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1.1 Topological polymers 
 
Topology of a polymer describes the shape and spatial features of the polymer’s main 

chain. General examples of topological polymers include linear, tadpole, cyclic, cage, star, 

dendritic, network and graft topologies, as shown in Figure 1.1, and many different synthetic 

strategies have already been reported.1-5 Examples of more complex and exotic polymer 

topologies have been reported and are currently being investigated by many polymer research 

group’s innovative synthetic strategies.6-17  In addition to the synthesis of new types of 

topological polymers, many efforts are being made into establishing efficient and well-

controlled synthetic routes that promote high purities and high yields, especially for cyclic 

polymers.18-36 For instance, the synthesis of cyclic polymers have been evolving through many 

generations of polymer scientists since the first report of a synthetic cyclic polymer in 1946.37-

39 Along the discoveries of naturally-occurring cyclic polymers, such as cyclic 

deoxyribonucleic acids (c-DNA),40-43 cyclic proteins44,45 and cyclic polysaccharides,46 many 

studies have also observed and established the notion that the cyclic topology influences the 

physical properties of polymers by exhibiting a higher thermal stability, higher glass transition 

temperature, higher melting temperature, lower viscosity, smaller radius of gyration, and 

smaller hydrodynamic volume than linear polymers.3,24,30,31,36,47 Other topologies, such as 

dendritic, network and graft topologies, hold unique variations of the physical properties in 

comparison to linear topology.47-50 As for more exotic topologies including the topological 

block copolymers, however, there is no consensus on how the physical properties of polymers 

are affected by such unique shapes and spatial features. Hence, it could be stated that the current 

perception of polymer topology remains at a rather premature stage of only recognizing the 

resulting effects of specific polymer topology types and lacking the fundamental 

comprehension of how polymer topology affects different aspects and properties of polymers. 

Given the great variety of polymer topology types reported thus far, the challenge of 



General Introduction 
 

3 
 

understanding such correlation appears substantially demanding and exhaustive. Additionally, 

the majority of the research on topological polymers are heavily focused on the synthesis 

whereas the number of investigations on the physical and morphological properties is rather 

scarce. It is, therefore, essential to address the fundamental basis in which polymer topology 

influences the physical and morphological properties of polymers. 

 

 

Figure 1.1. General types of polymer topologies including linear, tadpole, cyclic, cage, star, dendritic, 
network and graft topologies. 

 

The first detailed discussion of the physical properties of topological polymers was 

pioneered by Flory in 1985,48 which centered on the impact of the topological features of 

network polymers on the chain conformation and the theory of rubber elasticity. In 1989, 

Duplantier demonstrated the use of statistical mechanics as a tool to interpret the network 

topology as an assembly of star polymer constituents to predict the critical exponents of any 

network polymers in good and theta solvent conditions.49 In 2001, although it does not contain 

discussions about the physical properties, Tezuka et al. reported the first generalized 
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description for classifying various nonlinear topologies based on graph theory.51 By taking the 

aforementioned studies into consideration, it is possible to interpret any polymer topology and 

discuss their impact upon the physical and morphological properties based on the following 

three factors: the number of chains, the number of chain ends, and the number of chain 

junctions. These three factors are vital aspects in comprehending the chain conformation and 

dynamics with respect to the molecular theories of polymer chains such as reptation theory,52 

random coil theory,53 and entanglement theory.54,55 Such a systematic analysis and evaluation 

of the spatial configuration of polymer chains in unique topologies aid in grounded discussions 

regarding the various properties of topological polymers such as the self-assembly 

characteristics and morphological properties.  
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1.2 Polymer Self-assembly and Thin Film Morphology 

Self-assembly describes the physical rearrangement of polymeric chains from a 

disordered state to ordered state under the laws of thermodynamics. The concept of self-

assembly could be further elaborated with the Gibb’s free energy equation,  

 ΔG = ΔH – TΔS (1) 

where the enthalpic gain must outweigh the entropic loss to reach an energetically stable, 

ordered chain arrangement from the disordered state. A polymeric system could achieve 

enthalpic gain through the means of various intermolecular forces including the Coulomb force, 

inductive force, and dispersion force. This is an important factor that distinguishes amorphous 

polymers from semi-crystalline polymers, and also miscible block copolymers from immiscible 

block copolymers. Hence, strategic molecular designs incorporating functional monomers that 

exploit the balance of intermolecular forces effectively promote the self-assembly behavior. 

This is a powerful bottom-up approach for developing high performance polymer based 

nanotechnology applications in various fields, such as microelectronics, optics, sensors and 

microporous materials, due the following potentials: easy fabrication processes, miniaturized 

nanoscale dimensions, great scalability, energy efficient operation, three-dimensional stacking 

capability, light weight, structural flexibility, wearability, and low-cost potential.56-65  

Miniaturization is one of the key interests in academics and industry because it serves 

as the foundation and driving force behind the advancements of modern information 

technology. Moore’s law is the first empirical observation correlating the miniaturization of 

transistors to the increased transistor number density in integrated circuits, which resulted in 

an increased computing performance of microprocessors.66 Polymer self-assembly is a 

promising alternative to the modern printing and patterning techniques as it reduces the number 

of physical fabrication processes and fabrication born structural defects. This is a critical issue 

in microelectronics applications because the top-down approach of current fabrication 
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processes for silicon-based microprocessors involves high levels of mechanical stress, high 

sensitivity to contaminants, and multiple uses of expensive and chemically harsh materials.67-

74 The fabrication born structural faults are known to range from micro- to nanometer scale,72-

76 thereby inducing a rather broad range of microprocessor performance inconsistencies and 

having conjured the term “silicon lottery” amongst the users of modern microprocessors.77 By 

enabling polymer self-assembly to establish structures necessary for the active layer of 

nanodevices, the aforementioned structural defects can be completely bypassed and achieve 

device performance consistency.  

Polymers, however, are not the absolute alternative solution to current lithographic 

technologies as of yet because miniaturization of polymer morphology, while maintaining long 

range order, is indeed difficult to achieve. Much effort is being made to optimize the types of 

polymers as well as fabrication conditions to achieve small domain spacing and long range 

order.59-61,64,78-81 Conceptually, the less long range order character in a polymer layer would be 

equivalent to having more structural defects in conventional processors. In order to achieve a 

long range order morphology, the aforementioned thermodynamics limit conventional 

polymers with two options: find a highly effective annealing condition and reduce the polymer 

chain length. These options, however, exhibit rather serious practical disadvantages. First, the 

process of finding an annealing condition is not only time consuming but it does not guarantee 

success. In addition, the commonly observed proportional correlation between the polymer 

chain length and various physical properties suggest that the chain length reduction will lessen 

critical properties such as wettability/coatability as well as the thermal stability, which would 

exert serious challenges during the fabrication processes.82,83 Furthermore, a short chain length 

could drive the free energy state of the entire polymer to spontaneously favor an amorphous, 

disordered state. It is then essential to have another variable to control the behavior of the 

polymer chains in addition to determining the annealing conditions and optimizing 
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themolecular weight, such as the polymer topology. By altering the topology to control the 

chain conformation in such a manner to promote the nanoscale morphology with a long range 

order without sacrificing the key physical properties, polymers could effectively serve as 

practical alternatives to the fabrication of modern microelectronic applications. Achieving such 

a feat would require forming a systematic development cycle consisting of a well-controlled 

synthesis of topological polymers and precise morphological characterizations. However, there 

is an obstacle regarding the morphological characterization of topological polymers. As the 

domain spacing of the polymer morphology becomes smaller, structural characterization 

becomes increasingly difficult and less precise via conventional methods such as transmission 

electron microscopy (TEM) and atomic force microscopy (AFM). This calls for a different 

characterization method, namely, X-ray scattering. 
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1.3 Synchrotron X-ray Scattering 

There are two types of morphological characterization methods developed thus far: 

microscopy and scattering. Microscopy is the most common and conventional morphological 

method which includes various types such as AFM, TEM, and scanning electron microscopy 

(SEM). The greatest benefits of microscopy is direct observation of the subject’s surface 

structure in real space. However, there are numerous shortcomings specifically for polymer 

microscopy as follows.84-87 First, microscopy provides localized surface images and therefore 

a great number of measurements are required to provide concrete evidence supporting the 

observed structure does indeed represent the entire sample. A statistical analysis and averaging 

is simplified in the case of inorganic materials, but it may be very difficult to give definite, 

quantitative structural parameters in the case of polymers. Secondly, the observation of artifacts 

and optical aberrations further increase the difficulty in accurate measurement and data analysis. 

Additional difficulties and biases may also arise from the two dimensional surface images 

providing limited information in the cases of highly complex morphologies and/or the 

structural subject of interest is oriented parallel to the surface. Moreover, reduction of detection 

limit (i.e. shorter distance) increases vulnerability to electrical noise, vibrations, air pressure, 

air quality (presence of unwanted particulates), temperature fluctuation, and lowered tolerance 

to external forces. Furthermore, the low electron density contrast of polymers requires the 

addition of heavy element contrast additives in the case of TEM, thereby altering and 

perturbing the natural state of polymers. Additives may induce changes in the polymer 

morphology. The extents of sample invasion reaches further with microtomy, which could 

induce deformation and mechanical stress to sample. Also, polymers exhibit varying degrees 

of sensitivity to incident radiation as potential radiation damage could occur in TEM, and 

charging effect from SEM incident radiation reduces image resolution. Most critically, 

microscopy technique is only applicable to samples fabricated in solid state thin film. 
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Measurements of samples in bulk state or in solution are not available. Due to the nature of 

synthetic polymers always having some degree of molecular weight distribution, the polymer 

morphologies are less likely to have idealistic levels of structural order found in inorganic 

crystals. Therefore, microscopy could not be used as a universal tool for morphological 

characterization of polymers.  

Scattering, specifically synchrotron X-ray scattering, is an alternative morphological 

characterization method to microscopy that has been gaining great interest and thorough 

utilizations from polymer scientists since the construction of third generation synchrotron 

facilities began in the mid-1990s. Unlike the second generation synchrotrons, the addition of 

wiggler or insertion devices to the third generation synchrotrons achieved in providing focused, 

bright X-ray beams that gave high quality signals from polymers.88 Since mid-1990s, steady 

improvements in synchrotron operation yielding higher flux and tunable levels of high energy 

X-ray beams, along with improved detectors, have initiated a new establishment for polymer 

morphology research.89 The greatest benefit of X-ray scattering as a morphological 

characterization method is its wide flexibility and nondestructive nature regarding the 

measurement conditions. Measurements on both solid (thin film and bulk) and solution states 

are available for obtaining ensemble averaged data from macroscopic dimensions of samples 

in its natural state. Therefore, the measured X-ray scattering data contains full, three 

dimensional structural information of any morphological features within the sample. In 

addition, as long as the incident X-ray beam’s pathway through the sample and to the detector 

is not disturbed, the sample stage could be designed to accommodate a variety of conditions or 

in-situ, dynamic experiments.59,90-99 Moreover, modern synchrotron X-ray radiation facilities 

provide ångström resolution for gathering statistical and quantitative structural information of 

both highly ordered and disordered structures.90,96  
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Figure 1.2. Visual overview of scattering intensity I(q), composed of the form factor P(q), and structure 
factor S(q). 

 

There are, however, some challenges regarding the use of such advanced technique. 

Firstly, the measured scattering data is strictly based on the scattering intensity originating from 

electron density contrast, thereby requiring sufficient electron density contrast in the measured 

sample for appropriate data collection. For instance, solid state morphology of a diblock 

copolymer consisting of two blocks having similar chemical components may not be 

discernable with this technique. Secondly, X-ray scattering does not provide structural 

information via direct observation because the measured data resides in reciprocal space, which 

implies that spatial contrast of electron density at few nanometers to sub-micrometer distances 

occur at small angle region while distances lesser than sub-nanometers occur at wide angle 
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region. Also, the measured scattering intensity I(q) is composed of two components, the form 

factor P(q), and the structure factor S(q), as shown in Figure 1.2 and the following generalized 

equation of scattering intensity:90 

 I(q) = P(q) S(q) (2) 

This implies that structural information is only obtained from the data analysis of scattering 

data based on the principles of scattering theories. Compounded by the phase problem (shown 

in Figure 1.3), it is impossible to directly retrieve structural information from either the form 

factor or the structure factor. As a result, two data analysis approaches have been developed so 

far, which are the correlation function method and the modeling method. The correlation 

function method is considered as the classical method as many representative works100-116 have 

already been established but it is often used in a complementary manner with other microscopy 

techniques due to the limited number of structural parameters and qualitative insights it 

provides. The modeling method, also referred as fine structure method, has the potential of 

providing a greater set of detailed structural parameters and statistical information than the 

correlation function method. By specifying the shape of scatterer (form factor P(q)) and the 

positional correlation of scatterers (structure factor S(q)) via mathematical expressions based 

on scattering principles, a complete set of precise structural parameters could be obtained.  
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Figure 1.3. Conceptual representation of the phase problem present in X-ray scattering. 

 

Thus far in solid state morphological investigations, the modeling method have been 

effectively utilized in characterizing polymer thin film morphology than polymer bulk 

morphology.58-61,64,71,90-92  This is because the macroscopic dimensions of bulk state allows not 

only primary morphological features of polymers to occur (i.e. polymer crystals, phase-

separated microstructures) but also more complex structures such as spherulites and so on. This 

implies the measured scattering intensity contains structural information of more than a single 

structure, thereby raising the complexity of the theoretical model required for data analysis. In 

nanoscale thin films, however, the film thickness functions as a source of dimensional 

restriction to impose confinement effect on polymers’ chain conformation. Under such 
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circumstance, the resulting polymer morphology is defined only by the primary morphological 

features, allowing theoretical models to be more precise and statistically descriptive. In 

addition to simplifying the polymer morphology, the unique dimensions of nanoscale thin films 

have also affected the data collection to take the form of grazing incidence X-ray scattering 

(GIXS) as shown in Figure 1.4. GIXS is a unique form of X-ray scattering which takes the 

reflection geometry rather than the transmission geometry present in bulk or solution X-ray 

scattering. The term grazing and reflection geometry implies that the incident X-ray beam 

makes contact with the thin film at a low angle to increase the volume and length of X-ray’s 

path through the film.117 It effectively increases the scattering intensity by three orders of 

magnitude in comparison to the intensity measured with the thin film positioned normal to the 

X-ray beam.88 Also, the increased X-ray path indicates the measured scattering intensity is 

statistically more representative of the thin film. However, the application of such unique 

measurement geometry led to the development of new scattering theories on the basis of 

distorted-wave Born approximation (DWBA) (depicted in Figure 1.5) to accommodate the 

complex interference behavior of the incident and reflected X-ray beam.88,117-120 The new GIXS 

theory serving as the basis for the modeling method have successfully characterized polymer 

thin film morphologies. In the case of polymer thin film morphology, lamellar and hexagonal 

packed cylinder structures are the most commonly observed morphological features. The 

following section contains mathematical descriptions of the theoretically constructed models 

for the two aforementioned structures utilized throughout this dissertation: the three layer 

model and the two phase elliptical hexagonal cylinder model.  
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Figure 1.4. Reflection geometry of GIXS: an incident X-ray beam approaches the surface of polymer 
thin film at an angle αi (incidence angle) and the scattered intensity is measured by two-dimensional 
charge-coupled detector (2D CCD). αf is the exit angle of scattered X-ray with respect to the z-axis, and 
2θf is the exit angle of scattered X-ray with respect to the y-axis.  
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1.4 Grazing Incidence X-ray Scattering Theory  

 

 

Figure 1.5. Side view depicting the four major contributions of distorted-wave Born approximation 
(DWBA) in reflection geometry where ki is the wave vector of incident beam, kf is the wave vector of 
scattered beam, and q is the scattering vector: (a) the X-ray beam is scattered by the scatterer; (b) the X-
ray beam is initially reflected at the film-substrate interface and then scattered by the scatterer; (c) the 
X-ray beam is initially scattered by the scatterer and then reflected at the film-substrate interface; (d) the 
X-ray beam is initially reflected at the film-substrate interface, scattered by the scatterer, and then 
reflected at the film-substrate interface. The correlation of the four contributions to the measured 
scattering intensity is expressed in equation 3. 
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In GIXS, the scattering intensity from the structures residing inside a thin film can be 

expressed by the following scattering formula from recent reports:117-131 
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where f and 2f are the out-of-plane and in-plane exit angle of the X-ray beam from the thin 

film respectively, Im(qz) = |Im(kz,f)| + |Im(kz,i)|, Re(x) is the real part of x, t is the film thickness, 

Ri and Ti are the reflected and transmitted amplitudes of the incident X-ray beam respectively, 

and Rf and Tf are the reflected and transmitted amplitudes of the exiting  X-ray beam 

respectively. In addition, 22
|| yx qqq  , q1,z = kz,f  kz,i , q2,z =  kz,f  kz,i , q3,z = kz,f + kz,i , and 

q4,z =  kz,f + kz,i; here, kz,i is the z-component of the wave vector of the incident X-ray beam, 

which is given by i
22

Ro,i coskk  nz , and kz,f is the z-component of the wave vector of the 

exiting X-ray beam, which is given by f
22

Rof, coskk  nz , where  /2ko  ,  is the 

wavelength of the X-ray beam, nR is the refractive index of the film given by nR = 1   + i 

with dispersion  and absorption , and i is the out-of-plane grazing incident angle of the 

incident X-ray beam. qx, qy, and qz are the components of the scattering vector q. I1 is the 

scattering intensity of the structure in the film, which can be calculated kinematically. 

In equation 3, I1 is the scattered intensity from morphological structures in a film and, 

thus, can be expressed similarly to equation 2:117-136 
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 I1(q) = P(q) S(q) (4) 

 

where P(q) is the form factor describing the shape, size, and orientation of scatterers in the thin 

film, and S(q) is the structure factor describing the interscatterer correlation including the 

crystal lattice parameters, orientation, dimension, and symmetry in an ordered structure and the 

interdistance of domains.  

In the case of two phase elliptical hexagonal cylinder structure (shown in Figure 1.7), 

the form factor P(q) of a cylindrical scatterer with a length Lc and cross-section semi axes rcz 

and rcy can be expressed as the following equation:135-139 
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Finally, the expression for the two phase (coreshell) cylinder can be summarized as the 

following: 
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For the lamellar structure consisted of three layers (shown in Figure 1.6), the form 

factor P(q) can be expressed by the following equation:  
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where Lx and Ly are the length and width of lamellar structure respectively, Hinner and Houter are 

the inner and outer layer heights respectively, and inner and outer are the relative electron 

densities of the inner and outer layers respectively. matrix is the relative electron density of the 

matrix layer. For the lamellar structure, Hinner can be assigned to the layer thickness l1 of the 

first phase defined by relative electron density inner. The layer thickness l2 of the second phase 

(namely, interfacial layer thickness li) defined by relative electron density outer (= i) can be 

estimated from Hinner and Houter: l2 = li = (Houter  Hinner)/2. The third layer thickness l3 having 

the relative electron density of matrix can be obtained from the long period DL of lamellar 

structure that is extracted from the structure factor S(q): l3 = (DL  l1  2l2).  

For the form factors, all structural parameters can be further assumed to follow a Gaussian 

distribution G(A): 
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where A can be one of the parameters, A is the mean value, and σA is the standard deviation of 

A from A.  

For a paracrystalline lattice consisting of the three layers described above, the structure 

factor S(q) (the so-called interference function or lattice factor) can be determined from the 

Fourier transform of a complete set of lattice points.117-131,139-145 In a paracrystal with distortion 

of the second kind, the positions of the lattice points can only be described with a positional 

distribution function (i.e., g-factor). In the simple case where the autocorrelation function of 

the crystal lattice is given by the convolution product of the distributions of the lattice points 
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along three axes, and a normal distribution function, S(q) can be expressed by the following 

equation:139,140 
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Here g1, g2, and g3 (= g) are the components of the g-factor defined as  

 

 g1 = Δ a1 a1⁄  (13) 

 g2 = Δ a2 a2⁄  (14) 

 g3 = Δ a3 a3⁄  (15) 

 

where ak is the component of the fundamental vector a of the domain structure and ak is the 

displacement of the vector ak. And q1, q2, and q3 are the components of the scattering vector q.  

For two phase elliptical hexagonal cylinder structure, the components of q in equation 12 

are defined by 

 

 q1 = a1∙ qy + a1∙ qz = Ly × qy + 0 × qz  (16a) 

 q2 = a2∙ qy + a2∙ qz = －
1

2
∙ Ly × qy + Lz × qz  (16b) 
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q3 = a3∙ qy + a3∙ qz = －

1

2
∙ Ly × qy + －1∙ L

z
 × qz  (16c) 

 

where Ly and Lz are the lattice dimension parameters (i.e., d-spacing values) along the qy- and 

qz-direction respectively.  

For the lamellar structure composed of three layers, the components of q in equation 12 

are defined by 

 

 q1 = a1∙ qx = dx × qx  (17a) 

 q2 = a2∙ qy = dy × qy  (17a) 

 q3 = a3∙ qz = DL × qz  (17a) 

 

where dx and dy are the lattice dimension parameters (i.e., d-spacing values) along the qx- and 

qy-direction respectively, and DL is the long period along the qz-direction.  

Moreover, for a structure with a given orientation in a film, its fundamental vectors can 

be rotated and transformed by a rotation matrix. When the structure of the film is randomly 

oriented in the plane of the film but uniaxially oriented out of plane, the peak position vector 

qc of a certain reciprocal lattice point c* in the sample reciprocal lattice is given by 

 

 

qc = R ∙ c* 

qc ≡ qc,x, qc,y, qc,z  
(18) 

 

where R is a 3  3 matrix to decide the preferred orientation of the structure in the film, and 

qc,x, qc,y , and qc,z are the x, y, z components of the peak position vector qc, respectively. Using 
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equation 18, every peak position can be obtained. Because of cylindrical symmetry, the Debye-

Scherrer ring composed of the in-plane randomly oriented c* cuts an Ewald sphere at two 

positions in its top hemisphere: 2
yc,

2
xc,||c,|| qqqq   with qz = qc,z. Thus diffraction patterns 

with cylindrical symmetry are easily calculated in the q-space. It is then convenient to 

determine the preferred orientation of known structures and further to analyze anisotropic X-

ray scattering patterns. However, since q-space is distorted in GIXS by refraction and reflection 

effects, the relation between the detector plane expressed as the Cartesian coordinate defined 

by two perpendicular axes (i.e., by 2θf and f) and the reciprocal lattice points is needed. The 

two wave vectors kz,i and kz,f are corrected for refraction as i
22

Roiz, coskk  n  and 

f
22

Rofz, coskk  n  respectively. Therefore, the two sets of diffractions that result from 

the incoming and outgoing X-ray beams, and denoted by q1 and q3 respectively, are given at 

the exit angles by the following expression: 
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where i
22

Rozc, cosk/  nq . In eq 17, the positive sign denotes diffractions produced by 

the outgoing X-ray beam, and the negative sign denotes diffractions produced by the incoming 

X-ray beam. The in-plane incidence angle 2θi is usually zero, so the in-plane exit angle 2θf can 

be expressed as follow: 
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Therefore, diffraction spots detected on the detector plane in GIXS measurements can be 

directly compared to those derived using equations 18-20 from an appropriate model and thus 

analyzed in terms of the model. 

To obtain information on the orientation of the paracrystal lattice of the phase separated 

micro domain structures from GIXS data, the distribution of the orientation vector n is given 

by a function D(), where  is the polar angle between the n vector and the out-of-plane of the 

film; for example,  is zero when the n vector in the film is oriented normal to the film plane. 

To calculate the 2D GIXS patterns, D() should be represented by a numerical function. In 

relation to the distribution of the lattice orientation, D() can generally be considered as a 

Gaussian distribution: 
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where φ and σ are the mean angle and standard deviation of  from φ, respectively. The 

observed scattering intensity IGIXS,(q) is obtained by integrating IGIXS(q) over possible 

orientations of the lattice: 

 

 



 d)(GIXS,GIXS DII 



 (q)(q)  (22) 

 

The second order orientation factor Os can be defined as the following equation:142-149  
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When D() is strongly peaked around i.e. vertical alignmentcos = 1 and Os = 1. On 

the other hand, when φ = 90, cosφ = 0 and Os = 0.5. If the orientation is entirely random, 

<cos2> = 1/3 and Os = 0. Thus, Os is a measure of the orientation of nanostructures. 

