8×10 — — — — 

25 177 1 4.3×10 — — — — 
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decreased as temperature increased (Table 7-2, Figure 7-6), which indicating that in PHMA 

system at 45 °C, the easy axis changed (possibly corresponding to τ2 and τ3) immediately after 

stepwise applying electric fields. From above results, the author concluded that this measurement 

method of transmittance with high-speed camera and stepwise applying electric field enable to 

obtain the relaxation modes with a wide range of time scale and the anchoring properties 

associated to them. 

 

 

7-4. Conclusions 

 In this section, the author observed time evolution of transmittance LC cell with 

bottlebrush film after stepwise applying electric fields to extracts multiple relaxation modes of 

LC on bottlebrush surface. As a result, the PHMA and PMMA system have single and multiple 

relaxation mode, respectively. This indicating that the bottlebrush with frozen side chain offers 

relaxation associated with viscos LC; the bottlebrush with mobile side chains offers the relaxation 

mode with longer time scale as well as viscos LC corresponding to the bottlebrush with frozen 

side chains. Extraction the time evolution of LC between electrode where the electric field is 

lateral is future work. This may give benefit to improvement and functionalization of LC device. 

 

Figure 7-6. The dependency of Ci and τi on the temperature (a) and the dependency of Ci and 

τi on the temperature (b)  
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Summary 

 

This thesis has dealt with two subjects, synthetic and molecular/structural studies on 

homo- and Janus-type cellulosic bottlebrushes in Part 1 and mechanistic studies on LC anchoring 

controlled by the dynamics characteristic to bottlebrushes in Part 2. 

In Chapter 1, the background, purpose, and outline of this thesis were described. 

In Chapter 2, new synthetic routes were established to synthesize the well-defined 

cellulosic bottlebrushes possessing two kinds of side chains at 2,3-O and 6-O positions with 

regioselectivity. The sequentially two-step grafting-to method was successfully achieved without 

spoiling mutual reactions and already introduced side chains. By this method, poly(ethylene 

glycol) (PEO) and polystyrene (PSt) were introduced to the cellulosic chain (PEO-PSt-cellulose) 

via the esterification and click reactions, respectively. The degrees of substitution of PEO and PSt 

(at 2,3-O and 6-O positions) were estimated to be 1.6 and ~1.0, respectively. Slightly insufficient 

substitution with PEO was considered to be due to imperfect dehydration, which was not intrinsic 

but will be improved by further dehydration of coupling reaction mixture. Another route 

developed in this chapter was the combination approach using the grafting-from polymerization 

followed by the grafting-to reaction: poly(ε-caprolactone) (PCL) was grown from the hydroxyl 

groups of the cellulose by the ring-opening polymerization, and then PSt was introduced by the 

same reaction as in the former method (PCL-PSt-cellulose). Both routes were demonstrated to 

successfully synthesize Janus-type bottlebrushes. The former is suitable for scaling up the reaction 

and achieving a higher molecular weight. By the similar strategies, homo-type cellulosic 

bottlebrushes with a single-component side chain regioselectively introduced, e.g., PSt at 6-O 

position (PSt-cellulose), was also synthesized and used as a reference for the Janus types in the 

following chapters. 
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In Chapter 3, the conformational study was carried out on the PSt-cellulose of different 

molecular weights in DMF. The cross-sectional radius of gyration (Sc
2) of the bottlebrushes was 

determined using the cross-sectional Guinier approximation with data obtained by small-angle X-

ray scattering (SAXS) measurement, revealing that the radius was proportional to the molecular 

weight of side chain. This means that the side chains are in “collapsed state”, which can be 

understood by sufficiently high density to prevent from forming a pear-necklace structure even in 

a poor solvent for the side chain. The main-chain conformation was analyzed using a wormlike 

chain model with data concerning the relationship between the radius of gyration (S2) and the 

degree of polymerization of the main chain, which were obtained by size exclusion 

chromatography-multi angle light scattering measurement. The stiffness parameter of main chain 

of cellulosic bottlebrushes was equivalent to that of unsubstituted cellulose. This means that the 

excluded-volume effect among neighboring side chains was too small to affect the main-chain 

conformation of the cellulosic bottlebrush in a studied range of molecular weight of side chain. 

In other words, the original stiffness of cellulose chains was demonstrated to play a role in keeping 

a brush-like structure of side chains even in a poor solvent. 