 

 

Figure 1.6. Schematic representation of the three layer model mathematically constructed based on the 
scattering equations described above. 
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Figure 1.7. Schematic representations of the two phase elliptical hexagonal cylinder model 
mathematically constructed based on the scattering equations described above. 

 

 Based on the equations and formulas mentioned in this section, the three layer model 

and two phase elliptical hexagonal cylinder model were realized into functional GIXS data 

analysis programs using MATLAB software as the computation environment. The 

methodology of the modeling analysis is shown in Figure 1.8. Based on the measured 2D GIXS 

data (step 1), the appropriate choice of either the three layer or two phase elliptical hexagonal 

model is selected (step 2). By entering appropriate numerical values to the key variables 

specified in this section, the scattering intensity of the mathematical models is calculated and 

compared against the measured scattering intensity of one dimensional X-ray scattering profile 

extracted from raw 2D GIXS data (step 3). The adjustment of the values of structural 

parameters are iterated until the calculated scattering intensity matches the measured scattering 

intensity. To fully confirm the accuracy and the reliability of the structural parameter values, a 

2D scattering pattern is simulated based on the structural parameters (step 4). When the overall 

simulated 2D scattering intensity is fully generated, it is compared against the measured 2D 
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GIXS data. The adjustment of the values of structural parameters are further iterated until the 

simulated 2D scattering pattern reaches a good agreement with the measured 2D GIXS data. 

 

 

Figure 1.8. Visual overview of the methodology behind the quantitative modeling analysis via three 
layer and two phase elliptical hexagonal cylinder models (two phase elliptical hexagonal cylinder model 
shown as example).  
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1.5 Objective and Outline of the Dissertation 

Topology of a polymer describes the shape and spatial features of the polymer’s main 

chain. Ranging from linear, tadpole, cyclic, cage, star, dendritic, network, graft and beyond, 

the types and the synthesis of unique topological polymers are actively being expanded and 

refined by many research groups, as mentioned in Section 1.1. Particularly, all nonlinear 

topological polymers are defined by their vastly different physical properties such as self-

assembly behavior from conventional linear polymers. This phenomenon is a result of the 

unique spatial features impacting the chain conformation, which directly influences the 

physical properties. A systematic interpretation based on the number of chains, the number of 

chain ends, and the number of chain junctions for all types of topologies could be effective for 

understanding the polymer topology influences upon self-assembly characteristics and 

morphological properties. 

Polymer self-assembly is the physical rearrangement of polymeric chains from 

disordered state to ordered state driven by various intermolecular forces. Strategic molecular 

designs exploiting the balance of intermolecular forces to effectively promote self-assembly 

behavior are under the investigation from both the academia and the industry as it is a powerful 

bottom-up approach for developing various high performance polymer based nanotechnology 

applications. As discussed in Section 1.2, polymers offer various advantages such as easy 

fabrication processes, miniaturized nanoscale dimensions, great scalability, energy efficient 

operation, three-dimensional stacking capability, light weight, structural flexibility, 

wearability, and low-cost potential. The implementation of self-assembled polymer into 

nanotechnology applications haven’t been realized yet because miniaturization of polymer 

morphology, while maintaining long range order, is indeed difficult to achieve. In addition to 

the optimization of polymer chain length and annealing conditions, polymer topology should 

be utilized as the third variable for controlling the polymer chain behavior for the purpose of 
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achieving short domain spacing and long range order. For accurate and precise morphological 

characterization of topological polymers with quantitative structural parameters and statistical 

evaluation, synchrotron X-ray scattering technique present advantages over microscopy. 

For polymer microscopy, there are many practical challenges and limitations that hinder 

consist and precise morphological characterization as summarized in Section 1.3. The biggest 

limitation of polymer microscopy is, however, the mandatory thin film fabrication specific to 

microscopic techniques, as well as occasional addition of image enhancing agents, that may 

disrupt the natural or intended state of polymers. Synchrotron X-ray scattering, in contrast, has 

a wide flexibility of measurement conditions allowing morphological characterization under a 

variety of conditions including bulk, thin film, and solution state of polymers, and also 

accommodate many types of external factors such as temperature, atmospheric pressure, and 

mechanical stress, to perform in-situ experiments. Moreover, modern synchrotron facilities 

provide data with ångström resolution for gathering statistical and quantitative structural 

information of ordered and disordered structures.  

Despite the numerous advantages, the nature of X-ray scattering requires rather 

challenging data analysis to obtain structural parameters and statistics. Known as the phase 

problem, the principles of scattering does not allow direct transformation of the measured data 

into structural information. This have led to the development of the correlation function method 

and the modeling method, with the latter method having been utilized in many successful solid 

state thin film morphological studies. To better optimize the scattering intensity from polymer 

thin films, GIXS measurement and new scattering theories based on DWBA were developed. 

Thus far, majority of the reported polymer thin film morphology are either lamellar or 

hexagonal packed cylinder structures. The mathematical descriptions of the theoretically 

constructed models for the two aforementioned structures utilized throughout this dissertation, 

the three layer model and the two phase elliptical hexagonal cylinder model, are summarized 
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in Section 1.4. The mathematical descriptions of the two models were fully realized into 

functional modeling analysis programs using MATLAB as the computational environment.  

To achieve a fundamental comprehension of how polymer topology impacts the chain 

conformation and self-assembly behavior in thin film via synchrotron GIXS technique, the 

dissertation dives into detailed investigations on specific case studies in a systematic order as 

the following: a set of topologically complex poly(ε-caprolactone) homopolymers, a set of 

rotaxane containing poly(δ-valerolactone) homopolymers, a set of pseudo miktoarm block 

copolymers based on poly(δ-valerolactone)s macromolecular rotaxane linked to polystyrene, a 

set of cyclic and tadpole block copolyethers, a set of multicyclic and caged block copolyethers. 

The first two cases are intended as simplest examples for evaluating the impact of polymer 

topology in semi-crystalline homopolymers. The following cases are intended as more complex 

examples for addressing the impact of specific types or groups of similar topologies in various 

block copolymers. Given the specific examples of topological polymers, the novel three layer 

model and two phase elliptical hexagonal cylinder model developed in this dissertation will 

function to quantitatively analyze the nanoscale film morphologies of the polymers. Through 

the novel modeling analysis method, the effect and extent of polymer topology’s influence 

upon polymer self-assembly and morphological characteristics in thin film will be thoroughly 

evaluated. 
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The outline of this dissertation is as follows: 

 

Chapter 2 describes the nanoscale film morphologies of various poly(-caprolactone)s 

in cage shape (cg-PCL9k), star shape (st-PCL9k), cyclic shape (cy-PCL6k), and two types of 

linear shape (l-PCL3k-A and l-PCL3k -B)  through quantitative analysis of synchrotron grazing 

incidence X-ray scattering. Also, their thermal properties have been examined by 

thermogravimetry and differential scanning calorimetry. The thermal stability, the 

nonisothermal crystallization and subsequent crystal melting transitions, are found to depend 

on the polymer topologies as well as the bulkiness of joints and chain end moieties. All PCL 

polymers always form lamellar structures based on orthorhombic crystal lattice in nanoscale 

films. However, the cage-shaped and cyclic polymers form a mixture of horizontal and vertical 

lamellar structures, whereas all other counterparts form only horizontal lamellar structures. The 

structural parameters, including overall crystallinity and orientational orthorhombic crystal 

domains, are further varied by the molecular topologies as well as the bulkinesses of joints and 

end groups. This is the first quantitative investigation of thin film morphologies of topological 

PCLs via modeling analysis of GIXS. 

 

 

Figure 1.9. Schematic representations of the lamellar structures observed in the thin films of l-PCL3k-

A, l-PCL3k –B, cy-PCL6k, st-PCL9k, and cg-PCL9k. 
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Chapter 3 discusses the phase transitions and nanoscale film morphologies of poly(δ-

valerolactone) (PVL) axles bearing movable and fixed dibenzo-24-crown-8-ether wheels (rot-

M and rot-F): PVL-rot-M and PVL-rot-F. The PVL axles exhibit a strong tendency to form 

horizontal lamellar structure accompanied with three different rotational crystal lattice domains 

residing in the nanoscale films. Overall, the thin film structural parameters show the differences 

as well as the influences of the movable and fixed rotaxane wheels. Particularly, the rot-M 

wheel tended to be populated in both the interfacial and amorphous layers. The rot-M wheel 

was found to significantly influence the phase transition characteristics of PVL axle because 

of its movability along the polymer backbone chain. In contrast, the rot-F wheel tended to be 

more localized in the interfacial layer rather than in the amorphous layer because of its 

immovability constrained at the polymer chain end. The rot-F wheel caused severe instability 

in the PVL axle, which could be attributed mainly to the presence of its counter anion. This is 

the first detailed investigation of thin film morphologies of PVL polyrotaxane system as well 

as the characterization of PVL crystal lattice structure in thin film through the utilization of 

quantitative modeling analysis. 

 

 

Figure 1.10. Chemical structures, differential scanning calorimetry thermograms, and schematic 
representations of the phase-separated lamellar structures of PVL-b-PS, PVL-rot-M and PVL-rot-F. 
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Chapter 4 describes the nanoscale film morphologies of poly(δ-valerolactone) (PVL) 

axles bearing movable and ionically-fixed rotaxane wheels linked with polystyrene (rot-PS-M 

and rot-PS-F) by synchrotron grazing incidence X-ray scattering: PVL-rot-PS-M and PVL-rot-

PS-F. In addition, their thermal stabilities and phase-transition behaviors have been examined. 

PVL-rot-PS-M reveals higher thermal stability than that of PVL-rot-PS-F having ionic 

character and counter anion. The quantitative analyses of this study found that the movable 

rotaxane wheel could significantly enhance the mobilities of PVL axle and PS block, which are 

essential for their phase-separation and the PVL axle’s crystallization. With higher chain 

mobilities due to the movable rotaxane wheel, PVL-rot-PS-M always reveals much better 

performance in the formation of phase-separated PVL/PS lamellar structure as well as in the 

crystallization of PVL axle chain, compared to PVL-rot-PS-F and counter diblock copolymer. 

All morphology details, as well as thermal stability and phase transition details are discussed 

with considering the natures of movable, ionically-fixed and covalent-bonded linkers between 

PVL and PS blocks. This is the first detailed investigation of phase-separated microstructures 

of PVL-PS polyrotaxane system in nanoscale films via quantitative modeling analysis of GIXS. 

 

 

Figure 1.11. Schematic representations of the lamellar structures and orientational domains of PVL 
crystals observed in the thin films of PVL-rot-M, PVL-rot-F, and PVL-b-PS. 
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Chapter 5 examine the nanoscale film morphologies of a series of cyclic and tadpole-

shaped poly(n-decyl glycidyl ether-block-2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl 

ether)s in equivalent volume fractions, including their linear counterpart: c-PDGE-b-PTEGGE, 

tp-A-PDGE-b-PTEGGE, tp-B-PDGE-b-PTEGGE, and l-PDGE-b-PTEGGE. Due to their 

immiscibility between PDGE and PTEGGE, all polymers form nanostructures based on the 

micro-phase separations. However, the nanostructure type is highly dependent upon the 

molecular topologies. For the cyclic block copolymer film, the domain spacing reduction is 

nearly double in comparison to the linear counterpart than those predicted theoretically and 

previously reported. Even for the tadpole-shaped copolymer films, the domain spacing 

reductions are comparable to those predicted theoretically and previously reported. 

Furthermore, the cyclic and tadpole-shaped block copolymers form well-defined and oriented 

domain structures, unlike the linear counterpart. Overall, this study demonstrate that the cyclic 

and the tadpole-shaped block copolymers are highly suitable polymers for nanolithographic 

material development for producing advanced semiconductor chips with sub 10 nm half-pitch. 

This is the first detailed quantitative structural characterization of block copolymers with cyclic 

and tadpole topologies in nanoscale films via modeling analysis of GIXS. 

 

 

Figure 1.12. GISAXS raw scattering data and schematic representations of the hexagonal cylinder and 
lamellar structures of cyclic, tadpole, and linear block copolymers in the thin films. 
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Chapter 6 describes the nanoscale film morphologies of a series of four different 

bicyclic block copolymers based on poly(n-decyl glycidyl ether) and poly(2-(2-(2-

methoxyethoxy)ethoxy)ethyl glycidyl ether) blocks in equivalent volume fractions with respect 

to their bicyclic topologies: Bicycle-A, B, C, and D. The quantitative synchrotron grazing 

incidence X-ray scattering characterization has found that all topological bicyclic copolymers 

generate phase-separated nanostructures. The morphological types and structural parameters 

of the nanostructures are highly dependent on the molecular topologies. Bicycle-A, which 

consist of two different homoblock-based rings, favorably forms hexagonal cylindrical 

nanostructure while Bicycle-B, C, and D, which contain diblock-based rings, form lamellar 

nanostructures. Interestingly, all bicyclic copolymers demonstrate nanostructures with 

significantly reduced domain spacings compared to the linear counterpart. The results 

collectively suggest that the bicyclic block copolymer approach is highly suitable to develop 

high performance nanolithographic materials which are highly demanded for the production of 

future advanced semiconductor chips with smaller pitches. This is the first quantitative 

morphological investigation of bicyclic block copolymers in nanoscale films through the 

utilization of modeling analysis. 

 

 

Figure 1.13. GISAXS raw scattering data and schematic representations of the hexagonal cylinder and 
lamellar structures of the four types of bicyclic block copolymers in the thin films. 
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Chapter 7 discusses the nanoscale film morphologies of a series of tricyclic heteroblock 

copolymers based on poly(n-decyl glycidyl ether) and poly(2-(2-(2-

methoxyethoxy)ethoxy)ethyl glycidyl ether) blocks in equivalent volume fractions: Tricycle-

A, B, and C. The morphological features have been identified and parameterized via 

synchrotron grazing incidence X-ray scattering analysis. All tricyclic copolymer films are 

amorphous but reveal phase-separated lamellar nanostructures. The nanostructure reveals 

variations in the dimensional parameters, orientation, and positional stability depending upon 

the molecular topologies. In particular, all nanostructures exhibit sub 10 nm domain spacings, 

which are remarkably smaller than that of the linear counterpart. These exceptionally smaller 

domain spacings are evident that the tricyclic heteroblock copolymer approach is a most 

efficient way to develop high performance nanolithographic materials being demanded 

seriously for the production of future advanced semiconductor chips with pitches of 10 nm or 

less. This is the first quantitative morphological characterization of tricyclic block copolymers 

in nanoscale films via modeling analysis of GIXS. 

 

 

Figure 1.14. Chemical structures, GISAXS raw scattering data and schematic representations of the 
lamellar structures of the three types of tricyclic block copolymers in the thin films. 
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 Chapter 8 describes the nanoscale film morphology details of cage-shaped heteroblock 

copolymers in three different topologies (Cage-A, B, and C) have been investigated for the first 

time by using synchrotron grazing incidence X-ray scattering. For all cage copolymers, the 

individual block components could not assemble at room temperature as crystallites, revealing 

amorphous natures. Nevertheless, they all exhibit phase-separated nanostructures. Their types 

and structural parameters are varied depending on the cage topologies. Very interestingly, all 

nanostructures show domain spacings ranged in 6.5010.85 nm. These domain spacings are 

only 25.545.2 % of that of the linear block copolymer counterpart. Overall, this study has 

demonstrated that the cage-shaped heteroblock copolymer approach is a very efficient route to 

produce nanostructure with significantly reduced domain spacing. This is the first detailed 

investigation of phase-separated nanostructures formed by cage block copolymers in nanoscale 

films through quantitative modeling analysis. 

 

 

Figure 1.15. Chemical structures, GISAXS raw scattering data and schematic representations of the 
hexagonal cylinder and lamellar structures of the three types of cage shape block copolymers in the thin 
films. 
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Chapter 9 summarizes the effect and extent of polymer topology’s impact on self-

assembly behavior and thin film morphology of homopolymers and block copolymers. 
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2.1 Introduction 

Nanoscale cages are attractive to academia and industry because of their potential 

applications such as capsules, carriers, templates, reactors, and so on.1-5 In general, they can be 

prepared in two different ways: (i) self-assembly of molecules1,2,6-14 and (ii) molecular cage 

formation via chemical synthesis.3-5,15-17  

The self-assembly approach has been practiced in various ways so far; as a result, a 

number of physically assembled cages have been reported, which behave various sizes, 

topologies, and functionalities.1,2,6-14 However, physically assembled cages are known to be 

sensitively changed their dimension and stability depending on external environmental 

conditions such as pH, temperature, solvent nature, and other chemical ingredients. Much 

research effort has also been made on molecular cages because of great challenges in the 

synthesis and higher stability to external condition variations, but mainly limited to small 

organic molecule-based cages.3-5,15-18 The synthetic approach has been extended to develop 

macromolecular cages. Even though difficulties in the synthesis and purification, several 

macromolecular cages have been reported, which are based on polytrahydrofuran,19-23 

polystyrene,24-26 poly(-caprolactone),27 and poly(n-decyl glycidyl ether-block-2-(2-(2-

methoxyethoxy)ethoxy)ethyl glycidyl ether).28 However, understanding of these interesting 

macromolecular cages in the aspects of morphology and properties is in very early stages. 

In this chapter, the nanoscale film morphology details of cage-shaped crystallizable 

poly(-caprolactone) and its star-shaped, single cyclic, and linear counterparts have been 

investigated for the first time using synchrotron grazing incidence X-ray scattering (GIXS). In 

addition, their thermal properties are investigated by using thermogravimetry (TGA) and 

differential scanning calorimetry (DSC). 
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Figure 2.1. Chemical structures of cage-shaped poly(-caprolactone) and its star-shaped, single cyclic, 
and linear counterparts. 
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Table 2.1. Fundamental characteristics of cage-shaped poly(-caprolactone) and its star-
shaped, single cyclic, and linear counterparts  

Polymer Mn,NMR
a Mn,SEC

b Đc 
Td, 5

d 
(°C) 

cg-PCL9k 10600 11900 1.08 375.0 

st-PCL9k 10600 14700 1.05 377.1 

cy-PCL6k 6500 8500 1.08 375.7 

l-PCL3k-A 3800 7300 1.09 370.6 

l-PCL3k-B 3300 5500 1.06 369.5 

aNumber-average molecular weight determined in CDCl3 by 1H NMR spectroscopy analysis. bNumber-
average molecular weight determined by size exclusion chromatography (SEC) in THF using polystyrene 
standards. cDispersity determined by SEC in THF using polystyrene standards. dTemperature at which 5.0 
wt % weight loss occurred under nitrogen atmosphere and temperature ramping rate of 10 °C min-1.  
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2.2 Experimental Section 

Cage-shaped poly(-caprolactone) (cg-PCL9k) and its star-shaped (st-PCL9k), single 

cyclic (cy-PCL6k), and linear (l-PCL3k-A and l-PCL3k-B) counterparts were synthesized 

according to the methods reported previously in the literature;27 Their molecular characteristics 

are listed in Table 2.1.  

TGA and DSC analyses were carried out with a rate of 10.0 C min-1 under nitrogen 

atmosphere using Hitachi instruments (model STA7200 and model DSC7020, Hitachi 

Instrument, Tokyo, Japan). 

For the individual topological polymers, solutions with a concentration of 0.5 wt% were 

prepared in tetrahydrofuran and filtrated with polytetrafluoroethylene filter membranes (0.2 

m pore size). Each solution was spin-cast onto silicon substrates and then followed by drying 

in vacuum at room temperature for 24 h, giving 100120 nm thick films. The film thicknesses 

were measured by using a spectroscopic ellipsometer (Model M-2000, Woollam, Lincoln, NE, 

USA). The films were kept at room temperature in a drying chamber before use.  

All GIXS measurements were carried out with a two-dimensional (2D) charge-coupled 

detector (CCD) (model Rayonix 2D SX 165, Rayonix, Evanston, IL, USA) at the 3D Beamline 

of the PLS-II facility (3.0 GeV power, 400 mA), Pohang Accelerator Laboratory, Pohang, 

Korea.29 An X-ray beam with a wavelength λ of 0.12296 nm was chosen and used; an incidence 

angle i was set in the range of 0.1240–0.1400 with respect to the film plane. Small angle 

grazing incidence X-ray scattering (GISAXS) measurements were conducted at a sample-to-

detector distance (SDD) of 2926.0 or 2947.1 mm, whereas wide angle grazing incidence X-ray 

scattering (GIWAXS) measurements were performed at SDD = 209.0 or 210.9 mm. The 

scattering data collection time ranged in 1030 s. All scattering measurements were conducted 

at room temperature. The scattering angles were corrected by using a precalibrated polystyrene-

block-poly(ethylene-random-butylene)-block-polystyrene and silver behenate standards 
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(Tokyo Chemical Inc., Tokyo, Japan) were employed; the positions of the X-ray beams 

reflected from the silicon substrate were used additionally. 

 

 

Figure 2.2. TGA and DSC thermograms of PCLs in various topologies, which were measured at a 

rate of 10.0 C min-1 under nitrogen atmosphere: (a-e) TGA thermograms; (f-j) DSC thermograms. 
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Table 2.2. Thermal characteristics of cage-shaped poly(-caprolactone) and its star-shaped, 
single cyclic, and linear counterparts  

Polymer 
Tc

a 
(°C) 

-ΔHf,c
b 

(J g-1) 
Xc,c

c 
(%) 

Tm1
d 

(°C) 
Tm2

e 
(°C) 

ΔHf,m1
f 

(J g-1) 
ΔHf,m2

g 
(J g-1) 

-ΔHf,m
h 

(J g-1) 
Xc,m1

i 
(%) 

Xc,m2
j 

(%) 
Xc,m

k 
(%) 

cg-PCL9k 

 
26.9 

 
79.8l 

(75.3)m 
57.1n 

(54.0)o 
50.3 

 
56.1 

 
43.3l 

(40.9)m 
36.7l 

(34.6)m 
80.0l 

(75.5)m 
31.0n 

(29.3)o 
26.3n 

(24.8)o 
57.3n 

(54.1)o 

st-PCL9k 

 
24.8 

 
87.5 

(81.4) 
62.8 

(58.4) 
48.7 

 
54.9 

 
43.7 

(40.7) 
46.3 

(43.0) 
90.0 

(83.7) 
31.4 

(29.2) 
33.1 

(30.8) 
64.5 

(60.0) 

cy-PCL6k 

 
18.6 

 
64.8 

(64.0) 
46.5 

(45.9) 
44.3 

 
49.9 

 
24.7 

(24.3) 
38.3 

(37.9) 
63.0 

(62.2) 
17.7 

(17.5) 
27.5 

(27.1) 
45.2 

(44.6) 

l-PCL3k-A 
 

30.7 
 

89.7 
(86.5) 

64.3 
(62.0) 

52.1 
 

54.4 
 

65.7 
(63.4) 

21.2 
(20.4) 

86.9 
(83.8) 

47.1 
(45.5) 

15.2 
(14.6) 

62.3 
(60.1) 

l-PCL3k-B 
 

18.7 
 

92.7 
(89.0) 

65.5 
(63.8) 

43.2 
 

46.4 
 

62.3 
(59.8) 

34.2 
(32.8) 

96.5 
(92.6) 

44.7 
(42.9) 

24.5 
(23.5) 

69.2 
(66.4) 

aCrystallization temperature of the PCL part determined from the peak maximum of the exothermic 
crystallization transition measured by differential scanning calorimetry (DSC) analysis under nitrogen 
atmosphere and a temperature ramping rate of 10 °C min-1. bHeat of fusion generated from the crystallization 
transition. cCrystallinity estimated from the heat of fusion of crystallization assuming ΔHc

∘ = 139.5 J g-1 for 
ideal PCL crystal. dCrystal melting temperature 1 of PCL determined from the maximum of the endothermic 
crystal melting peak 1. eCrystal melting temperature 2 of PCL determined from the maximum of the 
endothermic crystal melting peak 2. fHeat of fusion estimated from the crystal melting peak 1. gHeat of fusion 
estimated from the crystal melting peak 2. hTotal heat of fusion estimated from the crystal melting peak of 
only PCL part. iCrystallinity 1 estimated from the heat of fusion of the crystal melting peak 1 under assuming 
ΔHm

∘ = −ΔHc
∘  for ideal PCL crystal.  jCrystallinity 2 estimated from the heat of fusion of the crystal melting 

peak 2 under assuming ΔHm
∘  for ideal PCL crystal. kOverall crystallinity estimated from the total heat of 

fusion of the crystal melting peaks under assuming ΔHm
∘  for ideal PCL crystal. lHeat of fusion of only PCL 

part estimated from the phase transition. mHeat of fusion estimated from the phase transition with respect to 
the total weight of polymer sample. nCrystallinity of only PCL part estimated from the heat of fusion of the 
phase transition. oCrystallinity estimated from the heat of fusion of the phase transition with respect to the 
total weight of polymer sample.  

 

2.3 Results and Discussion 

2.3.1 Thermal Stability and Phase Transitions 

All PCL polymers reveal single-step degradation behaviors regardless of the topologies, 

as shown in Figure 2.2a-e. However, the degradation temperature is found to vary slightly with 

the topologies. The temperature occurring the first 5% mass loss (Td,5) is 370.6 C for l-PCL3k-

A, 369.5 C for l-PCL3k-B, 375.7 C for cy-PCL6k, 377.1 C for st-PCL9k, and 375.0 C for cg-

PCL9k (Table 2.1). The caged and cyclic polymers show ca. 5 C higher stability, compared to 
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the linear counterparts. These results are evident for the effects of cage and cyclic topologies, 

which could originate from the absence of chain ends. Surprisingly, the star-shaped polymer 

also reveals ca. 7 C higher stability than do the linear counterparts although having three chain 

ends. In fact, such the three end groups are capped by norbornyl group, as illustrated in the 

chemical structure in Figure 2.1. Taking this fact into account, the higher stability of the star-

shaped polymer could be attributed to the capped chain ends rather than the topology effect. 

Figure 2.2f-j display representative phase-transition behaviors of the topological PCL 

polymers in cooling run from melt and subsequent heating run. The obtained phase-transition 

parameters (heat of fusion, crystallization temperature at the peak maximum, crystal melting 

temperature at the peak maximum, and crystallinity) are summarized in Table 2.2. In the 

cooling run with a rate of 10 C min-1 from the melt, the individual topological polymers reveal 

exothermic single peaks due to favorable self-assemblies (i.e., crystallizations) of the -

caprolactone (CL) repeating units. These single exotherms provide key features on the 

nonisothermal crystallization nature of PCL as follows. 

First, the sharpness (i.e., broadness) of nonisothermal crystallization exothermic peak 

is in the increasing order: st-PCL9k << l-PCL3k-B < l-PCL3k-A << cy-PCL6k < cg-PCL9k. These 

results inform that cg-PCL9k tends to undergo crystallization in a relatively much narrower 

period of temperature and time, compared to all other counterparts. cy-PCL6k tends to 

crystallize in a slightly wide period of temperature and time than cg-PCL9k but still in a 

narrower period of temperature and time in comparison to the linear and star-shaped 

counterparts. Even among the linear counterparts, the single-block l-PCL3k-A behaves 

crystallization with a relatively narrow period of temperature and time, compared to the two-

block l-PCL3k-B. st-PCL9k undergoes crystallization over the relatively widest range of 

temperature and time.  
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Second, the peak maximum temperature (Tc) of nonisothermal crystallization exotherm 

is in the increasing order:  st-PCL9k < l-PCL3k-B << cy-PCL6k < cg-PCL9k << l-PCL3k-A. Except 

l-PCL3k-A, the increasing order of Tc resembles that of the crystallization peak sharpness, 

suggesting that narrower crystallization transition is directly related to higher crystallization 

temperature. These results inform again that cg-PCL9k and cy-PCL6k in the geometrical 

compactness and endless nature crystallize more favorably, compared to the two-block linear 

and star-shaped counterparts. Considering merits due to the geometrical compactness and 

endless nature, one may expect lower Tc for l-PCL3k-A, compared to those of cg-PCL9k and cy-

PCL6k. Surprisingly, l-PCL3k-A, however, reveals the highest Tc even though the relatively 

broader crystallization transition. This unexpected result might be attributed to its rather less 

bulky end groups. l-PCL3k-A owns an oxypropylenylphenyl group (which originated from the 

used initiator in the polymerization) at one end and a hydroxyl group at the other end. In 

comparison, cg-PCL9k has one joint based on three exo-norbornenes and another joint based on 

trimethylolpropane, whereas cy-PCL6k owns one joint based on two exo-norbornenes and 

another joint based on 2,2-diethyl-1,3-propanediol. Such joints are bulkier than the end groups 

of l-PCL3k-A. The bulky joint parts may cause somewhat retardation in the crystallization, 

consequently lowering Tc. In the case of l-PCL3k-B, the 2,2-diethyl-1,3-propanediol based 

linker is present in addition to two hydroxyl end groups. Also, its divided blocks have a 

molecular weight which is a half of that of l-PCL3k-A. These two factors may work out together, 

causing a certain level of reduction in Tc. 

Finally, the heat of fusion of nonisothermal crystallization transition (ΔHf,c) as well as 

the resulting crystallinity (Xc,c) is in the increasing order: st-PCL9k < cg-PCL9k < cy-PCL6k < l-

PCL3k-A < l-PCL3k-B. These are evidences that the geometrical compactness and endless nature 

could not be highlighted as positive merits in ΔHf,c and Xc,c. These unexpected results may also 

be attributed to the bulkier joints in cg-PCL9k < cy-PCL6k, which override the merits of such 
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molecular compactness and endless nature. In particular, the bulky joints may cause defects on 

the top and bottom surfaces of growing and resultant crystals. 

In the heating run with a rate of 10 C min-1 just after the cooling run, all PCL polymers 

exhibit crystal melting endothermic thermograms. Surprisingly, cg-PCL9k shows clearly two 

crystal melting peaks rather than a single melting peak; one peak appears at 50.3 C (= Tm1, 

crystal melting temperature 1) and another peak appears at 56.1 C (= Tm2, crystal melting 

temperature 2). More interestingly, similar two crystal melting behaviors are observed for all 

other counterparts even including l-PCL3k-A and l-PCL3k-B. These two crystal melting 

endothermic behaviors provide additional key information on the nonisothermal crystallization 

of PCL and the resulting crystals below. 

First, Tm1 is in the increasing order: l-PCL3k-B < st-PCL9k < cy-PCL6k < cg-PCL9k < l-

PCL3k-A.  Except for l-PCL3k-B, the increasing order of Tm1 in the heating run resembles that 

of Tc in the cooling run. These results inform that the crystallization histories are directly 

reflected into the melting behaviors of the resulting crystals. The lower Tm1 of l-PCL3k-B may 

be mainly attributed to the block chain lengths that are just a half of those of the other 

counterparts. 

Second, the heat of fusion of the crystal melting 1 (ΔHf,m1), as well as its crystallinity 

(Xc,m1), is in the increasing order: st-PCL9k < cg-PCL9k < cy-PCL6k < l-PCL3k-B < l-PCL3k-A. 

Except for l-PCL3k-B, the increasing orders of ΔHf,m1 and Xc,m1 resembles those of ΔHf,c and 

Xc,c in the cooling run. These confirm again that the crystallization histories are directly 

reflected into the melting behaviors of the resulting crystals. The larger ΔHf,m1 and Xc,m1 of l-

PCL3k-B may originate mainly from a more favorable crystallization ability of the relatively 

shorter block chains; such better crystallization power may stand on its proper chain mobility 

required in the crystallization.  
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Third, Tm2 is in the increasing order: l-PCL3k-B < st-PCL9k < l-PCL3k-A < cy-PCL6k < 

cg-PCL9k. This increasing order of Tm2 is quite different from those of Tm1 and Tc. The 

geometrical compactness and endless nature of cg-PCL9k as well as cy-PCL6k are clearly 

highlighted in the crystal melting transition peak 2. 

Fourth, the heat of fusion of the crystal melting 2 (ΔHf,m2) as well as its crystallinity 

(Xc,m2), is in the increasing order: l-PCL3k-A < l-PCL3k-B <  cg-PCL9k < st-PCL9k < cy-PCL6k. 

These trends are different from those of ΔHf,m1 and Xc,m1 as well as ΔHf,c and Xc,c. These results 

suggest that the geometrical compactness and endless nature are beneficial, providing larger 

ΔHf,m2 and higher Xc,m2. Here it is noted that even star-shaped geometry makes great positive 

impact to the formation of the PCL crystal 2, exhibiting larger Hf,m2 and higher Xc,m2 than those 

of cg-PCL9k. It is additionally noteworthy that cy-PCL6k reveals larger ΔHf,m2 and higher Xc,m2 

than those of cg-PCL9k. The relatively lower ΔHf,m2 and smaller Xc,m2 of cg-PCL9k may be 

caused by its bulkier joints that play negative roles in the crystallization. 

Fifth, the gap between Tm1 and Tm2, as well as the difference between ΔHf,m1 and ΔHf,m2, 

is in the increasing order: l-PCL3k-A < l-PCL3k-B < st-PCL9k < cg-PCL9k < cy-PCL6k. These 

results additionally highlight the impacts of molecular compactness and endless nature on the 

PCL crystals formed through the nonisothermal crystallization. 

Sixth, the total heat of fusions of the crystal meltings (ΔHf,m) as well as the overall 

crystallinity (Xc,m) is in the increasing order: st-PCL9k < cg-PCL9k < l-PCL3k-A < cy-PCL6k < l-

PCL3k-B. These results collectively inform that the ΔHf,m and Xc,m of PCL are influenced by at 

least several factors such geometrical topology, the presence and absence of end groups, the 

bulkiness of end groups, the bulkiness of joint linkers, and chain length.     

Finally, all PCL polymers exhibit single crystallization exothermic peaks in the cooling 

runs but two crystal melting endothermic peaks in the subsequent heating runs, as described 

above. Here one question arises: Why do they all reveal two crystal melting endotherms? For 
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cg-PCL9k, slower cooling run from the melt state causes higher Tc, leading to higher Tm1 in the 

subsequent heating run (Figure 2.4a). Consequently, the temperature changing rate influences 

significantly both Tc and Tm1; namely, Tc is highly correlated to Tm1. When the cage polymer 

undergoes crystallization with slower cooling rate, ΔHf,m1 becomes larger, whereas ΔHf,m2 

becomes lower. Moreover, the difference between Tm1 and Tm2 becomes smaller with slower 

cooling rate. Interestingly, it is, however, found that Tm2 is independent from the temperate 

changing rates in the cooling and subsequent heating runs. Similar trends are observed for all 

other counterparts (Figures 2.3a-e). These results collectively inform the followings. The 

appearance of Tm1 (i.e., crystal melting peak 1) is attributed to the melting phase transition of 

the PCL crystals formed during the cooling run from the melt. The crystal melting peak 2 (i.e., 

Tm2) is originated from the melting phase transition of the PCL crystal parts more ordered (i.e., 

annealed) during the subsequent heating run.  

Overall, the geometrical compactness and endless nature of cg-PCL9k provides 

significant advantages in the crystallization of PCL chain. Such effects are also observed in the 

crystallization of cy-PCL6k. In contrast, the star-shaped geometry of st-PCL9k causes severe 

demerit in the crystallization. The bulkinesses of joint and end group additionally cause a 

certain level of retardation in the PCL crystallization and defects in the resulting crystals.  
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Figure 2.3. DSC thermograms of PCLs in various topologies, which were measured by cooling from 
the melt state and subsequent heating with various rates under nitrogen atmosphere: (a-1 to a-4) cg-
PCL9k; (b-1 to b-4) st-PCL9k; (c-1 to c-4) cy-PCL6k; (d-1 to d-4) l-PCL3k-A; (e-1 to e-4) l-PCL3k-B.  

 

2.3.2. Nanoscale Film Morphologies 

Figures 2.4a presents a representative of the 2D GISAXS images in scattering angle 

space measured from nanoscale films (100120 nm thick) of cg-PCL9k. The scattering image 

reveals only single broad peak along the meridian line as well as along the equatorial line; but 

the scattering intensity of such single peak is much stronger along the meridian line. The 

appearance of such single scattering peaks suggests that a mixture of horizontally- and 

vertically-oriented lamellae are present in the film. Thus, one-dimensional (1D) scattering 

profiles have been extracted along the meridian and equatorial lines and attempted to be 

analyzed in detail. As displayed in Figures 2.5d-e, the extracted 1D scattering profiles are 

satisfactorily fitted by using the GIXS formula derived with three layer model; the visual 

representation of the model is shown in Figure 2.4 and the formula detail is given in Section 

1.4 of Chapter 1. Azimuthal scattering profile has additionally been extracted at q = 0.509 nm-
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1 from the scattering vector space image (i.e., q-space image) in Figure 2.5c and then analyzed 

well (Figure 2.5f); here, the magnitude of scattering vector q is defined by q = (4/)sin(2/2) 

where 2 is the scattering angle. All determined structural parameters are summarized in Table 

2.3.  

In the film, cg-PCL9k is determined to form horizontal lamellar structure as the major 

structural component (98 vol%) and vertical lamellar structure as the minor component (2 

vol%). The horizontal structure is characteristic of revealing a long period L of 12.4 nm (which 

consists of a crystalline layer lc of 2.7 nm, an interfacial layer li of 3.0 nm, and an amorphous 

layer la of 3.3 nm), a positional distortion factor g of 0.23, and a second order orientation factor 

Os of 0.901. Similar structural parameters are observed for the vertical lamellar structure. 

However, the vertical lamellar structure exhibits slightly smaller dimensional parameters and 

larger g factor, and Os = -0.474. In comparison, the horizontal lamellar structure behaves higher 

dimensional stability. With the determined structural parameters, a 2D scattering image is 

reconstructed using the GIXS formula, as shown in Figure 2.5b. The reconstructed image is in 

good agreement with the measured scattering pattern, again confirming that the scattering data 

have been analyzed successfully.  
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Figure 2.4. Three layer model utilized in this chapter for describing the lamellar structures formed by 
topological PCL homopolymers: (a) 3D representation of Inner and Outer Layers with the orientation 
vector n1 and polar angle φ1 between n1 and the xy plane (parallel to the film); (b) 2D representation of 
three layer model where the inner layer corresponds to the crystalline layer, outer layer corresponds to 
the interfacial layer, and grey layer corresponds to the amorphous layer; (c) electron density profile of 
the three layer model indicating the highest electron density for the crystalline layer, second highest 
electron density for the interfacial layer, and the lowest electron density for the amorphous layer. 
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Figure 2.5. Representative scattering data of cg-PCL9k films (119.5 nm thick) measured with αi = 
0.1250 and SDD = 2926.0 mm at room temperature using a synchrotron X-ray beam (λ = 0.12296 nm): 
(a) 2D GISAXS image in scattering angle space; (b) 2D scattering image reconstructed with the 
determined structural parameters obtained from the analysis of the scattering image in (a); (c) 2D 
GISAXS image in scattering vector space obtained from the data in (a); (d) out-of-plane scattering 
profile extracted along the meridian line at 2θf = 0.159° from the scattering images in (a); (e) in-plane 
scattering profile along the equatorial line at αf = 0.155° from the data in (a); (f) azimuthal scattering 
profile of the annealed film extracted at q = 0.509 nm-1 from the data in (c). In (d) and (e), the open 
circles represent the measured data and the red solid lines were obtained by fitting the data using the 
GIXS formula driven with lamellar structure model. In (f), the open circles represent the measured data 
and the red solid lines represent the sum of horizontal lamella peak (blue line), vertical lamella peaks 
(green lines), parasitic scattering peak from reflected incident beam (pink line), and Yoneda peaks 
(orange lines) which were obtained by the deconvolutions of the measured data. 
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Table 2.3 Structural parameters of thin film morphologies of topological PCL homopolymers 
determined by GISAXS Analysis 

Polymer  cg-PCL9k  st-PCL9k  cy-PCL6k  l-PCL3k-A  l-PCL3k-B 

Morphology 
 horizontal 

lamella 
vertical 
lamella 

 
horizontal 

lamella 
vertical 
lamella 

 
horizontal 

lamella 
 

horizontal 
lamella 

 
horizontal 

lamella 

ϕL
a

 (%) 98 2  97 3  100  100  100 

Lb (nm) 12.4 11.1  11.8 11.0  11.9  11.7  11.0 

lc
c (nm) 2.7 2.6  2.1 2.0  3.3  3.5  3.2 

li
d (nm) 3.0 2.7  3.1 2.9  2.6  2.4  2.7 

la
e (nm) 3.3 3.1  3.5 3.3  3.4  3.4  2.4 

σc
f (nm) 1.0 1.1  1.0 0.9  0.6  0.7  0.8 

σi
g (nm) 1.1 1.3  1.3 1.2  0.4  0.5  0.5 

gh 0.23 0.33  0.28 0.36  0.09  0.10  0.11 

φ1
i (deg.) 0 90  0 89  0  0  0 

𝜎
j (deg.) 13.00 7.56  10.35 3.54  11.40  10.90  11.40 

Os,1
k 0.901 -0.474  0.923 -0.493  0.929  0.922  0.929 

aVolume fraction of the lamellar structure in either horizontal or vertical orientation determined from 
azimuthal scattering profiles. bLong period of lamellar structure. cThickness of the crystalline layer in the 
phase-separated lamellar structure. dThickness of interfacial layer between crystalline and amorphous layers. 
eThickness of the amorphous layer. fStandard deviation for the crystalline layer. gStandard deviation for the 
interfacial layer. hParacrystal distortion factor along the direction parallel to the long period of lamellar 
structure. iMean value of the polar angle φ1 (i.e., orientation angle) between the orientation vector n1 (which 
is set parallel to the axis of the long period of lamellar structure) and the out-of-plane direction of the film. 
jStandard deviation for the orientation angle φ1 of the lamellar structure. kSecond order orientation factor of 
lamellar structure. 

 

Figures 2.6a presents a representative GISAXS image in scattering angle space of st-

PCL9k films (100120 nm thick). The 2D scattering pattern resembles that of the cg-PCL9k film. 

Its out-of-plane and in-plane scattering profiles are satisfactorily fitted by using the GIXS 

formula of lamellar structural model (Figures 2.6d-e). An azimuthal scattering profile, which 

has been extracted at q = 0.511 nm-1 from the q-space image, is analyzed in detail, as displayed 

in (Figure 2.6f; Figure 2.6c). The analysis results are compared with those of the cg-PCL9k film 

in Table 2.3. The 2D scattering image, which is reconstructed with the determined structural 
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parameters, is consistent with the measured one, confirming that the scattering data analysis 

has been done successfully (Figure 2.6b; Figure 2.6a).   

The analysis has found that st-PCL9k forms a mixture of horizontal and vertical lamellar 

domains in such nanoscale film as observed in the cage-shaped counterpart. The volume 

fractions of horizontal and vertical lamellar structures are 98 % and 2 %, respectively. The 

horizontal structure shows slightly larger dimensional parameters (L, lc, li, and la) and more 

stable positional ordering but lower orientational order, compared to those of the vertical 

structure. 

Similar scattering images have been measured for the nanoscale films (100120 nm thick) 

of cy-PCL6k, l-PCL3k-A, and l-PCL3k-B. They have been quantitatively analyzed in the same 

manner as done for those of the cg-PCL9k and st-PCL9k films (Figures 2.7, 2.8, and 2.9). The 

analysis results are summarized in Table 2.3.  

cy-PCL6k reveals only horizontal lamellar structure in the nanoscale film. The lamellar 

structure is characteristic to exhibit much higher positional stability and better orientational 

order which are associated with thicker crystalline layer thickness and thinner interfacial 

thickness, compared to those of the cage-shaped counterpart. However, the long period is 

slightly smaller and the amorphous layer thickness is slightly thicker. Similar structural 

characteristics are observed for l-PCL3k-A and l-PCL3k-B. 
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Figure 2.6. Representative scattering data of st-PCL9k films (105.3 nm thick) measured with αi = 
0.1240 and SDD = 2926.0 mm at room temperature using a synchrotron X-ray beam (λ = 0.12296 nm): 
(a) 2D GISAXS image in scattering angle space; (b) 2D scattering image reconstructed with the 
determined structural parameters obtained from the analysis of the scattering image in (a); (c) 2D 
GISAXS image in scattering vector space obtained from the data in (a); (d) out-of-plane scattering 
profile extracted along the meridian line at 2θf = 0.159° from the data in (a); (e) in-plane scattering 
profile along the equatorial line at αf = 0.135° from the data in (a); (f) azimuthal scattering profile 
extracted at q = 0.511 nm-1 from the data in (c). In (d) and (e), the open circles represent the measured 
data and the red solid lines were obtained by fitting the data using the GIXS formula driven with lamellar 
structure model. In (f), the open circles represent the measured data and the red solid lines represent the 
sum of horizontal lamella peak (blue line), vertical lamella peaks (green lines), parasitic scattering peak 
from reflected incident beam (pink line), and Yoneda peaks (orange lines) which were obtained by the 
deconvolutions of the measured data. 
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Figure 2.7. Representative scattering data of cy-PCL6k films (115.8 nm thick) measured with αi = 
0.1240 and SDD = 2926.0 mm at room temperature using a synchrotron X-ray beam (λ = 0.12296 nm): 
(a) 2D GISAXS image in scattering angle space; (b) 2D scattering image reconstructed with the 
determined structural parameters obtained from the analysis of the data in (a); (c) 2D GISAXS image in 
scattering vector space obtained from the data in (a); (d) out-of-plane scattering profile extracted along 
the meridian line at 2θf = 0.159° from the data in (a); (e) in-plane scattering profile along the equatorial 
line at αf = 0.201° from the data in (a); (f) azimuthal scattering profile extracted at q = 0.548 nm-1 from 
the data in (c). In (d) and (e), the open circles represent the measured data and the red solid lines were 
obtained by fitting the data using the GIXS formula driven with lamellar structure model. In (f), the 
open circles represent the measured data and the red solid lines represent the sum of horizontal lamella 
peak (blue line), vertical lamella peaks (green lines), parasitic scattering peak from reflected incident 
beam (pink line), and Yoneda peaks (orange lines) which were obtained by the deconvolutions of the 
measured data. 
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Figure 2.8. Representative scattering data of l-PCL3k-A films (112.2 nm thick) measured with αi 
= 0.1240 and SDD = 2926.0 mm at room temperature using a synchrotron X-ray beam (λ = 0.12296 
nm): (a) 2D GISAXS image in scattering angle space; (b) 2D scattering image reconstructed with 
the determined structural parameters obtained from the analysis of the data in (a); (c) 2D GISAXS 
image in scattering vector space obtained from the data in (a); (d) out-of-plane scattering profile 
extracted along the meridian line at 2θf = 0.159° from the data in (a); (e) in-plane scattering profile 
along the equatorial line at αf = 0.201° from the data in (a); (f) azimuthal scattering profile extracted 
at q = 0.540 nm-1 from the data in (c). In (d) and (e), the open circles represent the measured data 
and the red solid lines were obtained by fitting the data using the GIXS formula driven with lamellar 
structure model. In (f), the open circles represent the measured data and the red solid lines represent 
the sum of horizontal lamella peak (blue line), vertical lamella peaks (green lines), parasitic 
scattering peak from reflected incident beam (pink line), and Yoneda peaks (orange lines) which 
were obtained by the deconvolutions of the measured data. 
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Figure 2.9. Representative scattering data of l-PCL3k-B films (112.2 nm thick) measured with αi = 
0.1240 and SDD = 2926.0 mm at room temperature using a synchrotron X-ray beam (λ = 0.12296 nm): 
(a) 2D GISAXS image in scattering angle space; (b) 2D scattering image reconstructed with the 
determined structural parameters obtained from the analysis of the data in (a); (c) 2D GISAXS image in 
scattering vector space obtained from the data in (a); (d) out-of-plane scattering profile extracted along 
the meridian line at 2θf = 0.160° from the data in (a); (e) in-plane scattering profile along the equatorial 
line at αf = 0.182° from the data in (a); (f) azimuthal scattering profile extracted at q = 0.586 nm-1 from 
the data in (c). In (d) and (e), the open circles represent the measured data and the red solid lines were 
obtained by fitting the data using the GIXS formula driven with lamellar structure model. In (f), the open 
circles represent the measured data and the red solid lines represent the sum of horizontal lamella peak 
(blue line), vertical lamella peaks (green lines), parasitic scattering peak from reflected incident beam 
(pink line), and Yoneda peaks (orange lines) which were obtained by the deconvolutions of the measured 
data. 