In Chapter 4, the intramolecular phase separation in PEO-PSt-cellulose was 

demonstrated with data of Sc
2 value determined by SAXS measurement. Then, the cross-sectional 

structure of PEO-PSt-cellulose was determined from the dependency of Sc
2 on the molecular 

weight of side chain assuming possible models. As a result, it was revealed that the two kinds of 

side chains of PEO-PSt-cellulose were phase-separated in a dilute solution of DMF, forming a 

Janus-type structure. To date, much less experimental analysis has been done on the microphase 

separation of a Janus-type bottlebrush in a dilute solution. Thus, this work should help to utilize 

the Janus-type bottlebrush as a building block. 

In Chapter 5, the Janus-type cellulosic bottlebrush, PCL-PSt-cellulose, was confirmed 
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to form a high order structure in bulk. The structure was observed by SAXS and a transmission 

electron microscope (TEM). As a result, PCL-PSt-cellulose was microphase-separated into a 

lamellar structure when the PS/PCL volume fraction was around 50/50. For the sample stained 

with RuO4, three distinguishable regions were observed by TEM and assigned to PSt domain and 

amorphous and crystal PCL domains, the latter two of which were also confirmed by the data of 

differential scanning calorimetry. This means that the PCL close to the cellulose backbone was 

restricted in its mobility and prohibited from crystalizing. 

In Chapter 6, the mechanism of a weak anchoring of liquid crystal (LC) was 

investigated on the cross-linked films of bottlebrushes consisting of poly(hexyl methacrylate) 

(PHMA) and poly(ethyl methacrylate) (PEMA). The azimuthal anchoring coefficient A2 was 

estimated for these two systems from the voltage-transmittance curve at different temperatures: 

the PHMA and PEMA systems gave a temperature-dependent weak anchoring property with A2 

decreasing in a lower-temperature range for the former. The degree of swelling of these two 

systems (crosslinked films) by the LC was determined and compared with the phase diagram for 

the corresponding mixtures without crosslinking, indicating that the degree of crosslinking was 

not so high to restrict the dynamics of bottlebrushes. To discuss the dynamics of the crosslinked 

bottlebrush, therefore, the rheological measurement was carried out for the LC mixture instead of 

LC-swollen crosslinked film, clearly demonstrating the relaxation of side chains in addition to the 

glass transition. Assuming the time scale for the A2 determination, the characteristic temperature 

corresponding to the side-chain motion was evaluated, giving a reasonably good correlation with 

the A2-decereasing temperature range. Finally, the author concluded that weak anchoring could 

be enhanced by the polymer-chain dynamics, which was expected to be accelerated by a 

bottlebrush structure as well as LC swelling (depending on the affinity of the bottlebrush 

component with the target LC). The knowledge gained in this study will aid in designing a novel 
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weak anchoring system by polymer coating. 

In chapter 7, the relaxation of LC molecule on the cross-linked films of bottlebrushes 

consisting of PHMA and poly(mehyl methacrylate) (PMMA) was analyzed. In particular, the time 

evolution of the transmittance of in-plane LC cell with bottlebrush film after stepwise applying 

electric fields at different temperatures was recorded with high-speed camera equipped in 

polarized microscope and the data was analyzed with relaxation function. The PMMA system, the 

transmittance steeply increased and then become constant immediately after applying electric 

field. This time evolution was reproduced single exponential function, indicating this relaxation 

is related with viscous LC on bottlebrush film with frozen side chains. On the other hand, that of 

PHMA system at low temperature showed the transmittance steeply increased to some extent 

immediately after stepwise applying electric field and then gradually increased, while at higher 

temperature it displayed the time evolution similar to that of PMMA system. Those time 

evolutions of PHMA system were reproduced by triple exponential function. By combining the 

obtained results, the author considered that the extra two relaxation mode with longer time scale 

could be attributed to dynamics of side chain in cross-linked bottlebrush film and related to the 

change in easy axis. Additionally, the author estimated that the easy axis changed immediately 

after applying electric field in PHMA system at higher temperature, based on the relaxation time 

of the extra mode in PHMA system decreasing with temperature. in the future, this measurement 

method would bring new information about LC anchoring effect related with dynamics of 

bottlebrush polymer film because microscopy could extract the transmittance in area between 

electrodes where lateral electric field is applied. 
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