 

The nanoscale PCL films have been further investigated by using GIWAXS. A 

representative 2D GIWAXS image in scattering angle space of the cg-PCL9k film is presented 

in Figures 2.11a; its q-space image is shown in Figure 2.11c. The image reveals several 
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scattering spots. PCL has been known to form laterally-packed crystals in orthorhombic lattice 

with a space group of P212121 (3D representation shown in Figure 2.10a).30,31 Taking this 

lattice into account, the individual spots are indexed: {002}, {004}, {110}, {102}, and {200}. 

From these reflection spots, the lattice dimension parameters are determined: a = 0.805 nm, b 

= 0.556 nm, and c = 1.754 nm. In particular, the {110} reflection appears around 2f = 15.8 

(qxy = 14.2 nm-1) as the strongest peak along the equatorial line at f = 0, indicating that the 

majority of orthorhombic PCL crystal lattices (i.e., the c-axis of the lattices which is same with 

the aligned direction of the extended PCL chain units accommodated into the crystal lattice) is 

oriented vertically. Another {110} reflection is observed around 2f = 13.7 and f = 9.3 as a 

relatively weaker spot, suggesting a portion of orthorhombic PCL crystal lattices tilted with a 

certain angle. Considering the presence of vertically-oriented lamellar structure found in the 

GISAXS analysis above, a third {110} reflection may appear around f = 15.7 along the 

meridian line (2f = 0). But, the population of such vertical lamellae is very small as discussed 

above. And the strong {004} reflection peak appears in that angle region. Collectively, a third 

{110} peak along the meridian line is rather unlikely. The {200} reflection clearly appears 

around 2f = 17.5 (qxy = 15.8 nm-1) along the equatorial line at f = 0, supporting that the 

vertically-oriented crystal lattice is present in the film which is confirmed by the appearance of 

the strongest {110} reflection peak along the equatorial line. Surprisingly, a strange scattering 

spot appears around f = 17.4 and 2f = 0. This peak reveals a d-spacing close to that of the 

{200} reflection and, thus, one may think that the scattering spot originates from the 

horizontally-oriented crystal lattice. However, its peak intensity is unrealistically strong in 

regard to the presence of vertically-oriented crystal lattice in the major population which is 

clearly confirmed by the {110} reflection. Therefore, the strong and broad scattering spot may 

be attributed to a different reflection source rather than the {200} reflection of horizontally-

oriented crystal lattices. This kind of scattering spot could not be observed from the GIWAXS 
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data of the cyclic and linear PCL counterpart films. Moreover, the cg-PCL9k film is found to 

exhibit relatively lower crystallinity compared to the cyclic and linear PCL counterpart films. 

Taking these facts into account, the strong spot around f = 17.4 and 2f = 0 could be caused 

by the mean interdistance of the in-plane oriented polymer chains presented in the amorphous 

or less ordered phase domains in the film, which have been induced by the geometrical 

confinement of the nanoscale film.  

With these information, an azimuthal scattering profile is extracted at q = 14.2 nm-1 (at 

which the {110} reflection peak appears) from the q-space image as a function of azimuthal 

angle  and then followed by the deconvolution of scattering peaks (Figure 2.11e).  The {110} 

reflection peak is determined to appear at  = 90.0, 57.1, and 56.3; the relative area fractions 

of the peaks are 77.6, 4.8, and 17.6 % respectively. These analysis results inform that the whole 

PCL crystallites in the film are composed of vertically-aligned (77.6 vol%), 57.1-tilted (4.8 

vol%) and 56.3-tilted (17.6 vol%) orthorhombic crystals with respect to the film plane. Among 

these crystal lattices, the vertical crystal lattice (the major crystal lattice component) is 

estimated to have a second order orientation factor Os,2 of 0.917 (φ2
 = 90, mean value of the 

polar angle φ2 between the orientation vector n2 set parallel to the c-axis of the orthorhombic 

PCL crystal lattice and the out-of-plane direction of the film; σ2
 = 12.48, standard deviation 

of φ2). In addition, the overall crystallinity Xc,GIWAXS is obtained to be 38.4% by analyzing the 

1D scattering profile averaged quadrantly from the q-space scattering image (Figure 2.11e).  

The analysis results are summarized in Table 2.4.  

Similar GIWAXS images are observed for the nanoscale films of all counterparts. As 

shown in Figures 2.11 and 2.12, the scattering data are analyzed in the same manner as for the 

cg-PCL9k film. All analysis results are listed in Table 2.4. All counterparts exhibit crystal lattice 

dimensions which are almost same with those of cg-PCL9k. However, the individual 
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counterparts reveal some differences in the orientations of PCL crystal lattices and overall 

crystallinities depending on the molecular topologies.  

 

 

Figure 2.10. Orthorhombic unit cell of PCL crystal composed of molecular cylinders: (a) 3D schematic 
of orthorhombic lattice where n3 is the orientation vector and φ2 is the polar angle between n2 and the 
xy plane (parallel to the film); (b) top view of orthorhombic lattice.  
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Figure 2.11. Representative GIWAXS data of cg-PCL9k and st-PCL9k films measured with SDD = 210.9 
mm at room temperature using a synchrotron X-ray beam (λ = 0.12296 nm): (a) 2D image in scattering 
angle space of cg-PCL9k (119.5 nm thick; αi = 0.1340°); (b) 2D image in scattering angle space of st-
PCL9k (105.3 nm thick; αi = 0.1560°); (c) 2D image in scattering vector space of cg-PCL9k obtained 
from the data in (a); (d) 2D image in scattering vector space of st-PCL9k obtained from the data in (b); 
(e) azimuthal scattering profile extracted at q = 14.2 nm-1 from the data in (c); (f) azimuthal scattering 
profile extracted at q = 14.2 nm-1 from the data in (d); (g) 1D scattering profile averaged quadrantly 
from the data in (c); (h) 1D scattering profile averaged quadrantly from the scattering image in (d). In 
(e) and (f), the open circles represent the measured data and the red solid lines represent the sum of the 
{110} peak of vertically-oriented crystals (dark green lines), the {110} peak of tilted crystals (blue lines), 
the {004} peak of vertically-oriented crystals (light green line), a part of the interdistance peak of 
horizontally-aligned polymer chains in less-ordered phases (brown line), and Yoneda peaks (pink lines) 
which were obtained by the deconvolutions of the measured data.  
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Figure 2.12. Representative GIWAXS data measured with SDD = 210.9 mm at room temperature using 
a synchrotron X-ray beam (λ = 0.12296 nm): (a) 2D image in scattering angle space of cy-PCL6k film 
(115.8 nm thick; αi = 0.1450°); (b) 2D image in scattering angle space of l-PCL3k-A film (112.2 nm 
thick; αi = 0.1450°); (c) 2D image in scattering angle space of l-PCL3k-B film (107.0 nm thick; αi = 
0.1340°); (d) 2D image in scattering vector space obtained from the data in (a); (e) 2D image in scattering 
vector space obtained from the data in (b); (f) 2D image in scattering vector space obtained from the 
data in (c); (g) azimuthal scattering profile extracted at q = 14.2 nm-1 from the data in (d); (h) azimuthal 
scattering profile extracted at q = 14.2 nm-1 from the data in (e); (i) azimuthal scattering profile extracted 
at q = 14.2 nm-1 from the data in (f); (j) 1D scattering profile averaged quadrantly from the data in (d); 
(k) 1D scattering profile averaged quadrantly from the data in (e); (l) 1D scattering profile averaged 
quadrantly from the data in (f). In (g), (h), and (i), the open circles represent the measured data and the 
red solid lines represent the sum of the {110} peak of vertically-oriented crystals (green lines), the {110} 
peaks of tilted crystals (blue lines), the {004} peak of vertically-oriented crystals (light green line), and 
Yoneda peaks (pink lines) which were obtained by the deconvolutions of the measured data. In (j), (k), 
and (l), the open circles represent the measured data and the red solid lines represent the sum of crystal 
peaks (blue lines), and amorphous peaks (green lines). 
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Table 2.4. Structural parameters of PCL crystals in thin film determined by GIWAXS Analysis 

Polymer cg-PCL9k  st-PCL9k cy-PCL6k l-PCL3k-A l-PCL3k-B 

aa (nm) 0.805 0.800 0.794 0.794 0.790 

bb (nm) 0.556 0.551 0.551 0.551 0.548 

cc (nm) 1.754 1.753 1.705 1.702 1.701 

φ2
d (deg.) 90 90 90 90 90 

σ2
e (deg.) 12.48 16.93 9.08 9.73 10.41 

Os,2
f 0.917 0.879 0.944 0.957 0.920 

Xc,GIWAXS
g (%) 38.4 41.9 39.7 50.9 44.0 

aUnit cell dimension along the a-axis of orthorhombic PCL crystal. bUnit cell dimension along the b-axis of 
orthorhombic PCL crystal. cUnit cell dimension along the c-axis of orthorhombic PCL crystal. dMean value 
of the polar angle φ2 (i.e., orientation angle) between the orientation vector n2 (which is set parallel to the c-
axis of the orthorhombic PCL crystal lattice) and the out-of-plane direction of the film. eStandard deviation 
for the orientation angle φ2 of the PCL crystal lattice. fSecond-order orientation factor of PCL crystal lattice. 
gCrystallinity determined by GIWAXS analysis. 

 

Collectively the above GISAXS and GIWAXS analyses provide key information on 

how the molecular topologies make impacts on the structural feature of PCL in nanoscale, as 

described below. In addition, these analysis results are evident of how the bulkinesses of end 

group and joint make influences the structural characteristics of the PCL film in the following. 

First, PCL always forms lamellar crystal structure regardless of the molecular 

topologies. Such the strong tendency to form lamellar crystals could originate from the 

thermodynamically favorable self-assembling ability of PCL chains. 

Second, all PCL polymers favorably form orthorhombic crystal lattices as the 

crystalline layer component in the lamellar structure, regardless of the topologies: a = 0.790 ~ 

0.805 nm, b = 0.548 ~ 0.556 nm, c = 1.701 ~ 1.754 nm, and  =  =  = 90. Here, the c value 

corresponds to the length of two repeat units plus one carbonyl carbon atom in a fully extended 

conformation. 

Third, the cage- and star-shaped polymers tend to form horizontal lamellae as the major 

structural component (9798 vol%) but additionally vertical lamellae as the very minor 

component (23 vol%). In comparison, the other counterparts including the cyclic counterpart 

favorably form only horizontal lamellae. 
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Fourth, the g value of horizontal lamellar structure is in the increasing order: cy-PCL6k 

< l-PCL3k-A < l-PCL3k-B < cg-PCL9k < st-PCL9k. These results inform that the stability of 

horizontal lamellar structure is in the decreasing order: cy-PCL6k > l-PCL3k-A > l-PCL3k-B > 

cg-PCL9k > st-PCL9k. 

Fifth, the Os,1 value (i.e., orientational order) of horizontal lamellar structure is in the 

increasing order: cg-PCL9k < l-PCL3k-A < st-PCL9k < l-PCL3k-B ~ cy-PCL6k.  

Sixth, the long period of lamellar structure is in the increasing order: l-PCL3k-B < l-

PCL3k-A < st-PCL9k < cy-PCL6k < cg-PCL9k.  

Seventh, the crystalline layer thickness of lamellar structure is in the increasing order: 

st-PCL9k (lc = 2.1 nm) < cg-PCL9k (2.7 nm) < l-PCL3k-B (3.2 nm) < cy-PCL6k (3.3 nm) < l-

PCL3k-A (3.5 nm). It is generally known that larger lc of a crystalline polymer exhibits higher 

Tm.   However, the lc and Tm values of this study are found not to follow such kind of lcTm 

correlation. [Tm1]: l-PCL3k-B < st-PCL9k < cy-PCL6k < cg-PCL9k < l-PCL3k-A; [Tm2]: l-PCL3k-

B < st-PCL9k < l-PCL3k-A < cy-PCL6k < cg-PCL9k; here, it is noted that the Tm values were 

measured from the samples in bulk states rather than in nanoscale films. Considering the 

geometrical cage and cyclic shapes, cy-PCL6k and cg-PCL9k may form relatively more ordered 

interfacial layers in the lamellar structures, compared to those in the lamellar structures of the 

linear and star-shaped counterparts. Taking these into account, such more ordered interfacial 

layers may be included into the crystal melting process. If such interfacial layers are considered 

as a part of ordered crystals, the total ordered layer thickness can be in the increasing order: st-

PCL9k (2.1 nm) < l-PCL3k-B (3.2 nm) < l-PCL3k-A (3.5 nm) < cy-PCL6k [8.5 nm = 3.3 (lc) + 5.2 

(2li)] < cg-PCL9k [8.7 nm = 2.7 (lc) + 6.0 (2li)]. This trend is reasonably correlated to that of 

Tm2 values, except for PCL3k-B. The lowest Tm2 of l-PCL3k-B may be attributed to a cooperative 

effort of the low molecular weight of its PCL blocks and the presences of a joint and two end 

groups which can cause defects on the crystals.  
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Eighth, the interfacial layer thickness is in the increasing order: l-PCL3k-A < cy-PCL6k 

< l-PCL3k-B < st-PCL9k < cg-PCL9k.  

Ninth, the amorphous layer thickness of lamellar structure is in the increasing order: l-

PCL3k-B < cg-PCL9k < cy-PCL6k ~ l-PCL3k-A < st-PCL9k.   

Tenth, the orthorhombic crystal lattice present in the lamellar structure, however, 

reveals one to four orientational domains depending on the topologies; the number of 

orientational domains is 2 for cy-PCL6k, 3 for cg-PCL9k, and 4 for st-PCL9k, l-PCL3k-A and l-

PCL3k-B. Among these domains, the vertically-oriented crystal lattice domain is the major 

component for all topological polymer films. The Os,2 value (i.e., orientational order) of 

vertically-oriented orthorhombic crystal lattices in the lamellar structure is in the increasing 

order: st-PCL9k < cg-PCL9k < l-PCL3k-B < cy-PCL6k < l-PCL3k-A. 

Finally, the overall crystallinity is in the increasing order: cg-PCL9k < cy-PCL6k < st-

PCL9k < l-PCL3k-B < l-PCL3k-A. 

All determined film morphologies are schematically depicted in Figure 2.13. Overall, 

all topological PCL polymers reveal to form lamellar structures based on orthorhombic crystal 

lattice. The structural parameters including overall crystallinity and orientational orthorhombic 

crystal domains are, however, found to vary depending on the molecular topologies. 

Nevertheless, the topological impacts on the structural parameters could not be rationalized 

easily. This situation may be caused by the bulkinesses of joints and end groups which can be 

either against or cooperative to the molecular topologies in functioning to the nanoscale film 

morphology. 
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Figure 2.13. Schematic representations of molecular chain conformations and packing orders in the 
nanoscale films of various topological PCL polymers. 
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2.4 Conclusions 

In this chapter, a cage-shaped PCL polymer and its various counterparts have been 

examined in terms of thermal stability and phase transitions by using TGA and DSC analyses. 

The nanoscale film morphologies of this series of topological PCL polymers have been also 

investigated quantitatively by using synchrotron GISAXS and GIWAXS analyses.  

The PCL polymers show topology and end group dependent thermal stabilities: l-

PCL3k-B ~ l-PCL3k-A < cg-PCL9k ~ cy-PCL6k < st-PCL9k. In particular, the highest stability of 

st-PCL9k could be attributed to the capped chain ends rather than the topology effect. 

The phase transitions (nonisothermal crystallization and subsequent crystal melting 

transitions: Tc, Tm1, Tm2, heat of fusion of crystallization, heat of fusion of crystal melting, and 

crystallinity) are also dependent upon the molecular topologies as well as the bulkinesses of 

joints and end groups.  

All PCL homopolymers always form lamellar structures based on orthorhombic crystal 

lattice in nanoscale films, regardless of the molecular topologies as well as the bulkinesses of 

joints and end groups. Both cg-PCL9k and st-PCL9k tend to form a mixture of horizontal (major) 

and vertical (minor) lamellar structures, whereas all other counterparts form only horizontal 

lamellar structures. The structural parameters, including overall crystallinity and orientational 

orthorhombic crystal domains, vary with the molecular topologies, and the bulkinesses of joints 

and end groups. Overall, the structural parameter details could not be rationalized easily in 

regard to the effects of molecular topology, joint and end group because the functions of 

molecular topologies are either against or cooperative to those of joints and end groups. In this 

chapter, the novel three layer model was successful in precisely and accurately parameterizing 

the morphological details as well as differentiating the extent of topological impact upon the 

self-assembly behavior of topological PCL homopolymers in thin films, providing useful 

insights in the topology-morphology correlation of semi-crystalline polymers. 
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3.1 Introduction 

Rotaxane topology is defined by the polymer chain acting as an axle for a mobile or 

immobile molecular wheel positioned along the macromolecular axle. From the perspective of 

supramolecular polymers, the presence of rotaxane wheel has attracted great attention from 

both academia and industry because of their potential in self-assembling ability of desired 

functional chemical components via non-covalent interactions.1-8 Thus far, many research 

efforts have been made to design and synthesize polyrotaxanes and a number of polyrotaxanes 

were introduced with advanced synthetic schemes.2-10  

Due to the interesting molecular topologies, one expects that polyrotaxanes exhibit 

unique properties and morphological structures. Nevertheless, their properties have been rarely 

investigated so far; for example, the phase transitions of polyrotaxanes were examined in 

qualitative manner using mainly calorimetric technique.7,8,11-14 Moreover, their morphological 

structures have been yet examined. Overall, understanding of polyrotaxanes in the aspects of 

morphologies and properties still remains in very early stages. 

In this chapter, quantitative characterization of a series of macromolecular [2]rotaxanes 

based on a poly(δ-valerolactone) (PVL) axle and a fixed and mobile dibenzo-24-crown-8-ether 

(rot) wheel in the aspects of thermal stability, phase transition and nanoscale film morphology 

have been carried out for the first time: PVL, PVL-rot-F, PVL-rot-M (Figure 3.1). Interestingly, 

the thermal stability of PVL axle is found to be influenced depending on the fixed and mobile 

[2]rotaxane wheels. The phase transition characteristics are also affected severely by the fixed 

and mobile characters of [2]rotaxane wheel. The presences of such fixed and mobile wheels 

are found to further make impacts on the nanoscale film morphology. All results are interpreted 

and discussed with taking into consideration all relating factors.  
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Figure 3.1. Chemical structures of PVL and its axles bearing fixed and movable [2]rotaxane wheels 
used in this chapter.  

 

3.2 Experimental Section 

3.2.1 Materials and Nanoscale Film Preparation  

A series of macromolecular [2]rotaxanes based on a PVL axle and a rotaxane wheel, 

including PVL homopolymer were prepared according to the synthetic method reported 

previously in the literature:15 PVL, PVL-rot-F, and PVL-rot-M (Figure 3.1). The molecular 

characteristics of macromolecular [2]rotaxanes are summarized in Table 3.1. The individual 

polymers were dissolved in chloroform (CHCl3) and filtered using disposable syringes 

equipped with polytetrafluoroethylene filter membranes of 0.22 m pore size, producing 
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polymer solutions with a concentration of 0.5 wt%. Each polymer solution was deposited on 

silicon (Si) substrates via spin coating process and dried in vacuum at room temperature for 24 

h. Some of the obtained films were further annealed under a vapor of THF at room temperature 

for 1 h. The obtained polymer films were determined to have thicknesses of 110130 nm by 

using a spectroscopic ellipsometer (Model M-2000, Woollam, Lincoln, NE, USA).  

 

3.2.2 Measurements  

Thermal stability and phase transitions were examined with a rate of 10.0 °C/min under 

nitrogen atmosphere by thermogravimetry (TGA; model TG/DGA-6300, Seiko Instrument, 

Tokyo, Japan; model Dynamic TGA 2950, TA Instruments, New Castle, DE, USA) and 

differential scanning calorimetry (DSC) (model DSC-220CU, Seiko Instrument, Tokyo, Japan; 

model DSC TA 910, TA Instruments, New Castle, DE, USA). Synchrotron GIXS 

measurements were performed at the 3C beamline of the Pohang Accelerator Laboratory (PAL), 

Pohang, Korea.16-18 Scattering data were normally collected for 1030 s using X-ray radiation 

sources with a wavelength λ of 0.11201 and 0.12479 nm and a two-dimensional (2D) charge-

coupled detector (CCD) (model Rayonix 2D MAR, Evanston, IL, USA). The sample-to-

detector distance (SDD) was 225 mm for grazing incidence wide angle X-ray scattering 

(GIWAXS) measurements and 3949 mm for grazing incidence small angle X-ray scattering 

(GISAXS) measurements. The incidence angle i of X-ray beam with respect to the film 

sample surface was set in the range 0.110–0.160°, which is between the critical angle of the 

polymer film and the silicon substrate (c,f and c,s). Scattering angles were corrected according 

to the positions of the X-ray beams reflected from the silicon substrate as well as by using 

precalibrated standards (polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene; 

sucrose and silver behenate standards (TCI, Tokyo, Japan)). Aluminum foils were used as a 
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semi-transparent beam stop, because the intensity of the specular reflection from the substrate 

is much stronger than the intensity of GIXS near the critical angle.  

 

 

Figure 3.2. TGA thermograms of PVL and PVL-based macromolecular [2]rotaxanes, which were 

measured at a rate of 10.0 C/min under nitrogen atmosphere. 
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Table 3.1. Characteristics of PVL and its axles bearing fixed and movable [2]rotaxane 
wheels 

Polymer DPNMR
 a 

Mn,NMR b 
(g/mol) 

Mn,NMR c 
(g/mol) 

Mn,SEC d 
(g/mol) 

PDI e fPVL
 f

 PVL
 g

 
Td,5

 h 

(C) 

PVL 48 4800 5190 7100 1.20 0.925 0.912 332 

PVL-rot-F 
 

48 
 

4800 
 

5810 i 
 

5400 
 

1.22 
 

0.826  j 
(0.847) k 

0.818 l 
(0.828) m 

249 
 

PVL-rot-M 48 4800 5700 5900 1.19 0.842 0.823 271 

aNumber-average degree of polymerization of only PVL part determined by proton nuclear magnetic 
resonance (1H NMR) spectroscopy analysis. bNumber-average molecular weight of only PVL part 
determined by 1H NMR spectroscopy analysis. cNumber-average molecular weight of the polymer, including 
the whole components (linkers, end group, and so on), which was determined by 1H NMR spectroscopy 
analysis. dNumber average molecular weight of polymer determined by size exclusion chromatography 
(SEC) analysis. ePolydispersity index of polymer determined by SEC analysis. f Weight fraction of only PVL 
part. gVolume fraction of only PVL part with respect to the polymer. hTemperature at which 5% mass loss 
occurred in TGA analysis. iIncluded the molar mass of the counter anion. jWeight fraction of only PVL part 
with respect to the total molecular mass included the counter anion. kWeight fraction of only PVL part with 
respect to the total molecular mass excluded the counter anion. lVolume fraction of only PVL part with 
respect to the polymer included the counter anion; here the volume fraction was estimated using a method 
reported in literature.19 mVolume fraction of only PVL part with respect to the polymer excluded the counter 
anion. 

 

3.3 Results and Discussion 

3.3.1 Thermal Stabilities  

In the TGA analysis with a heating rate of 10.0 C/min, PVL undergoes a single-step 

degradation in nitrogen atmosphere, revealing 5% mass loss at 332 C (= Td,5) (Figure 3.2a; 

Table 3.1). Different from PVL, PVL-rot-F reveals a two-step degradation (Figure 3.2b). 

Considering the TGA thermogram of PVL, the first-step degradation could be attributed to the 

fixed rotaxane wheel, whereas the second-step degradation could originate from the PVL axle. 

A mass loss of 5% occurs at 249 C (= Td,5) in the first-step degradation region, which is 83 C 

lower than that of the PVL homopolymer. Surprisingly, about 50% mass loss, however, takes 

place apparently through the first-step degradation regime although the rotaxane wheel has a 

weight faction of only 7.7% (without the anion counterpart) or 10.2% (including the anion 
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counterpart). It is additionally noted that the degradation of the PVL axle part is ended around 

400 C, which is approximately 50 C lower than that of the PVL homopolymer. These results 

suggest that in PVL-rot-F the ionically-fixed rotaxane wheel undergoes thermal degradation 

first and further stimulates the PVL axle to degrade. Perhaps, the anionic counterpart could 

make contribution in part to such the accelerated degradation of PVL axle.  

PVL-rot-M also depicts a two-step degradation behavior (Figure 3.2c). The first-step 

degradation is apparently continued up to about 70% mass loss. These results suggest that the 

movable rotaxane wheel also starts thermal degradation first and further induces the PVL axle 

to undergo degradation in lower temperatures. However, Td,5 = 271 C, which is 22 higher than 

that of PVL-rot-F. Moreover, the degradation of the PVL axle is ended by around 450 C, 

which is much higher than that of PVL-rot-F but almost same with that of the PVL 

homopolymer.  

Overall, the TGA analysis results collectively provide clues as follows. The rotaxane 

wheel has relatively less thermal stability than that of the PVL axle, regardless of its fixation 

and movability. Such the less stability of the wheel may be attributed to its low molecular mass 

and aliphatic ether components. However, the movable rotaxane wheel could make relatively 

less negative impact on the overall thermal stability of PVL-based macromolecular [2]rotaxane, 

compared to the ionically-fixed wheel with the anionic counter ion. Such merit may be 

originated from a certain degree of physical independency of the wheel from the PVL axle due 

to the movability as well as its freedom from any associations with ionic character and counter 

anion. 
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Figure 3.3. DSC thermograms of PVL and its axles bearing fixed and movable [2]rotaxane wheels, 

which were measured at a rate of 10.0 C/min under nitrogen atmosphere. 

 

3.3.2 Phase Transition Behaviors 

For PVL and its [2]rotaxanes, DSC analysis has been carried out with a rate of 10.0 

C/min. PVL nicely reveals a single exothermic crystallization peak centered at 16.3 C (= Tc) 

in cooling run from the melt and a single endothermic crystal melting peak centered at 47.7 C 

(= Tm) in reheating run (Figure 3.3a). The heat of fusion of crystallization Hf,c is determined 

to be 116.0 J/g for the whole PVL homopolymer, which corresponds to 125.3 J/g for only PVL 

part under an assumption that the other parts are noncrystallizable. The heat of fusion of crystal 

melting Hf,m is determined to be 119.0 J/g for the whole PVL homopolymer, which 
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corresponds to 128.5 J/g for only PVL part. The crystallinity of only PVL part is estimated to 

be 89.8% (= Xc,c) from the nonisothermal crystallization and 92.1% (= Xc,m) from the crystal 

melting using an equilibrium heat of fusion of crystallization or crystal melting assumed to be 

same with that (ΔHc
∘ = ΔHm

∘  = 139.5 J/g)20,21 of poly(-caprolactone) whose chemical structure 

is similar to that of PVL. PVL-rot-F and PVL-rot-M reveal thermogram profiles similar to 

those of PVL (Figures 3.3b-c); but they show somewhat differences in phase transition details, 

as compared in Table 3.2.  

The DSC analysis results collectively could provide important information on the 

effects of ionically-fixed and movable rotaxane wheels in the phase transition characteristics 

of PVL axle as follows. 

First, PVL-rot-F exhibits slightly broader crystallization and crystal melting peaks, 

compared to those of PVL homopolymer. PVL-rot-F further reveals relatively lower Tc, Hf,c, 

Xc,c, Tm, Hf,m, and Xc,m. Tc = 15.1 C and Tm = 43.5 C, which are 1.2 and 4.3 C lower than 

those of PVL respectively; Xc,c = 82.7% and Xc,m = 84.9%, which are 7.1 and 7.2% lower than 

those of PVL respectively. Such the broadenings and reductions might be caused by the 

presence of the ionically-fixed rotaxane wheel at a chain end, which is bulky. The presence of 

its counter anion may cause additional contribution on such broadenings and reductions. 

Second, the crystallization peak is also broadened in PVL-rot-M. But the crystallization 

parameters are reduced more significantly: for example, Tc and Xc,c are lowered to 11.3 C and 

63.0% respectively. These results suggest that the crystallization of PVL axle is severely 

retarded by the presence of mobile [2]rotaxane wheel component. In the cooling run, the sliding 

motion of rotaxane wheel along the PVL axle may compete with the crystallization (i.e., self-

assembling process) of PVL axle itself. The sliding motion of rotaxane seems to be more 

favorable around 20 C or higher temperature, compared to the crystallization process of PVL 

axle. Below 20 C, the sliding motion of rotaxane wheel may become slow down, whereas the 
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PVL axle may experience much higher degrees of supercooling and thus accelerate its 

crystallization; such crystallization with higher degrees of supercooling results in lower Tc and 

Xc,c.  

 

Table 3.2. Phase transition characteristics of PVL and its axles bearing fixed and movable 
[2]rotaxane wheels a 

Polymer 

Cooling run  Heating run 

Tc
 b 

(C) 
-Hf,c

 c 
(J/g) 

Xc,c 
d 

(%) 
 

Tm
 h 

(C) 
Hf,m

 i 
(J/g) 

Xc,m
 j 

(%) 

PVL 
 

16.3 
 

125.3 k 
(116.0) l 

89.8 m 

(83.2) n 
 

47.7 
 

128.5 k 
(119.0) l 

92.1 m 

(85.3) n 

PVL-rot-F  
 

15.1 
 

115.3 
(95.3) 

82.7 
(68.3) 

 
42.4 

 
118.5 
(97.9) 

84.9 
(70.2) 

PVL-rot-M 
 

11.3 
 

87.9 
(74.0) 

63.0 
(53.0) 

 

37.2 
 

59.6 
(50.2) 

42.7 
(36.0) 

    
42.3 

 
29.9 

(25.2) 
21.4 

(18.1) 

aMeasured during cooling run with a rate of 10.0 C/min from the melt state and subsequent heating run with 

a rate of 10.0 C/min in DSC analysis. bCrystallization temperature at the maximum of exothermic heat of 
fusion peak occurred during cooling run. cHeat of fusion of crystallization occurred during cooling run. 
dCrystallinity estimated from the heat of fusion of crystallization by assuming that the equilibrium heat of 

fusion ΔHc
∘  of PVL is same with that (139.5 J/g) of poly(-caprolactone).20,21 eCold crystallization 

temperature at the maximum of exothermic heat of fusion peak occurred during heating run. fHeat of fusion 
of cold crystallization occurred during heating run. gCrystallinity estimated from the heat of fusion of cold 

crystallization using ΔHc
∘  = 139.5 J/g. hCrystal melting temperature at the maximum of endothermic heat 

of fusion peak occurred during heating run. iHeat of fusion of crystal melting occurred during heating run. 
jCrystallinity estimated from the heat of fusion of crystal melting using ΔHm

∘   = 139.5 J/g. kHeat of fusion of 
only PVL component, which was estimated from that of the whole polymer sample using the weight fraction 
of PVL component. lHeat of fusion of whole polymer sample. mCalculated from the measured heat of fusion 
with respect to the weight of only PVL component in the sample. nCalculated from the measured heat of 
fusion with respect to the total weight of the polymer sample.  
 

Finally, competitions between the sliding motion of rotaxane wheel and the 

crystallization of PVL axle are further evident in the crystal melting transition. Interestingly, 

the crystal melting transition appears as two endothermic peaks rather than a single peak, which 

is different from those of PVL homopolymer and PVL-rot-F. The first peak is centered at 37.2 

C, which is lower than that of PVL-rot-F; but the second one is centered at 42.3 C, which is 
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almost same with that of PVL-rot-F. The first peak is relatively stronger, revealing Hf,m = 

59.6 J/g (Xc,m = 42.7%); the second peak shows Hf,m = 29.9 J/g (Xc,m = 21.4%); the overall 

Hf,m and Xc,m are 89.5 J/g and 64.2% respectively, which are smaller than those of PVL-rot-

F and further much smaller than those of PVL. In general, larger (i.e., thicker) crystal reveals 

higher Tm. Taking this fact into account, the PVL axle in PVL-rot-M could form two different 

thicknesses of crystals. One sort of crystals has a thickness comparable to that formed in PVL-

rot-F; another sort of crystals has a thickness slightly shorter than that formed in PVL-rot-F. 

The [2]rotaxane wheel is bulky and, furthermore, is dissimilar to PVL chemically and 

physically; thus the rotaxane wheel moiety could be excluded from the PVL crystal formation. 

Considering the bulkiness and movability of [2]rotaxane wheel, the thicker crystals would be 

made of the PVL axle chains in which the wheel is located near to or at an end of the axle chain. 

On the other hand, the thinner crystals could be formed by the PVL axle chains where the wheel 

is located somewhere between the axle chain ends. The thinner crystals are formed in relatively 

higher population, compared to the thicker crystals. The results collectively indicate that the 

bulky, movable rotaxane wheel could cause a certain level of hindrance in the crystallization 

of PVL axle. Such hindrance may vary with time lag between the kinetics of wheel moving 

and axle crystallization; the time lag is governed by the degree of supercooling. Overall, the 

movable wheel could cause more significant impact on the phase transitions of PVL-based 

[2]rotaxane, compared to the ionically-fixed wheel. 

 

3.3.3 Nanoscale Film Morphologies  

Figure 3.4a presents a representative 2D GISAXS pattern of PVL films. Two broad 

scattering peaks appear in the out-of-plane profile but could not be discernible in the in-plane 

profile (Figures 3.4g and 3.4j). Considering the grazing incidence optics in the measurement, 

one peak around 0.63 could be generated by the transmitted X-ray beam while another peak 
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around 0.79 could be generated by the reflected X-ray beam. Thus, these scattering peaks 

could be originated from a same reflection plane in horizontally-oriented structure; they are the 

first-order reflection peaks respectively. These scattering characteristics suggest that PVL 

formed horizontal lamellar structure in the film. The out-of-plane and in-plane scattering 

profiles could be satisfactorily fitted using a GIXS formula of three-phase lamellar structure 

model;22-24 a detail of the GIXS formula is given in Section 1.4 of Chapter 1. As an analysis 

result, it is found that in the film, PVL formed lamellar crystals having a long period L of 9.6 

nm composed of a folded crystalline layer thickness lc of 3.2 nm, an amorphous layer thickness 

la of 2.4 nm and an interfacial layer thickness of li of 2.0 nm; its orientation factor Os,1 is further 

estimated to be 0.899 with respect to the out-of-plane direction of the film from the azimuthal 

scattering profile in Figure 3.4m (Table 3.3). Overall, the GISAXS analysis confirms that PVL 

formed horizontally-oriented lamellar crystals in the thin film. 

The GISAXS analysis has been extended for PVL-rot-F and PVL-rot-M films and then 

found that they also form horizontally-oriented lamellar structures (Figures 3.4b-c, 3.4h-i, 3.4k-

l and 3.4n-o). The determined structural parameters are compared in Table 3.3. From the 

obtained parameters, 2D scattering images have been attempted to reconstruct. The 

reconstructed scattering images are in good agreement with the measured ones, as shown in 

Figures 3.4a-f. It turns out that all GISAXS data have been successfully analyzed in detail. 
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Figure 3.4. Representative GISAXS data of nanoscale films (110-130 nm thick) of PVL, PVL-rot-F, 
and PVL-rot-M measured at SDD = 3949 mm using a synchrotron X-ray beam (λ = 0.12479 nm). PVL: 
(a) 2D scattering image measured with of αi = 0.155°; (d) 2D image reconstructed from the structural 
parameters in Table 3 using the GIXS formula; (g) out-of-plane scattering profile extracted along the 
meridian line at 2θf = 0.095°; (j) in-plane scattering profile extracted along the equatorial line at αf = 
0.192°; (m) azimuthal scattering profile of the first-order lamellar peak at 0.715°. PVL-rot-F: (b) 2D 
scattering image measured with of αi = 0.151°; (e) 2D image reconstructed from the structural 
parameters in Table 3 using the GIXS formula; (h) out-of-plane scattering profile extracted along the 
meridian line at 2θf = 0.095°; (k) in-plane scattering profile extracted along the equatorial line at αf = 
0.196°; (n) azimuthal scattering profile of the first-order lamellar peak at 0.654°. PVL-rot-M: (c) 2D 
scattering image measured with of αi = 0.151°; (f) 2D image reconstructed from the structural parameters 
in Table 3 using the GIXS formula; (i) out-of-plane scattering profile extracted along the meridian line 
at 2θf = 0.095°; (l) in-plane scattering profile extracted along the equatorial line at αf = 0.195°; (o) 

azimuthal scattering profile of the first-order lamellar peak at 0.634°. In (gl), the symbols are the 
measured data and the solid lines were obtained by fitting the data using the GIXS formula of lamellar 

structure model. In (mo), the symbols are the measured data and the sold lines were obtained by fitting 
the data using the Gaussian functions. 



Chapter 3  

92 
 

Table 3.3. Structural parameters of PVL, PVL-rot-F, and PVL-rot-M in thin films determined 
by quantitative GIXS analysis 

Structure and parameters PVL PVL-rot-F PVL-rot-M 

Nanostructure Horizontal lamella Horizontal lamella Horizontal lamella 
Parameters    

L a (nm) 9.6 10.2 10.7 
lc b (nm) 3.2 2.7 3.0 
li c (nm) 2.0 2.8 2.3 
la d (nm) 2.4 1.9 2.7 
c e (nm) 0.7 0.9 0.8 
i f (nm) 0.9 1.1 0.7 
g g 0.21 0.27 0.26 
φ1 h (deg.) 0 0 0 
σφ1

i (deg.) 13.0 10.9 11.0 
Os,1 j  0.899 0.908 0.903 

Lattice structure Orthorhombic (a = 0.77 nm, b = 0.525nm, c = 1.922 m,  =  =  = 90) k 
Orientational domain A    

φ2 l (deg.) 0 0 0 
σφ2

m (deg.) 4.5 7.5 6.0 

Os,2 n 0.937 0.863 0.903 
v,2 o (%) 100 94.8 98.9 

Orientational domain B    
φ3 (deg.)  43.1 51.9 
σφ3

 (deg.)  3.4 3.4 

Os,3   0.315 0.091 
tilt,3 (%)  5.2 1.1 

Rotational domain I    
I p (deg.) 0 0 0 
I q (%) 9.4 12.8 22.0 

Rotational domain II    
II (deg.) 10.29 9.52 8.71 
II (%) 69.1 73.8 51.9 

Rotational domain III    
III (deg.) 14.04 15.07 12.32 
III (%) 21.5 13.4 26.1 

Xc,GIWAXS r (%) 
 

54.6 s 
(49.8) t 

52.1 
(42.6) 

42.6 
(35.1) 

aLong period of lamellar structure. bThickness of crystalline layer in the horizontal lamellar structure. 
cThickness of interfacial layer between crystalline layer and amorphous layers. dThickness of amorphous 
layer. eStandard deviation for the crystalline layer in lamellar structure. fStandard deviation for the interfacial 
layer in lamellar structure. gParacrystal distortion factor along the direction parallel to the long period of 
lamellar structure. hMean value of the polar angle φ1 (i.e., orientation angle) between the orientation vector 
n1 (which is set parallel along the axis of the long period of lamellar structure) and the out-of-plane direction 
of the film. iStandard deviation for the polar angle φ1 of lamellar structure. jSecond order orientation factor 
of lamellar structure. kLattice parameters determined from the measured reflection peaks. lMean value of the 
polar angle φi (i.e., orientation angle) between the orientation vector ni (which is set along a direction normal 
to the {110} plane stacks (namely, parallel to the c-axis of orthorhombic lattice unit cell)) and the out-of-
plane direction of the film. mStandard deviation for the polar angle φi. nSecond order orientation factor of 
orthorhombic crystal lattice. oVolume fraction of orthorhombic crystals with φi (i.e., a preferred direction i). 
pRotational angle of orthorhombic crystals where the rotational axis is parallel to a normal direction to the 

film plane. qRelative volume fraction of orthorhombic crystals with rotational angle i where the rotational 
axis is parallel to a normal direction to the film plane. rCrystallinity determined by the analysis of from 
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GIWAXS data. sCrystallinity of only PVL component determined by the analysis of GIWAXS data using 
the volume fraction of only PVL component. tCrystallinity of the whole polymer (which includes PVL and 
all other components) determined by the analysis of from GIWAXS data. 

 

The PVL films have further been examined by GIWAXS analysis in order to get more 

information on the lattice structure of the crystalline layers in the horizontal lamellar structure. 

The polymer film clearly reveals three scattering peaks at (αf = 8.66°, 2θf = 6.37°), (αf = 0°, 2θf 

= 15.04°), and (αf = 0°, 2θf = 16.81°), as shown in Figure 3.5a. It is known that PVL crystallizes, 

forming crystals with orthorhombic lattice.25 Taking into considering such crystal lattice, the 

scattering peaks could be assigned as {102}, {110} and {200} reflections respectively. The 2D 

GIWAXS image has been quadrantly averaged and deconvoluted, as shown in Figure 3.5d. In 

particular, the {110} and {200} reflections appear only along the equatorial line, indicating that 

the {110} planes, as well as the {200} planes are stacked only along the in-plane direction of 

the film. From the azimuthal scattering profile of {110} reflection, the orthorhombic crystals 

are determined to have an orientation factor Os,2 of 0.937 with respect to the out-of-plane 

direction of the film (Figure 3.5g; Table 3.3). These results inform that the orthorhombic 

crystals are preferentially oriented along the out-of-plane direction of the film. 

However, both the {110} and {200} reflection peaks are unusually broad rather than 

sharper. Each reflection could be deconvoluted into three peaks (I, II, and III), as shown in 

Figures 3.5d and 3.6. These results suggest that the vertically-oriented orthorhombic PVL 

crystals are present as three different types of rotational domains in the film: (i) type-I rotational 

crystal domain (I = 0 (rotational angle where the rotational axis is parallel to a normal 

direction to the film plane); I = 9.4% (relative volume fraction)), (ii) type-II rotational crystal 

domain (II = 10.29; II = 69.1%), and (iii) type-III rotational crystal domain (III = 14.04; 

III = 21.5%) (Figure 3.6; Table 3.3).  
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For the orthorhombic crystals, the lattice parameters could be determined to be a = 

0.778 nm, b = 0.525 nm, c = 1.922 nm, and  =  =  = 90 from the {102}, {110} (peak I) and 

{200} (peak I) reflections. Here, it is noted that the c value is close to the length (2.204 nm) of 

three repeat units in a fully extended conformation. The c value is 40% shorter than the 

crystalline layer thickness (lc = 3.2 nm) of the horizontal lamellar structure. In addition, the 

crystallinity Xc,GIWAXS is determined to be 54.6% from the quadrant-averaged scattering profile 

in Figure 3.5d.  

In similar manner, the 2D GIWAXS images of PVL-rot-F and PVL-rot-M films have 

been analyzed (Figures 3.5b-c, 3.5e-f, and 3.5h-i; Figures 3.7 and 3.8). All analysis results are 

compared with those of PVL homopolymer film, as listed in Table 3.3.  

 

 

Figure 3.5. Representative GIWAXS data of nanoscale films (110-130 nm thick) of PVL, PVL-rot-F, 
and PVL-rot-M measured at SDD = 225 mm using a synchrotron X-ray beam (λ = 0.11201 nm). PVL: 
(a) 2D scattering image measured with of αi = 0.111°; (d) 1D scattering profile averaged quadrantly 
from the 2D image in (a); (g) azimuthal scattering profile of the {110} peak. PVL-rot-F: (b) 2D 
scattering image measured with of αi = 0.111°; (e) 1D scattering profile averaged quadrantly from the 
2D image in (b); (h) azimuthal scattering profile of the {110} peak. PVL-rot-M: (c) 2D scattering image 
measured with of αi = 0.111°; 1D scattering profile averaged quadrantly from the 2D image in (c); (i) 
azimuthal scattering profile of the {110} peak. 
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Figure 3.6. (a) Enlarged {110} reflection profile of PVL film, which was obtained from the 1D 
scattering profile in Figure 3.5d. The symbols represent the measured data; the blue curves represent the 
scattering profiles obtained by the deconvolution of the {110} reflection profile; the red curve represents 
the sum of the deconvoluted scattering profiles in blue color. (b) Top views of orthorhombic lattices in 
three different rotational domains which were determined by the deconvolution analysis of the scattering 
profile in (a); d110 is the d-spacing of {110} reflection. (c) Deconvolution analysis results of the 

scattering profile in (a); i and i are the rotational angle and relative volume fraction of orthorhombic 
lattice domain i respectively where the rotational axis is parallel to the c-axis of the lattice (which is also 
parallel to the out-of-plane of the film). 

 

The GISAXS and GIWAXS analysis results collectively could provide for the first time 

important structural features on the nanoscale film morphologies of macromolecular 

[2]rotaxanes as follows.  

First, the Xc,GIWAXS of nanoscale film is in the decreasing order PVL > PVL-rot-F >> 

PVL-rot-M. This trend is coincident with that in the overall crystallinity data measured for the 

bulk samples using DSC. These results collectively are clear clues that the movable rotaxane 

wheel causes more negative impact on the overall crystallization of PVL axle, compared to the 

ionically-fixed wheel. 

Second, PVL and its [2]rotaxanes, nevertheless, favorably form horizontally-oriented 

lamellar structures in nanoscale films, regardless of the incorporation of fixed and movable 
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rotaxane wheel. The results confirm that the PVL axle owns a strong self-assembling power 

and can indeed crystallize against any possible obstacles due to the bulky rotaxane wheel and 

its movability. However, the positional distortion factor g is in the increasing order PVL < 

PVL-rot-M < PVL-rot-F. Namely, the level of disorder in the horizontal lamellar structure is 

increased by incorporating fixed and movable rotaxane wheels. Such disordering level is 

increased slightly more by the ionically-fixed wheel. 

Third, for the horizontal lamellar crystals, the long period L, as well as the sum of 

interfacial and amorphous layer thicknesses (= li + la) is in the increasing order PVL < PVL-

rot-F < PVL-rot-M. Thus, the increments in the L value are attributed mainly to the thickenings 

in the sum of interfacial and amorphous layer by incorporated fixed and movable wheels. The 

results further inform that the incorporated rotaxane wheels could be ejected from the folded 

PVL crystal formation because their bulkiness and structural heterogeneity and, indeed, present 

in the amorphous layer and interfacial layer. Overall, the movable rotaxane wheel makes more 

contribution to increase both long period and sum of interfacial and amorphous layers, 

compared to the fixed wheel. 

Fourth, surprisingly the crystalline layer thickness lc, however, is in the decreasing 

order PVL > PVL-rot-M > PVL-rot-F. The results are an indication that the bulky rotaxane 

wheel fixed to the relatively large size of end group causes more severe impact to decrease the 

crystalline layer thickness, compared to the movable wheel having freedom in positioning 

along the whole PVL axle chain. 
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Figure 3.7. (a) Enlarged {110} reflection profile of PVL-rot-F film obtained from the 1D scattering 
profile in Figure 3.5e. The symbols represent the measured data; the blue curves represent the scattering 
profiles obtained by the deconvolution of the {110} reflection profile; the red curve represents the sum 
of the deconvoluted scattering profiles in blue color. (b) Top views of orthorhombic lattices in three 
different rotational domains which were determined by the deconvolution analysis of the scattering 
profile in (a); d110 is the d-spacing of {110} reflection. (c) Deconvolution analysis results of the 

scattering profile in (a); i and i are the rotational angle and relative volume fraction of orthorhombic 
lattice domain i respectively where the rotational axis is parallel to the c-axis of the lattice (which is also 
parallel to the out-of-plane of the film). 

 

Fifth, interestingly the amorphous layer thickness la is in the increasing order PVL-rot-

F < PVL < PVL-rot-M. Moreover, the interfacial layer thickness li is in the increasing order 

PVL < PVL-rot-M < PVL-rot-F. These results collectively inform that the ionically-fixed 

rotaxane wheel is more highly populated in the interfacial layer than in the amorphous layer, 

whereas the movable wheel is located in the interfacial layer as well as in the amorphous layer. 

Furthermore, the results could be a clue for why the relatively thicker crystalline layer forms 

in the PVL-rot-M film than the PVL-rot-F film.   

Sixth, in the lamellar structure of PVL, the crystalline layers reveal orthorhombic lattice 

whose c-axis is parallel to the direction of lamellar stacks as well as the out-of-plane of the 

film. Namely, the crystalline layers consist of only vertically-oriented orthorhombic crystals 
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(i.e, type A orientational crystals). Interestingly, such the type A orientational crystals are, 

however, found to be composed of three different types (I, II, and III) of rotational lattice 

domains (Table 3.3; Figures 3.6 and 3.9a).  

Seventh, in the horizontal lamellar structure of PVL-rot-F, the crystalline layers also 

reveal type A orientational lattices together with three types of rotational lattice domains as 

observed for the PVL homopolymer film. However, another type (type B) of orientational 

lattice domains are present in a minor population, only 5.2%; its tilt angle and orientation factor 

are 43.1 and 0.315 respectively (Table 3.3; Figures 3.9b and 3.7). Moreover, the rotational 

angles and populations of the individual rotational domains are changed. The formation of such 

type B orientational lattice domains, as well as the influences in the rotational lattice domains 

could be attributed to the ionically-fixed rotaxane wheel with a bulkiness even though the 

wheel is ejected from the crystalline layer. 

Finally, the crystalline layers in the horizontal lamellar structure of PVL-rot-M are 

found to show similar morphological feature as observed for PVL-rot-F. However, such type 

B orientational lattice domain is formed in an extremely low population; its tilt angle and 

population are 51.9 and 1.1% respectively (Table 3.3; Figures 3.9c and 3.8). These results 

suggest that the movable rotaxane wheel also influences the morphological characteristics of 

the crystalline layer but its impact is relatively weaker than that of the fixed wheel. 
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Figure 3.8. (a) Enlarged {110} reflection profile of PVL-rot-M film obtained from the 1D scattering 
profile in Figure 3.5f. The symbols represent the measured data; the blue curves represent the scattering 
profiles obtained by the deconvolution of the {110} reflection profile; the red curve represents the sum 
of the deconvoluted scattering profiles in blue color. (b) Top views of orthorhombic lattices in three 
different rotational domains which were determined by the deconvolution analysis of the scattering 
profile in (a); d110 is the d-spacing of {110} reflection. (c) Deconvolution analysis results of the 

scattering profile in (a); i and i are the rotational angle and relative volume fraction of orthorhombic 
lattice domain i respectively where the rotational axis is parallel to the c-axis of the lattice (which is also 
parallel to the out-of-plane of the film).  
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Figure 3.9. Schematic representations of molecular chain conformations and packing orders in 
nanoscale films. (a) PVL: Horizontal lamellar structure in which the crystalline layer consists of 
vertically-oriented orthorhombic lattices in three different rotational domains. (b) PVL-rot-F: Horizontal 
lamellar structure in which the crystalline layer consists of vertically-oriented orthorhombic lattices in 
three different rotational domains as a major structural component; orientationally-tilted orthorhombic 
lattice domains are additionally present as a minor component; the ionically-fixed rotaxane (purple-
colored ring) is more highly populated in the interface than in the amorphous layer. (c) PVL-rot-M: 
Horizontal lamellar structure in which the crystalline layer consists of vertically-oriented orthorhombic 
lattice as a major component and tilt-oriented orthorhombic lattice as a minor component; the major 
component is present in three different rotational domains; the movable rotaxane (purple-colored ring) 
is populated in the interface as well as in the amorphous layer. 
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Figure 3.10. A lamellar structure model composed of three layers: (a) 3D representation of lamellar 
structure where n1 is the orientation vector of the structure and φ1 is the polar angle between the n1 
vector and the out-of-plane of the film; (b) 2D representation of lamellar structure. The inner and outer 
layers in (a) correspond to the dense and interfacial layers in (b) respectively; the blue colored layer in 
(b) corresponds to the less dense layer; (c) The electron density profile along the direction of layer stacks 
in the lamellar structure where c and a are the electron densities of crystalline (dense) and amorphous 
(less dense) layers respectively. The dimension of the lamellar structure is defined by L (long period), 
Lx, Ly, lc (= Hinner), li (= (Houter  Hinner)/2), and la (= L  Houter). 

 

3.4 Conclusions 

In this chapter, PVL and its [2]rotaxanes (PVL-rot-F and PVL-rot-M) have been 

investigated in a comparative manner from views of thermal stability, phase transitions and 

nanoscale film morphology using TGA, DSC, GISAXS, and GIWAXS analyses. These 

analyses have found the topological effects of fixed and movable rotaxane moieties on the 

properties and morphological structure of PVL as follows: 

The thermal stability of PVL axle is severely reduced by the presence of ionically-fixed 

rotaxane moiety with its counter anion, but is slightly influenced by the movable rotaxane. 

All crystallization and crystal melting transition parameters of PVL axle are lowered 

by the fixed rotaxane with the counter anion, but more significantly lowered by the movable 

rotaxane. Nevertheless, interestingly PVL-rot-M is confirmed to form a certain fraction of 
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crystals which reveal melting temperature equivalent to that of the crystals formed in PVL-rot-

F. 

Very interestingly, all polymers favorably form horizontal lamellar structures in 

nanoscale thin films, regardless of the presences of fixed and movable rotaxane moieties. 

Moreover, the crystalline layers in the lamellar structure are composed of three different 

rotational lattice domains, regardless of the presences of fixed and movable rotaxane moieties. 

These microstructure formations are originated from an inherently excellent self-assembling 

ability of PVL as well as the relatively low volume fraction of roxtane moiety compared to that 

of the PVL axle.  

However, structural details of such horizontal lamellar structure are discernibly 

influenced by the fixed and movable rotaxane moieties. The crystalline layer is thinned by the 

fixed and movable rotaxanes. The long period, as well as the sum of interfacial and amorphous 

layers is thickened by the fixed and movable rotaxanes. Both fixed and movable rotaxane 

moieties further cause to form tilted orientational crystal lattice domains as very minor portions 

in addition to the vertically-oriented lattice domain formation of PVL. The ionically-fixed 

rotaxane moiety tends to be highly populated in the interfacial layer rather than in the 

amorphous layer, resulting in thickening of the interfacial layer. In contrast, the movable 

rotaxane moiety is populated in both interfacial and amorphous layers, causing thickenings in 

the interfacial and amorphous layers. In this chapter, the novel three layer model was successful 

in parameterizing the morphological details with precision and also identifying the rotaxane 

wheel’s influence as a topological feature on the self-assembly behavior of PVL axles in thin 

films, successfully establishing new insights in the topology-morphology correlation of semi-

crystalline polymers.  
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4.1 Introduction 

Polyrotaxanes have attracted great interests as one of supramolecular polymer families 

because of unique topological features.1-4 As a result of many research effort, several 

polyrotaxane systems and their derivatives were reported along with corresponding advanced 

synthetic schemes.5-17  

In particular, rotaxane-linked linear block, star, and crosslinked polymers were 

introduced.12-29 These polymer systems were extensively studied in the aspect of synthetic 

methods with improving product yield and purity. Among the developed polymers, 

crosslinking systems were intensively investigated to understand crosslinking or gelation 

behaviors and find potential applications.21-29 Crosslinked polyrotaxane systems demonstrated 

excellent mechanical properties, such as high toughness and stretchability, as well as good gel 

formations and high efficiency in releasing drug molecules that were loaded within. However, 

other properties such as morphology and structural characteristics were rarely investigated. 

Furthermore, the other polymer systems were yet studied although expecting to exhibit unusual 

properties and morphological structures. Overall, rotaxane-linked linear block, star, and 

crosslinked polymers have their property and morphology details under veils and are need of 

thorough studies to fully realize their potential applications. 

In this chapter, a set of pseudo-miktoarm polyrotaxane system based on semi-

crystalline poly(δ-valerolactone) (PVL) axles bearing fixed and movable dibenzo-24-crown-8-

ether (rotaxane: rot) wheels linked with amorphous polystyrene (PS) were investigated for the 

first time regarding their morphology details, and thermal and phase transition characteristics: 

PVL-rot-PS-M and PVL-rot-PS-F (Figure 4.1). The quantitative synchrotron grazing incidence 

X-ray scattering (GIXS) analysis found that they all form phase-separated lamellar structures 

in nanoscale films as observed in films of their counterpart, diblock copolymer (PVL-b-PS). 

Interestingly, all PVL layers form fringed-micelle like crystals rather than folded crystals; such 
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crystals are present as three different rotational lattice domains. However, PVL-rot-PS-M 

forms only horizontal lamellar structure, whereas PVL-rot-PS-F, as well as PVL-b-PS makes 

horizontal lamellar structure domains as a major component and vertical lamellar structure 

domains as a minor component. In the PVL layers, PVL-rot-PS-M, as well as PVL-b-PS, forms 

two different orientational crystal domains, whereas PVL-rot-PS-F forms three different 

orientational crystal domains. Moreover, the structural parameters further vary depending upon 

the movable and fixed PS-linked rotaxane wheels. The movable PS-linked rotaxane wheel 

remarkably stimulates the PVL axle to crystallize. In contrast, the crystallization of PVL axle 

is significantly retarded or discouraged by the ionically-fixed rotaxane wheel. The PVL axle 

maintains its own thermal stability, regardless of the fixed and movable PS-linked rotaxane 

wheels. Instead, the ionically-fixed PS-linked wheel reveals relatively lower stability than the 

movable wheel.  
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Figure 4.1. Chemical structures of the macromolecular [2]rotaxanes linked with a polystyrene: (a) PVL-
rot-PS-M, (b) PVL-rot-PS-F and PVL-b-PS. 

 

4.2 Experimental Section 

A series of macromolecular [2]rotaxanes based on a PVL axle and a rotaxane wheel-

linked PS, including a diblock copolymer of PVL and PS were prepared according to the 

synthetic methods in the literature:18 PVL-rot-PS-M, PVL-rot-PS-F and PVL-b-PS (Figure 4.1). 

The molecular characteristics of the prepared polymers are summarized in Table 4.1. 
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Each polymer sample was dissolved in chloroform (CHCl3) and filtered using 

disposable syringes equipped with polytetrafluoroethylene filter membranes of 0.2 m pore 

size, producing polymer solutions with a concentration of 0.5 wt%. Each polymer solution was 

deposited on silicon (Si) substrates via spin coating process and dried in vacuum at room 

temperature for 24 h. Some of the obtained films were further annealed under a vapor of 

tetrahydrofuran (THF) at room temperature for 1 h. The obtained polymer films were 

determined to have a thickness of 110130 nm by using a spectroscopic ellipsometer (Model 

M-2000, Woollam, Lincoln, NE, USA).  

Thermogravimetry (TGA) and differential scanning calorimetry (DSC) analyses were 

conducted with a rate of 10.0 °C/min under nitrogen atmosphere using Seiko and TA 

instruments (model TG/DGA-6300 and model DSC-220CU, Seiko Instrument, Tokyo, Japan; 

model Dynamic TGA 2950, TA Instruments, New Castle, DE, USA). Synchrotron X-ray 

scattering analysis was carried out at the 3C beamline30-32 of the Pohang Accelerator Laboratory 

(PAL), Pohang, Korea. Scattering data were normally collected for 1030 s using X-ray 

radiation sources with a wavelength λ of 0.12096 nm and a two-dimensional (2D) charge-

coupled detector (CCD) (model Rayonix 2D MAR, Evanston, IL, USA). The sample-to-

detector distance (SDD) was 209 mm for grazing incidence wide angle X-ray scattering 

(GIWAXS) measurements and 2824 and 29100 mm for grazing incidence small angle X-ray 

scattering (GISAXS) measurements. The incidence angle i of X-ray beam with respect to the 

film sample surface was set in the range 0.130–0.180°, which is between the critical angle of 

the polymer film and the silicon substrate (c,f and c,s). Aluminum foils were used as a semi-

transparent beam stop. Scattering angles were corrected according to the positions of the X-ray 

beams reflected from the silicon substrate as well as by using precalibrated standards 

(polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene; sucrose and silver 

behenate standards (Tokyo Chemical Inc., Tokyo, Japan)).  
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4.3 Results and Discussion 

4.3.1 Thermal Stabilities  

PVL-b-PS exhibits a single-step degradation behavior even though it is a copolymer of 

immiscible blocks, as shown in Figure 4.2a. The first 5% mass loss takes place at 345 C (= 

Td,5); the degradation is completed at 461 C (= Td,f) (Table 4.1). The Td,5 and Td,f values are 

higher than those (332 and 450 C) of PVL homopolymer (Figure 4.2a), respectively. This 

enhanced stability could be attributed to the increased molar mass due to the incorporated PS 

block as well as the high stability of PS.   

 

Table 4.1. Characteristics of poly(-valerolactone)s (PVL) bearing fixed and movable 
rotaxane wheels (rot) linked with polystyrene (PS) 

Polymer Mn,NMR
a PDIb 

PVL  PS 
Td,5

 g 
(C) 

Td,f
 h 

(C) 
DPNMR

 c Mn,NMR d fPVL
 e

 PVL
 f  DPNMR

 c Mn,NMR d fPS
 e PS

 f 

PVL-b-PS i 8910 1.15 47 4700 0.527 0.491  37 3850 0.432 0.484 345 461 

PVL-rot-PS-F 10020 j 1.18 48 4800 0.479 0.441  39 4060 0.405 0.448 263 461 

PVL-rot-PS-M 9900 1.33 48 4800 0.485 0.443  39 4060 0.410 0.450 318 461 

aNumber-average molecular weight of the polymer, including the whole components (linkers, end group, 
and so on), which was determined by proton nuclear magnetic resonance (1H NMR) spectroscopy analysis. 
bPolydispersity index of polymer determined by gel permeation chromatography (GPC) analysis. cNumber-
average degree of polymerization of only PVL or PS part determined by 1H NMR) spectroscopy analysis. 
dNumber-average molecular weight of only PVL or PS part determined by 1H NMR spectroscopy analysis. 
eWeight fraction of only PVL or PS part with respect to the molar mass of the whole polymer. fVolume 
fraction of only PVL or PS part with respect to the total volume of the whole polymer; here, the volume 
fraction was estimated using a method reported in literature.33 gTemperature at which 5% mass loss occurred 
in TGA analysis. hTemperature at which the degradation is completed in TGA analysis. iDiblock copolymer 
of PVL and PS prepared as a reference polymer for PVL-rot-PS-F and PVL-rot-PS-M. jIncluded the molar 
mass of the counter anion. 
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Figure 4.2. TGA thermograms of macromolecular [2]rotaxanes linked with a polystyrene, which were 

measured at a rate of 10.0 C/min under nitrogen atmosphere. 

 

Different from the diblock copolymer above, PVL-rot-PS-F depicts clearly a two-step 

degradation behavior; here, it is measured that Td,5 = 263 C and Td,f = 461 C (Figure 4.2b; 

Table 4.1). In particular, the Td,5 value is much lower than those (332 and 345 C) of PVL and 

PVL-b-PS. The Td,f value is higher than that (450 C) of PVL homopolymer and same with that 

of PVL-b-PS. Furthermore, the degradation in the second-step begins around 330 C, which is 

close to Td,5 of PVL homopolymer. Taking into account the degradation characteristics of PVL 

and PVL-b-PS, the thermal degradation in the first-step could originate from the ionically-fixed 

rotaxane wheel linked PS, where that of the second-step could be attributed to the PVL axle. It 

is apparently sound that the PS-linked wheel and PVL axle parts behave independent thermal 
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degradation behaviors respectively even though they are ionically linked together as one 

macromolecular [2]rotaxane system. However, the results further inform that the thermal 

stability of the PS part is severely affected by the rotaxane wheel together with its counter anion. 

Considering a relatively high thermal stability of PVL-rot-PS-M, such large decrease in the 

stability of the ionically-fixed wheel linked with PS might be caused by the counter anion 

species. 

PVL-rot-PS-M also shows a two-step degradation behavior (Figure 4.2c). However, the 

first-step degradation is significantly shifted to the higher temperature region and its 

temperature window becomes narrower; the later part of the first-step is further overlapped 

heavily with the second-step degradation. Td,5 = 318 C, which is higher than that of PVL-rot-

PS-F but lower than those of PVL and PVL-b-PS; Td,f = 461 C, which is same with that of 

PVL-b-PS (Table 4.1). The results collectively indicate that in the PVL-rot-PS-M, the PVL 

axle and the movable wheel linked with PS behave independent thermal degradation behaviors 

respectively. The slight decrease in the stability of the PS part is due to the chemically-bonded 

rotaxane wheel.  

 Overall, the thermal stability is in the increasing order PVL-rot-PS-F << PVL-rot-PS-

M < PVL-b-PS.  
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Table 4.2. Phase transition characteristics of poly(-valerolactone)s (PVL) axle bearing fixed 
and movable rotaxane wheel (rot) and its polystyrene (PS) a 

Polymer 
Cooling run  

Cold crystallization 
in heating run 

 Heating run 

Tc
 b 

(C) 
-Hf,c

 c 
(J/g) 

Xc,c 
d 

(%) 
 Tc,cold

 e 
(C) 

-Hf,cold
 f 

(J/g) 

Xc,cold g 
(C) 

 
Tm

 h 
(C) 

Hf,m
 i 

(J/g) 

Xc,m
 j 

(%) 

PVL-b-PS 
 

9.1 
 

24.5k
 

(12.9) l 
17.5m 
(9.3) n  -4.8 

 
54.2 
(28.6) 

38.9 
(20.5)  46.1 

 
81.7 
(43.1) 

58.6 
(30.9) 

PVL-rot-PS-F 
 

11.8 
 

26.1 
(12.5) 

18.7 
(9.0) 

 2.8 
 

56.6 
(27.1) 

40.6 
(19.4) 

 47.5 
 

85.4 
(40.9) 

61.2 
(29.3) 

PVL-rot-PS-M 
 

-2.3 
 

80.6 
(39.1) 

57.8 
(28.0) 

 -10.0 
 

3.8 
(1.8) 

2.7 
(1.3) 

 43.8 
 

92.0 
(44.6) 

65.9 
(42.0) 

aMeasured during cooling run with a rate of 10.0 C/min from the melt state and subsequent heating run with 

a rate of 10.0 C/min in DSC analysis. bCrystallization temperature at the maximum of exothermic heat of 
fusion peak occurred during cooling run. cHeat of fusion of crystallization occurred during cooling run. 
dCrystallinity estimated from the heat of fusion of crystallization by assuming that the ΔHc

∘  of PVL is same 

with that (139.5 J/g) of poly(-caprolactone) (PCL).34,35 eCold crystallization temperature at the maximum 
of exothermic heat of fusion peak occurred during heating run. fHeat of fusion of cold crystallization occurred 
during heating run. gCrystallinity estimated from the heat of fusion of cold crystallization using ΔHc

∘  = 

139.5 J/g. hCrystal melting temperature at the maximum of endothermic heat of fusion peak occurred during 
heating run. iHeat of fusion of crystal melting occurred during heating run. jCrystallinity estimated from the 
heat of fusion of crystal melting using ΔHm

∘  = 139.5 J/g. kHeat of fusion of only PVL component, which was 
estimated from that of the whole polymer sample using the weight fraction of PVL component. lHeat of 
fusion of whole polymer sample. mCalculated from the measured heat of fusion with respect to the weight of 
only PVL component in the sample. nCalculated from the measured heat of fusion with respect to the total 
weight of the polymer sample.  
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4.3.2 Phase Transition Behaviors  

A PVL homopolymer (5190 Mn,NMR; 3850 Mn,NMR for only PVL part excluded end 

groups) was found to exhibit a distinct, strong crystallization exothermic at 16.3 C (= Tc, 

crystallization temperature) in a cooling run with 10.0 C/min from melt (Figure 4.4b). PS 

(3850 Mn,NMR) is estimated to have a glass transition temperature Tg of 77 C from the data 

reported in the literature.36 Considering these, one can expect that PVL-b-PS reveals distinct 

exothermic signals for the crystallization of PVL block and the glass transition of PS block 

when phase-separation occurs. However, such signals could not easily be discernible in a 

cooling run with 10.0 C/min from the melt (140 C) (Figure 4.3a). Instead, a very weak 

exothermic peak starts to show up at 58 C (which is marked with the arrow “1”) and then 

increases slightly with decreasing temperature until 23 C (2). Thereafter, a discernible, but 

still weak exothermic peak appears in the range of 23 to 25 C (23). An additional broad 

transition is observed over the range of 52 to 72 C (45). These results collectively could 

provide important information as follows. Firstly, glass transition of the PS block could not be 

detected until cooled down to 58 C, which is much lower than its Tg. This is an indication that 

the PS block is fully or substantially miscible with the PVL block in melt at >58 C. Thus, the 

PS block could already lose opportunity to reveal a glass transition even when below 58 C it 

is phase-separated and builds up of its own domains. Secondly, the weak, broad exothermic 

signals observed in the 12 period (i.e., 5823 C) would be a clue that phase-separation is 

initiated at 58 C (= Tps,onset, the onset temperature of phase-separation) and then continued with 

further decreasing temperature in the cooling run. As a result, the individual blocks have 

chances to develop their own domains in a certain size as well as a certain level of population. 

Thirdly, the PVL block domains, which are being developed below Tps,onset, could experience 

degrees of supercooling enough to crystallize under continued cooling process. Therefore, the 
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slightly enhanced exothermic signals in the 23 period (i.e., the range 23 to 25 C) could be 

attributed to crystallization occurring in the PVL block domains; here, the crystallization 

temperature Tc is estimated to be 9.1 C (which corresponds to the peak maximum) (Table 4.2). 

In this temperature region, the phase-separation would be also continued. However, such 

phase-separation could take place in kinetically slow manner, consequently allowed very 

limited crystallization in the resulting PVL block domains. Finally, considering the Tg of PVL 

homopolymer, the phase transition at the 45 period (i.e., the region 52 to 72 C) could be 

assigned to the glass transition of PVL block. This transition is discernible, indicating that the 

phase-separation has taken place in a substantial quantity until getting into freezing, leading to 

that the resultant PVL block domains mainly remain amorphous.  
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Figure 4.3. DSC thermograms of macromolecular [2]rotaxanes linked with a polystyrene, which were 

measured at a rate of 10.0 C/min under nitrogen atmosphere. In the thermogram of each cooling run, 
the black colored arrows with numbers are the indications for the starting and ending points of phase 
transitions. 
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The crystallization exothermic peak of PVL block chains is found to be enhanced 

discernibly in the cooling run with a rate of 5.0 C/min and more significantly with a cooling 

rate of 2.0 C/min; Tc is determined to be 4.7 C in the cooling run with 5.0 C/min and 13.7 

C in the cooling run with 2.0 C/min (Figure 4.5). All determined Tc values are much lower 

than that of PVL homopolymer in the cooling run with 10.0 C/min. These low Tc values are 

clues for the presence of a time lag between the kinetics of phase-separation and PVL block 

chain crystallization. In fact, the crystallization of PVL block can be feasible only when its own 

domains are formed. Considering this point, PVL-b-PS should first undergo phase-separation 

kinetically in advance and then in resulting phase domains the PVL block chains could 

commence crystallization. Overall, the DSC results inform that in the cooling runs of PVL-b-

PS, phase-separation tends to occur in advance and then followed by crystallization in the 

resulting PVL block domains. The results further confirm that slower cooling process could 

induce more significant level of phase-separation in PVL-b-PS in relatively higher temperature 

region, consequently leading to larger size of phase domains in which the PVL block chains 

commence crystallization more favorably. 

 

 

Figure 4.4. Thermograms of PVL homopolymer (5190 Mn,NMR; 3850 Mn,NMR for only PVL part excluded 
end groups): (a) TGA thermogram; (b) DSC thermograms. All thermograms were measured at a rate of 
10.0 C/min under nitrogen atmosphere. 
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In the subsequent heating run after cooled with 10.0 C/min (Figure 4.3a), PVL-b-PS 

clearly exhibits glass transition endothermic peak over the range of 60 to 46 C. Furthermore, 

the block copolymer surprisingly shows a strong peak in the region of 14 to 13 C, which is 

exothermic rather than endothermic although in heating run. These results indicate that the 

PVL block domains, which were formed in the cooling run from the melt, are mainly 

amorphous and thus could reveal glass transition distinctly over the region of 60 to 46 C 

and further favorably undergo cold crystallization far above the Tg; the cold crystallization 

temperature Tc,cold is measured to be 4.8 C (Table 4.2). The appearances of such distinct glass 

transition and intensive cold crystallization confirm again that in the cooling run, PVL-b-PS 

underwent phase-separation substantially and, however, crystallization of the PVL block 

chains was highly suppressed.  

Such cold crystallization is drastically reduced in the subsequent heating run after 

cooled with 5.0 C/min; here Tc,cold = 5.9 C. Furthermore, the cold crystallization is no longer 

observed in the heating run after cooled with 2.0 C/min (Figure 4.5). In addition, it is very 

hard to observe signals for the glass transition of PVL block chains in such cooling runs and 

subsequent heating runs. These results collectively inform again that slower cooling process 

could cause phase-separation more substantially prior to the commencement of crystallization, 

producing larger sizes of domains which are necessary to enhance crystallization of the PVL 

block chains.  
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Figure 4.5. DSC thermograms of PVL-b-PS measured at two different rates: (a) 5.0 C/min; (b) 2.0 

C/min. All measurements were conducted under nitrogen atmosphere. 

 

The crystals in the PVL block domains, which were formed through cooling process as 

well as by cold crystallization in the subsequent heating run, are found to melt over the range 

of 25 to 60 C; the melting temperature Tm is measured to be 46.1 C for the 10.0 and 5.0 

C/min cooled samples and 46.0 C for the 2.0 C/min cooled sample. 

Very similar thermograms are observed for PVL-rot-PS-F, as shown in Figures 4.3b 

and 4.6. The analysis results are compared with those of PVL-b-PS in Table 4.2. The results 

inform that the ionically-fixed PVL-rot-PS-F exhibit phase-separation and phase transition 

behaviors similar to the covalently-bonded PVL-b-PS; namely, the ionically-fixed rotaxane 

wheel linked with PS successfully mimics roles of the covalently-bonded PS in the block 

copolymer. However, some differences are still distinguished in the phase transition behaviors. 

PVL-rot-PS-F exhibits relatively higher cold crystallization temperature Tc,cold, enthalpy 
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Hf,cold and crystallinity Xc,cold than those of PVL-b-PS. As a result, PVL-rot-PS-F shows 

higher crystal melting temperature Tm, enthalpy Hf,m and crystallinity Xc,m, compared to those 

of PVL-b-PS. These results collectively suggest that PVL-rot-PS-F requires higher thermal 

energy to undergo phase-separation, which is necessary before crystallization of the PVL axle, 

compared to that needed for PVL-b-PS. Such higher thermal energy requirement would be 

attributed to the heavy rotaxane wheel. However, once phase-separation is proceeded, due to 

the bulkiness and flexibility the ionically-fixed wheel may additionally stimulate the PVL axle 

to mobilize in a certain level and thus crystallize more, consequently leading to larger enthalpy 

and crystallinity.  

 

 

Figure 4.6. DSC thermograms of PVL-rot-PS-F measured at two different rates: (a) 5.0 C/min; (b) 2.0 

C/min. All measurements were conducted under nitrogen atmosphere. 
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Figure 4.7. DSC thermograms of PVL-rot-PS-M measured at 5.0 C/min under nitrogen atmosphere. 

 

Interestingly, PVL-rot-PS-M, however, shows quite different features in DSC 

thermograms. The measured thermograms and analysis results are given in Figures 4.3c and 

4.7, and Table 4.2. These results inform unique phase transition characteristics of PVL-rot-PS-

M as follows. First, regarding relatively higher mobilities of the blocks due to their physical 

connection (i.e., mechanical connection), one can expect that PVL-rot-PS-M undergoes phase-

separation more easily and thus reveals relatively narrower temperature window of miscibility, 

compared to the covalently-bonded and ionically-fixed systems. However, in the cooling run 

with 10.0 C/min, phase-separation is found to begin around 53 C (= Tps,onset, marked with the 

arrow “14”), which is 5 C lower than those of PVL-b-PS and PVL-rot-PS-F. Namely, different 

from the expectation, PVL-rot-PS-M behaves relatively wider temperature window of 

miscibility, compared to PVL-b-PS and PVL-rot-PS-F. This interesting phase behavior would 

be attributed to the movable rotaxane wheel linked with PS that can translate along the PVL 

axle. In PVL-rot-PS-M, phase-separation process could be more feasible and pronounced when 

the PS-linked wheel translates to the ends of PVL axle. Such translational motion requires a 

certain amount of time, consequently causing a time lag in the phase-separation process; as a 
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result, phase-separation process is retarded kinetically in cooling run, revealing low Tps,onset. 

Second, a crystallization exothermic peak of the PVL axle appears strongly over the range of 

15 to 31 C (1516 period) even in a cooling run with 10.0 C/min and further becomes 

much stronger in slower cooling run (5.0 C/min). Tc is determined to be 2.3 C in the cooling 

run with 10.0 C/min and 7.5 C in the cooling run with 5.0 C/min. These Tc values are much 

lower than the Tps,onset. Moreover, the Tc values are lower than those of PVL-b-PS and PVL-

rot-PS-F. These results inform that the phase-separation process below Tps,onset still need a time 

to build up of PVL axle phase domains larger than a certain size which can induce 

crystallization of the axle chains, because of accompanying the PS-linked wheels in sliding 

motion along the axle chains; and then followed by crystallization within the resulting PVL 

axle domains. On the other hand, the PVL axle inherently experiences freedom in part from the 

PS-linked rotaxane wheel, because of the physical or mechanical connectivity, revealing 

relatively high mobility. Thus, the PVL axle needs relatively higher degrees of supercooling to 

crystallize. This is a clue for how the PVL axle domains could demonstrate a significant 

quantity of crystallization even under the conditions with high degrees of supercooling caused 

by the slow phase-separation process in cooling run. Third, the glass transition of PVL axle 

appears very weakly over the region 49 to 60 C (1718 period) in the cooling run with 

10.0 C/min but could not be discernible in the cooling run with 5.0 C/min. These data support 

that the PVL axle domains, which are being formed in cooling run, undergo crystallization 

substantially; the PVL axle domains crystallize more substantially in slower cooling run. As a 

result, uncrystallized PVL axles remain in a low fraction and so could reveal very weak or no 

glass transition. Fourth, in subsequent heating runs no glass transition could be observed for 

the samples cooled with and 10.0 and 5.0 C/min. In addition, a cold crystallization peak is 

observed weakly for the sample cooled with 10.0 C/min but no longer discernible for the 

sample cooled with 5.0 C/min. These results confirm again that a significant level of 
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crystallization has taken place in the PVL axle domains in the cooling runs and, therefore, a 

small fraction of PVL axles remained amorphous. Fifth, Tc,cold = 10.0 C, which is determined 

from the subsequent heating run of the sample cooled at 10.0 C/min. This Tc,cold is lower than 

those of PVL-b-PS and PVL-rot-PS-F. This low Tc,cold again confirms that the movable wheel 

with PS could mobilize PVL axle chains properly and accelerate their crystallization even in 

low temperature condition. Finally, Tm = 43.8 C, which is slightly lower than those (47.5 and 

46.1 C) of PVL-b-PS and PVL-rot-PS-F and that (47.7 C) of PVL homopolymer. The low 

Tm could be correlated to the low Tc in the cooling run as well as the low Tc,cold in the subsequent 

heating run. Namely, the low Tm could be originated mainly from the slightly thinner crystals 

formed with relatively higher degrees of supercooling via cooling run and subsequent heating 

run. In addition, the low Tm could be further attributed in part to the slightly thinner crystals 

formed with the PVL axle chains in which the movable wheel is located a little far from the 

axle chain ends. However, Hf,m = 92.0 J/g and Xc,m = 65.9 %, which are relatively larger than 

those of PVL-b-PS and PVL-rot-PS-F. These indicate that the movable wheel with linked with 

PS could encourage the PVL axle to crystalize more via stimulating chain mobility, but cause 

a little reduction in the crystal size and/or some defects on the crystal surface. 

 

4.3.3 Thin Film Morphologies  

For all polymers, nanoscale films have been prepared with a thickness of 110130 nm 

and subjected to synchrotron GISAXS analysis. The as-cast film of PVL-b-PS reveals a broad 

scattering peak around 0.400 along the meridian line in the 2D GISAXS image (Figures 4.8a). 

Such peak broadness would be attributed to the heavy overlap between the scattering features 

along the meridian line which were generated by the reflected and transmitted X-ray beams. 

This kind of scattering peaks are one of the typical characteristics from horizontal lamellar 

structure. Considering this information together with almost equal volume fractions of the 
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blocks, the scattering data was analyzed using possible structural models. As a result, a three-

phase lamellar structure model is found suitable for analyzing the scattering data. The out-of-

plane and in-plane scattering profiles, which are extracted from the 2D scattering image, could 

be satisfactorily analyzed using a GISAXS formula of three-phase lamellar structure model, as 

shown in Figures 4.8g and 4.8j; a detail of the GIXS formula is given in Section 1.4 of Chapter 

1. In addition, an azimuthal scattering profile of the scattering peak at 0.400° is extracted and 

then successfully analyzed in order to get information on the structural orientation (Figures 

4.8m). In similar manner, 2D GISAXS images of the as-cast films of PVL-rot-PS-F and PVL-

rot-PS-M could be analyzed satisfactorily with three-phase lamellar structural models, as 

shown in Figure 4.8. Furthermore, these analysis schemes have been successfully extended for 

the scattering patterns measured for the THF-annealed polymer films (Figure 4.9). These 

analyses find that all polymers form lamellar structures in the nanoscale films. All obtained 

structural parameters are summarized in Table 4.3. From the obtained parameters, simulated 

2D GISAXS scattering images were regenerated. As presented in Figures 4.8d-f and 4.9d-f, the 

reconstructed scattering images are in good agreement with the measured patterns, confirming 

that the scattering data have been analyzed successfully. 
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Table 4.3. Morphological structural parameters of nanoscale films of PVL-b-PS, PVL-rot-PS-
F, and PVL-rot-PS-M determined by quantitative GISAXS analysis 

Polymer system PVL-b-PS PVL-rot-PS-F PVL-rot-PS-M 

Phase-separated 
nanostructure 

horizontal 
lamella 

vertical 
lamella 

horizontal 
lamella 

vertical 
lamella 

horizontal 
lamella 

vertical 
lamella 

As-cast film          

L a (%) 90.3 9.7 90.8 9.2 100  
Parameters       

DL b (nm) 15.7 14.2 15.4 14.5 11.3  
dPVL c (nm) 6.0 5.4 4.0 4.5 3.5  
di d (nm) 2.0 1.6 3.6 2.3 2.0  
dPS e (nm) 5.7 5.6 4.2 5.1 3.8  
PVL f (nm) 0.4 0.6 1.1 1.0 0.6  
i g (nm) 0.6 0.8 0.6 0.9 0.8  
g h 0.27 0.45 0.39 0.48 0.45  
φ1 i (deg.) 0 85.3 0 86.4 0.2  
σφ1

 j (deg.) 8.8 2.0 8.5 2.3 7.3  
Os,1 k 0.838 -0.479 0.845 -0.478 0.885  

THF-annealed film       
L (%) 97.8 2.2 96.4 3.6 100  

Parameters       
DL (nm) 15.0 14.0 14.0 15.3 11.8  
dPVL (nm) 3.9 4.6 4.8 4.3 3.5  
di (nm) 3.6 2.5 2.3 3.3 2.2  
dPS (nm) 3.9 4.4 4.6 4.4 3.7  
PVL (nm) 1.0 1.0 0.8 1.2 0.8  
i (nm) 1.2 1.3 1.3 1.7 1.1  
g  0.37 0.48 0.43 0.51 0.39  
φ1 (deg.) 1.0 88.4 1.0 86.8 1.2  
σφ1

 (deg.) 9.4 2.2 10.8 2.0 9.0  
Os,1  0.819 -0.486 0.770 -0.430 0.826  

aVolume fraction of lamellar structure in either horizontal or vertical orientation determined by the analysis 
of azimuthal scattering profiles. bLong period of lamellar structure. cThickness of PVL layer in the phase 
separated lamellar structure. dThickness of interfacial layer between PVL and PS layers. eThickness of PS 
layer. fStandard deviation for the PVL layer in lamellar structure. gStandard deviation for the interfacial layer 
in lamellar structure. hParacrystal distortion factor along the direction parallel to the long period of lamellar 
structure. iMean value of the polar angle φ1 (i.e., orientation angle) between the orientation vector n1 (which 
is set parallel to the axis of the long period of lamellar structure) and the out-of-plane direction of the film. 
jStandard deviation for the orientation angle φ1 of lamellar structure. kSecond order orientation factor.  
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Figure 4.8. Representative GISAXS data of the as-cast films (110-130 nm thick) of PVL-b-PS, PVL-
rot-PS-F, and PVL-rot-PS-M measured with a sample-to-detector distance (SDD) of 2824 mm using a 
synchrotron X-ray beam (λ = 0.12096 nm). PVL-b-PS: (a) 2D scattering image measured with of αi = 
0.138°; (d) 2D image reconstructed from the structural parameters in Table 4.3 using the GIXS formula; 
(g) out-of-plane scattering profile extracted along the meridian line at 2θf = 0.123°; (j) in-plane scattering 
profile extracted along the equatorial line at αf = 0.218°; (m) azimuthal scattering profile of the first-
order lamellar peak at 0.400°. PVL-rot-PS-F: (b) 2D scattering image measured with of αi = 0.137°; (e) 
2D image reconstructed from the structural parameters in Table 4.3 using the GIXS formula; (h) out-of-
plane scattering profile extracted along the meridian line at 2θf = 0.139°; (k) in-plane scattering profile 
extracted along the equatorial line at αf = 0.210°; (n) azimuthal scattering profile of the first-order 
lamellar peak at 0.373°. PVL-rot-PS-M: (c) 2D scattering image measured with of αi = 0.137°; (f) 2D 
image reconstructed from the structural parameters in Table 3 using the GIXS formula; (i) out-of-plane 
scattering profile extracted along the meridian line at 2θf = 0.058°; (l) in-plane scattering profile 
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extracted along the equatorial line at αf = 0.200°; (o) azimuthal scattering profile of the first-order 

lamellar peak at 0.520°. In (gl), the symbols are the measured data and the solid lines were obtained 
by fitting the data using the GIXS formula of lamellar structure model; the scattering peak generated by 
the transmitted X-ray beam, is marked with “T”, whereas that generated by the reflected X-ray beam is 

marked with “R”. In (mo), the symbols are the measured data and the sold lines were obtained by 
fitting the data using the Gaussian functions.  

 

Interestingly, the as-cast PVL-b-PS film is characterized by forming lamellar structure 

domains in two distinct orientations: horizontal and vertical structures. The horizontal lamellar 

structure is present as the major structural component (L,h = 90.3%, relative volume fraction), 

whereas the vertical lamellar structure is found as the minor component (L,v = 9.7%). The 

horizontal structure is determined to have an orientational factor Os,1 of 0.838 (𝜑  = 0, mean 

polar (i.e., orientation) angle between the orientation vector n1 (which is set parallel to the 

direction of lamellar stacks) and the out-of-plane direction of the film; 𝜎  = 8.8, standard 

deviation of polar angle) and a paracrystal distortion factor g (= g33) of 0.27 (this factor along 

the direction of lamellar stacks). The vertical structure reveals Os,1 = 0.479 (𝜑  = 85.3 and 

𝜎  = 2.0) and g = 0.45. These g values suggest that the horizontal lamellar structure is more 

stable than the vertical one. The lamellar structures are determined to have a long period DL of 

14.2 to 15.7 nm which is composed of a dense PVL block layer dPVL (5.46.0 nm), a less dense 

PS block layer dPS (5.65.7 nm), and an interfacial layer di (1.62.0 nm).  
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Figure 4.9. Representative GISAXS data of the THF-annealed films (110-130 nm thick) of PVL-b-PS, 
PVL-rot-PS-F, and PVL-rot-PS-M measured with a sample-to-detector distance (SDD) of 2910 mm 
using a synchrotron X-ray beam (λ = 0.12096 nm). PVL-b-PS: (a) 2D scattering image measured with 
of αi = 0.133°; (d) 2D image reconstructed from the structural parameters in Table 4.3 using the GIXS 
formula; (g) out-of-plane scattering profile extracted along the meridian line at 2θf = 0.123°; (j) in-plane 
scattering profile extracted along the equatorial line at αf = 0.198°; (m) azimuthal scattering profile of 
the first-order lamellar peak at 0.371°. PVL-rot-PS-F: (b) 2D scattering image measured with of αi = 
0.134°; (e) 2D image reconstructed from the structural parameters in Table 4.3 using the GIXS formula; 
(h) out-of-plane scattering profile extracted along the meridian line at 2θf = 0.123°; (k) in-plane 
scattering profile extracted along the equatorial line at αf = 0.198°; (n) azimuthal scattering profile of 
the first-order lamellar peak at 0.357°. PVL-rot-PS-M: (c) 2D scattering image measured with of αi = 
0.131°; (f) 2D image reconstructed from the structural parameters in Table 3 using the GIXS formula; 
(i) out-of-plane scattering profile extracted along the meridian line at 2θf = 0.107°; (l) in-plane scattering 
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profile extracted along the equatorial line at αf = 0.238°; (o) azimuthal scattering profile of the first-

order lamellar peak at 0.520°. In (gl), the symbols are the measured data and the solid lines were 

obtained by fitting the data using the GIXS formula of lamellar structure model. In (mo), the symbols 
are the measured data and the sold lines were obtained by fitting the data using the Gaussian functions.  

 

The as-cast PVL-rot-PS-F film is also characterized by forming lamellar structures in 

a mixture of horizontal and vertical orientations. The most of structural parameters are close to 

those of the PVL-b-PS film. However, the dPVL and dPS values are smaller, whereas the di value 

is larger, compared to those of the PVL-b-PS film. Considering the connectivity of PVL axle 

and PS block, such structural parameter variations could be attributed to the ionically-fixed 

rotaxane wheel. These results are clues that the bulky rotaxane wheel is mainly located in the 

interfacial layer and further causes thinning in both the PVL axle and PS layers. 

In contrast, the as-cast PVL-rot-PS-M film reveals quite different structural features. 

Surprisingly PVL-rot-PS-M is found to form only horizontal lamellar structure. The horizontal 

lamellar structure is characterized by having relatively smaller long period and, thinner PVL 

axle and PS layers, compared to those of the PVL-b-PS and PVL-rot-PS-F films. However, the 

interfacial layer thickness is comparable with that of the PVL-b-PS film. These results 

collectively inform that the movable rotaxane wheel linker plays key roles to induce the 

formation of only uniorientational lamellar structure through phase-separation and form narrow 

interface between the PVL axle and PS layer even though the bulkiness. 

The nanoscale film morphologies are further influenced in some aspects by THF-

annealing process. After the solvent annealing, the PVL-b-PS film reveals significantly 

enhanced population of horizontal lamellar structure accompanied with shortened long period, 

thinned PVL and PS block layers, and thickened interfacial layer. The solvent-annealed PVL-

rot-PS-F film also exhibits highly enhanced population of horizontal lamellar structure with 

shortened long period and thinned PVL axle and PS layers. Interestingly the interfacial layer, 

however, becomes thinner. This is a clue that the rotaxane linker can make a certain level of 
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positive impact for the phase-separated PVL axle and PS layers to form narrower or sharper 

interface via the THF-annealing process, although it owns ionic linking nature and bulkiness. 

This positive effect may be attributed to a certain level of flexibility of the rotaxane wheel 

based on crown ether ring and ionic linking character which can mobile both the PVL axle and 

PS chains.  

Quite different from the polymers above, the PVL-rot-PS-M film is found to well 

maintain horizontal lamellar structure in 100 % population and furthermore show very little 

variations on the structural parameters throughout the THF-annealing process. These results 

collectively suggest that the movable rotaxane wheel linker could play a great role to mobilize 

the PVL axle and PS block chains enough which is necessary for phase-separation in 

kinetically-favorable manner. Due to the movable rotaxane wheel, the phase-separation has 

taken place fully in the film through the polymer solution cast and subsequent drying process. 

Thus, the obtained film morphology could not be improved discernibly by the post solvent 

annealing process. It is additionally noted that due to the remarkable role of movable rotaxane 

wheel linker, the lamellar structure in the PVL-rot-PS-M film could build up of sharper 

interface between the PVL axle and PS layers, compared to those of the PVL-b-PS and PVL-

rot-PS-F films. 

Overall, all polymer systems of this study tend to do phase-separation due to an inherent 

immiscibility of the PVL and PS components as well as a high self-assembling (i.e., 

crystallization) nature of the PVL component, forming lamellar structures. However, the phase-

separation behaviors, as well as the structural parameters including orientation and distortion 

factors, are different depending upon the connection natures of PVL and PS components. In 

particular, the mechanically movable connection using rotaxane wheel is most powerful to 

enhance mobilities of the PVL and PS components significantly and further help their phase-
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separation more feasible kinetically, consequently leading to a very unique structure, namely 

only horizontally-oriented and better-defined lamellar structure in nanoscale films.  

 

 

Figure 4.10. Representative GIWAXS patterns of the as-cast films (110-130 nm thick) of PVL-b-PS, 
PVL-rot-PS-F, and PVL-rot-PS-M films measured with αi = 0.174° at SDD = 209 mm using a 
synchrotron X-ray beam (λ = 0.12096 nm). PVL-b-PS: (a) 2D scattering image; (d) 1D scattering profile 
averaged quadrantly from the 2D image in (a); (g) azimuthal scattering profile of the {110} peak. PVL-
rot-PS-F: (b) 2D scattering image; (e) 1D scattering profile averaged quadrantly from the 2D image in 
(b); (h) azimuthal scattering profile of the {110} peak. PVL-rot-PS-M: (c) 2D scattering image; 1D 
scattering profile averaged quadrantly from the 2D image in (c); (i) azimuthal scattering profile of the 
{110} peak. 
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Table 4.4. Crystalline structural parameters of PVL layers in the lamellar structures formed in 
nanoscale films of PVL-b-PS, PVL-rot-PS-F, and PVL-rot-PS-M determined by quantitative 
GIWAXS analysis  

Polymer 

PVL-b-PS  PVL-rot-PS-F  PVL-rot-PS-M 

As-cast 
film 

THF-
annealed 

film 
 

As-cast 
film 

THF-
annealed 

film 
 

As-cast 
film 

THF-
annealed 

film 

Nanostructure in the 
PVL layer 

Fringed-micelle like 
structure          

 
Fringed-micelle like 

structure          
 

Fringed-micelle like 
structure 

Crystal lattice 
structure in the PVL 
layer 

Orthorhombic  lattice; unit dimensions:  
a = 0.787 nm, b = 0.525 nm, c = 1.876 nm,  =  =  = 90 

Orientational 
domain A 

        

φ2
a (deg.) 0 0  0 0  0 0 

σφ2
b (deg.) 11.8 10.5  12.3 9.8  11.5 7.8 

Os,2 c 0.713 0.771  0.727 0.799  0.752 0.864 

v,2 d (%) 86.5 95.4  88.7 93.1  74.0 76.6 

Orientational 
domain B 

        

φ3 (deg.) 45.0 37.6  34.0 31.0  27.2 29.7 

σφ3
 (deg.) 16.0 4.9  4.0 3.5  7.5 5.3 

Os,3 0.248 0.453  0.527 0.588  0.571 0.598 

tilt,3 (%) 13.5 4.6  5.7 5.3  26.0 23.4 

Orientational 
domain C 

        

φ4 (deg.)    52.5 43.1    

σφ4
 (deg.)    4.3 3.4    

Os,4    0.095 0.305    

tilt,4 (%)    5.6 1.6    

Rotational domain I         

I e (deg.) 0 0  0 0  0 0 

I f (%) 18.2 17.1  20.2 16.0  15.8 21.4 

Rotational domain II         

II (deg.) 7.8 10.3  8.7 7.8  6.8 9.5 

II (%) 48.4 58.7  52.0 61.2  51.3 61.8 

Rotational domain III         

III (deg.) 10.3 14.0  12.9 11.0  10.4 12.9 

III (%) 33.4 24.2  27.8 22.8  32.9 16.8 

Xc,GIWAXS g (%) 48.9 h 54.6  49.2 65.1  51.1 50.18 

 (24.0) i (26.8)  (21.7) (28.7)  (22.6) (22.2) 

aMean value of the polar angle φi (i.e., orientation angle) between the orientation vector ni (which is set along 
a direction normal to the {110} plane stacks (namely, parallel to the c-axis of orthorhombic lattice unit cell)) 
and the out-of-plane direction of the film. bStandard deviation for the polar angle φi. cSecond order 
orientation factor of orthorhombic crystal lattice. dVolume fraction of orthorhombic crystals with φi (i.e., a 

preferred direction i). eRotational angle of orthorhombic crystals where the rotational axis is parallel to a 
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normal direction to the film plane. fRelative volume fraction of orthorhombic crystals with rotational angle 

i where the rotational axis is parallel to a normal direction to the film plane. gCrystallinity determined by 
the analysis of from GIWAXS data. hCrystallinity of only PVL component determined by the analysis of 
GIWAXS data using the volume fraction of only PVL component. iCrystallinity of the whole polymer (which 
includes PVL and all other components) determined by the analysis of from GIWAXS data.  

 

To get more information on the crystallizable PVL layer in the lamellar structure, 

synchrotron GIWAXS analysis has been carried for all polymers above. Representatives and 

analysis results of the measured GIWAXS images are presented in Figures 4.10 and 4.11. The 

as-cast PVL-b-PS film depicts two anisotropic scattering rings at 16.13° and 17.92° in addition 

to a weak, broad amorphous halo peak centered at 15.00°; another scattering peak appears very 

weakly at 7.65°. Similar scattering patterns are observed for the as-cast PVL-rot-PS-F and 

PVL-rot-PS-F films and for the THF-annealed films. Here it is additionally noted that the 

scattering spot at 7.65° becomes stronger in the THF-annealed films. Taking into account the 

crystallizability of PVL homopolymer and the amorphous characteristics of PS homopolymer, 

such three distinct scattering peaks could be generated by the crystals of the PVL components 

in the individual films. PVL is known to self-assemble in orthorhombic crystal lattice.37 Based 

on the orthorhombic lattice, these scattering peaks could be assigned as {102}, {110} and 

{200} reflections, respectively. From these scattering peaks, the crystal lattice parameters are 

determined. For each film, the crystallinity Xc,GIWAXS of the PVL layer could be estimated from 

the integrals of the crystalline and amorphous scattering peaks deconvolued from the quadrant-

averaged scattering profile which has been obtained from the 2D GIWAXS image. The 

orientations of orthorhombic crystals are estimated by analyzing the azimuthal scattering 

profile of {110} scattering peak obtained from the 2D scattering image; as a result, the crystals 

are found to be present as two or three different orientational domains. In addition, the PVL 

crystals are determined to have three different rotational domains from the deconvoluted {110} 
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peaks and their integrals. The analysis results are summarized in Table 4.4. These GIWAXS 

analyses provide key structural features below.  

 

 

Figure 4.11. Representative GIWAXS patterns of the THF-annealed films (110-130 nm thick) of PVL-
b-PS, PVL-rot-PS-F, and PVL-rot-PS-M films measured with αi = 0.174° at SDD = 209 mm using a 
synchrotron X-ray beam (λ = 0.1209 nm). PVL-b-PS: (a) 2D scattering image; (d) 1D scattering profile 
averaged quadrantly from the 2D image in (a); (g) azimuthal scattering profile of the {110} peak. PVL-
rot-PS-F: (b) 2D scattering image; (e) 1D scattering profile averaged quadrantly from the 2D image in 
(b); (h) azimuthal scattering profile of the {110} peak. PVL-rot-PS-M: (c) 2D scattering image; 1D 
scattering profile averaged quadrantly from the 2D image in (c); (i) azimuthal scattering profile of the 
{110} peak. 

 

First, The PVL layers in the lamellar structures are characterized to form orthorhombic 

crystals which have a lattice dimension of a = 0.787 nm, b = 0.525 nm, c = 1.876 nm, and  = 

 =  = 90, regardless of the polymer systems and their as-cast and THF-annealed films.  

Second, for the as-cast PVL-b-PS film, the PVL layer is determined to form two 

different orientational crystal domains: (i) vertically-oriented orthorhombic crystal domain 

(type A, v,2 = 86.5 %, relative volume fraction) and (ii) 45.0-tilted orthorhombic crystal 

domain (type B, tilt,3 = 13.5 %) (Figure 4.12). Differently, the as-cast PVL-rot-PS-F film forms 
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three types of orientational crystal domains in the PVL axle layers: (i) A-type crystal domain 

(v,2 = 788.7 %), (ii) B-type crystal domain (tilt angle = 34.0; tilt,3 = 5.7 %), and (iii) C-type 

crystal domain (tilt angle = 52.5; tilt,4 = 5.6 %). The as-cast PVL-rot-PS-M film forms two 

types of orientational crystal domains in the PVL axle layers: (i) A-type crystal domain (v,2 = 

74.0 %) and (ii) B-type crystal domain (tilt angle = 27.2; tilt,3 = 26.0 %). Overall, in each 

polymer film the vertically-orientated crystal domain is formed in the PVL layers as the major 

component. These PVL crystal domains are retained through the THF-annealing process 

(Figure 4.13). But, the THF-annealing process is found to improve the population of vertically-

oriented crystal domain in each polymer film and, instead, suppress the population(s) of tilted 

crystal domain(s) and decrease or increase its or their tilt angle(s). 
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Figure 4.12. 3D schematic of orthorhombic unit cell of PVL crystal and azimuthal scattering 
profiles and analysis results of the {110} peaks of PVL crystals in Figure 4.10 and orientational 
crystal domains: (a) as-cast PVL-b-PS film; (b) as-cast PVL-rot-PS-F film; (c) as-cast PVL-rot-
PS-M film. 

 

Third, vertically-oriented orthorhombic crystals are mainly formed in the individual 

PVL layers in the horizontal lamellar structure which is predominantly formed in each polymer 

film, regardless of the as-cast and THF-annealing processes. Namely, the c-axis in the majority 

(90.3100 %) of orthorhombic crystal domains is parallel to the thickness direction of the PVL 
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layer in the horizontal PVL/PS lamellar structure. The c value (= 1.876 nm, one of the crystal 

lattice parameter) is close to the length (2.204 nm) of three repeat units in a fully extended 

conformation. The c value corresponds to about one third or a half of the PVL layer thickness 

(dPVL = 3.56.0 nm). Thus, one expects that the PVL block or axle chains may form folded-

crystals (i.e., lamellae) in the PVL layer phase. However, in nanoscale film of a similar 

thickness (110-130 nm) PVL hompolymer tends to strongly form horizontal lamellar structure 

with 9.6 long period (= 3.2 nm (crystalline layer) + 2.4 nm (amorphous layer) + 2 x 2.0 nm 

(interfacial layer)). The dPVL values are only 1.1 to 1.9 times larger than the crystal layer 

thickness (3.2 nm) but 1.6 to 2.7 times smaller than the long period (9.6 nm) of lamellar crystals 

formed in PVL hompolymer film. Taking these facts into account, the PVL layer thicknesses 

in the lamellar structures of PVL-b-PS, PVL-rot-PS-F and PVL-rot-PS-M films could not 

provide enough spaces for folded-crystal formations. Due to such severe confined geometry, 

the PVL block or PVL axle chains could make only fringed-micelle like crystals rather than 

folded-crystals in the PVL layers of PVL/PS lamellar structure. 
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Figure 4.13. Azimuthal scattering profiles and analysis results of the {110} peaks of PVL crystals 
in Figure 4.11 and orientational crystal domains: (a) THF-annealed PVL-b-PS film; (b) THF-
annealed PVL-rot-PS-F film; (c) THF-annealed PVL-rot-PS-M film. 

 

Fourth, the vertically-oriented orthorhombic PVL crystals are further determined to 

consist of three different types of rotational domains, namely (i) type-I rotational crystal 

domain (I = 0, rotational angle where the rotational axis is parallel to a normal direction to 

the film plane; I = 15.8~21.4 %, relative volume fraction), (ii) type-II rotational crystal 

domain (II = 6.8~10.3; II = 48.4~61.8 %), and (iii) type-III rotational crystal domain (III = 

10.3~14.0; III) = 16.8~33.4 %) (Figures 4.14-4.19). The rotational angles and populations of 

rotational crystal domains vary depending on the polymer systems and film fabrication 

processes. In particular, for the individual polymer films, the population of rotational domain 

is in the increasing order type-I < type-III < type-II.  

Fifth, for the as-cast films, the crystallinity Xc,GIWAXS is in the increasing order PVL-b-

PS < PVL-rot-PS-F < PVL-rot-PS-M. These results are an obvious clue that in PVL-rot-PS-M 
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the movable rotaxane linker could induce both the PVL axle and PS block to mobilze more and 

indeed undergo phase-separation more favorably, forming PVL axle and PS phase domains 

(i.e., lamellae); in the resulting PVL axle domains (i.e., PVL axle layers in the PVL/PS lamellar 

structure) the axle chains crystalize more favorably.    

Finally, for the THF-annealed films, Xc,GIWAXS is in the increasing order PVL-rot-PS-M 

< PVL-b-PS < PVL-rot-PS-F. Here, it is noted that the Xc,GIWAXS of PVL-rot-PS-M film is 

almost same before and after the THF-annealing. Moreover, the dimension of its lamellar 

structure is kept almost same through the THF-annealing process. In contrast, the Xc,GIWAXS 

values of both PVL-b-PS and PVL-rot-PS-F films are increased by the THF-annealing process. 

Furthermore, the dimension parameters of their lamellar structures are discernibly changed 

through the THF-annealing process. These results collectively confirm again that the movable 

rotaxane linker could mobilize the PVL axle and PS block chains enough for phase-separation 

and further crystallization of the PVL axle chains in the resulting phase-domains via the film 

casting and subsequent drying process. Instead, the covalent linker, as well as the rotaxane-

based ionic linker could not provide enough mobilities to the block chains for phase-separation 

and crystallization of the PVL block chains through the film casting and subsequent drying 

process; as a result, the phase-separation, as well as the PVL crystallization might be undergone 

in limited bases. Thus, such phase-separation and PVL crystallization might proceed further 

through the post THF-annealing process, enhancing lamellar structure and crystallinity. 

As discussed above, PVL-b-PS, PVL-rot-PS-F and PVL-rot-PS-M have been 

investigated in detail in the aspect of nanoscale film morphologies by using GISAXS and 

GIWAXS. The nanoscale film morphologies of all polymer systems are basically composed of 

two structural elements: (i) lamellar structure based on the phase-separation of PVL and PS 

components; (ii) fringed-micelle like crystals in the PVL layers in the phase-separated lamellar 

structure. Overall, these structural characteristics are influenced by the natures of linkers 
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between PVL and PS blocks. In particular, the movable rotaxane linker could make 

significantly positive impact on the phase-separation and the crystallization of PVL component. 

The structural parameter details have been determined by these GISAXS and GIWAXS 

analyses. With such determined structural parameters, overall morphological features of the 

nanoscale polymer films are presented schematically in Figure 4.20. 
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Figure 4.14. (a) Enlarged {110} reflection profile of PVL-b-PS-F film (as-cast film) obtained from the 
1D scattering profile in Figure 4.10d. The symbols represent the measured data; the blue curves 
represent the scattering profiles obtained by the deconvolution of the {110} reflection profile; the red 
curve represents the sum of the deconvoluted scattering profiles in blue color. (b) Top views of 
orthorhombic lattices in three different rotational domains which were determined by the deconvolution 
analysis of the scattering profile in (a); d110 is the d-spacing of {110} reflection. (c) Deconvolution 

analysis results of the scattering profile in (a); i and i are the rotational angle and relative volume 
fraction of orthorhombic lattice domain i respectively where the rotational axis is parallel to the c-axis 
of the lattice (which is also parallel to the out-of-plane of the film). 

 

 

Figure 4.15. (a) Enlarged {110} reflection profile of PVL-rot-PS-F film (as-cast film) obtained from 
the 1D scattering profile in Figure 4.10e. The symbols represent the measured data; the blue curves 
represent the scattering profiles obtained by the deconvolution of the {110} reflection profile; the red 
curve represents the sum of the deconvoluted scattering profiles in blue color. (b) Top views of 
orthorhombic lattices in three different rotational domains which were determined by the deconvolution 
analysis of the scattering profile in (a); d110 is the d-spacing of {110} reflection. (c) Deconvolution 
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analysis results of the scattering profile in (a); i and i are the rotational angle and relative volume 
fraction of orthorhombic lattice domain i respectively where the rotational axis is parallel to the c-axis 
of the lattice (which is also parallel to the out-of-plane of the film). 

 

 

Figure 4.16. (a) Enlarged {110} reflection profile of PVL-rot-PS-M film (as-cast film) obtained from 
the 1D scattering profile in Figure 4.10f. The symbols represent the measured data; the blue curves 
represent the scattering profiles obtained by the deconvolution of the {110} reflection profile; the red 
curve represents the sum of the deconvoluted scattering profiles in blue color. (b) Top views of 
orthorhombic lattices in three different rotational domains which were determined by the deconvolution 
analysis of the scattering profile in (a); d110 is the d-spacing of {110} reflection. (c) Deconvolution 

analysis results of the scattering profile in (a); i and i are the rotational angle and relative volume 
fraction of orthorhombic lattice domain i respectively where the rotational axis is parallel to the c-axis 
of the lattice (which is also parallel to the out-of-plane of the film). 

 

 

Figure 4.17. (a) Enlarged {110} reflection profile of PVL-b-PS film (THF-annealed film) obtained from 
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the 1D scattering profile in Figure 4.11d. The symbols represent the measured data; the blue curves 
represent the scattering profiles obtained by the deconvolution of the {110} reflection profile; the red 
curve represents the sum of the deconvoluted scattering profiles in blue color. (b) Top views of 
orthorhombic lattices in three different rotational domains which were determined by the deconvolution 
analysis of the scattering profile in (a); d110 is the d-spacing of {110} reflection. (c) Deconvolution 

analysis results of the scattering profile in (a); i and i are the rotational angle and relative volume 
fraction of orthorhombic lattice domain i respectively where the rotational axis is parallel to the c-axis 
of the lattice (which is also parallel to the out-of-plane of the film). 

 

 

Figure 4.18. (a) Enlarged {110} reflection profile of PVL-rot-PS-F film (THF-annealed film) obtained 
from the 1D scattering profile in Figure 4.11e. The symbols represent the measured data; the blue curves 
represent the scattering profiles obtained by the deconvolution of the {110} reflection profile; the red 
curve represents the sum of the deconvoluted scattering profiles in blue color. (b) Top views of 
orthorhombic lattices in three different rotational domains which were determined by the deconvolution 
analysis of the scattering profile in (a); d110 is the d-spacing of {110} reflection. (c) Deconvolution 

analysis results of the scattering profile in (a); i and i are the rotational angle and relative volume 
fraction of orthorhombic lattice domain i respectively where the rotational axis is parallel to the c-axis 
of the lattice (which is also parallel to the out-of-plane of the film). 
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Figure 4.19. (a) Enlarged {110} reflection profile of PVL-rot-PS-M film (THF-annealed film) obtained 
from the 1D scattering profile in Figure 4.11f. The symbols represent the measured data; the blue curves 
represent the scattering profiles obtained by the deconvolution of the {110} reflection profile; the red 
curve represents the sum of the deconvoluted scattering profiles in blue color. (b) Top views of 
orthorhombic lattices in three different rotational domains which were determined by the deconvolution 
analysis of the scattering profile in (a); d110 is the d-spacing of {110} reflection. (c) Deconvolution 

analysis results of the scattering profile in (a); i and i are the rotational angle and relative volume 
fraction of orthorhombic lattice domain i respectively where the rotational axis is parallel to the c-axis 
of the lattice (which is also parallel to the out-of-plane of the film). 
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Figure 4.20. Schematic representations of the nanostructures, packing orders, and chain conformations 
of PVL-b-PS, PVL-rot-PS-F, and PVL-rot-PS-M in nanoscale films. [1] PVL-b-PS: (a) vertical and 
horizontal lamellar structures; (b) chain conformations and packings in the layers of horizontal lamellar 
structure in (a); (c) orientational domains (A and B) of orhothombic crystals formed in the PVL layer in 
(b); (d) fully-extended PVL repeat units corresponded to the lattice parameter c in the A-type crystal in 
(c); (e) rotational domains (I, II, and III) of orthorhombic crystals formed in the A-type orientational 
domains in (c). [2] PVL-rot-PS-F: (f) vertical and horizontal lamellar structures; (g) chain conformations 
and packings in the layers of horizontal lamellar structure in (f); (h) orientational domains (A, B, and C) 
of orhothombic crystals formed in the PVL layer in (g); (d) fully-extended PVL repeat units 
corresponded to the lattice parameter c in the A-type crystal in (h); (e) rotational domains (I, II, and III) 
of orthorhombic crystals formed in the A-type orientational domains in (h). [3] PVL-rot-PS-M: (i) 
horizontal lamellar structure; (j) chain conformations and packings in the layers of lamellar structure in 
(i); (k) orientational domains (A and B) of orhothombic crystals formed in the PVL layer in (j); (d) fully-
extended PVL repeat units corresponded to the lattice parameter c in the A-type crystal in (k); (e) 
rotational domains (I, II, and III) of orthorhombic crystals formed in the A-type orientational domains 
in (k). 

 

4.4 Conclusions 

In this chapter, PVL-rot-PS-M, PVL-rot-PS-F and PVL-b-PS have been investigated 

in the aspects of thermal stability, phase transition behaviors, and nanoscale film morphology.  

PVL-rot-PS-M is found to reveal the thermal stabilities of PVL axle and movable PS-

linked rotaxane wheel independently, proving that the mechanical link can reserve fully the 
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stabilities of individual block components. In PVL-rot-PS-F, the thermal stability of fixed PS-

linked rotaxane wheel, however, is severely damaged due to the ionic linking character and 

counter anion; but the PVL axle retains its own stability reasonably well. The thermal stability 

is in the increasing order PVL-rot-PS-F << PVL-rot-PS-M < PVL-b-PS.  

In cooling run from the melt, the PVL and PS components behave phase-separation 

which kinetically competes with the crystallization of PVL component. Practically, the phase-

separation, however, takes place ahead of PVL crystallization because a mass transformation 

of PVL block chains is necessary to the nucleation and growing crystal sites. The phase-

separation, as well as the PVL crystallization is significantly enhanced by the movable rotaxane 

wheel linker in PVL-rot-PS-M and, however, restricted and suppressed highly by the ionically-

fixed rotaxane wheel linker in PVL-rot-PS-F and the covalent bond linker in PVL-b-PS. As a 

result, cold crystallization appears heavily in subsequent heating runs of PVL-rot-PS-F and 

PVL-b-PS. 

In nanoscale films, PVL-rot-PS-M forms only horizontal lamellar structure as a result 

of phase-separation and fringed-micelle like crystals with orthorhombic lattice in the PVL 

layers; the PVL layers are composed of two different orientational crystal domains in which 

three different rotational lattice domains are present. Differently, PVL-rot-PS-F forms a 

mixture of horizontal and vertical lamellar structures in which the PVL layers consist of three 

kinds of orientational crystal domains as well as three different rotational lattice domains. 

Similar film morphology is observed for PVL-b-PS; but, there are two different orientational 

crystal domains in the PVL layers. The structural imperfect level is relatively higher in films 

of PVL-rot-PS-F and PVL-b-PS, compared to that of PVL-rot-PS-M. Thus, the film 

morphologies of PVL-rot-PS-F and PVL-b-PS could be enhanced discernibly by post THF-

annealing; but, such THF-annealing effect could not be observed for the film morphology of 

PVL-rot-PS-M. Overall, the nanoscale film morphology characteristics are influenced by the 
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natures of linkers between PVL and PS blocks; in particular, the movable rotaxane linker could 

make significantly positive impact on the film morphology and structural parameter details. In 

this chapter, the three layer model analysis was successful to parameterize the morphological 

details of PVL-PS pseudo miktoarm block copolymers in nanoscale thin films. In addition, the 

novel modeling analysis has also identified the rotaxane wheel’s function as mechanical 

linkage between PVL axle and PS block as a critical topological feature impacting the overall 

phase-separation behavior of PVL-PS pseudo miktoarm block copolymers, successfully 

establishing new insights in the topology-morphology correlation of mechanically linked block 

copolymers. 
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5.1 Introduction 

Cyclic poly(dimethylsiloxane) (c-PDMS) was reported in 1946 as the first synthetic 

cyclic polymer.1-3 In 1949, a cyclic Gaussian polymer like flexible c-PDMS was first estimated 

to exhibit much smaller radius of gyration than that of the linear counterpart.4 Later on, 

naturally occurring cyclic deoxyribonucleic acids (c-DNAs) were discovered.5-8 In addition, 

natural cyclic proteins were found in bacteria, plants, fungi, and animals.9,10 Cyclic 

polysaccharides were also occurred naturally.11 With the discoveries of c-PDMS and naturally-

occurring biopolymers revealing unique molecular architectures, polymer scientists have been 

inspired into the development of new synthetic methods of cyclic polymers in more efficient 

ways with high yield and high purity. As a result of development efforts, several synthetic 

schemes were demonstrated, producing a number of cyclic homopolymers.12-29 They were 

followed by characterizations, exhibiting very unique physical features (for examples, higher 

thermal stability, higher glass transition temperature, higher melting temperature, lower 

viscosity, smaller radius of gyration, smaller hydrodynamic volume, and so on) quite different 

from the linear counterparts.18-22,31-45 

The cyclic topology approach has been further extended to block copolymer systems. 

Great research effort has been made to develop the synthetic methods of cyclic block 

copolymers, and, as a result, various block copolymers possessing cyclic architectures have 

been reported.17-19,31,32,46-51 Among those, a few block copolymer systems have been subjected 

to phase-separations and resulting morphological structures. Their micelle formations in 

solutions have been examined in a qualitative manner52-56 as well as recently in a quantitative 

manner.56-61 Collectively, it was confirmed that they form compact micelles, compared to the 

linear counterparts. Compared to the researches of micelles, their bulk morphologies have been 

investigated in more limited base.55,62-65 Among the results reported so far, a main consensus 

is that they could produce phase-separated morphological features which are same with those 
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of the linear counterparts in the same compositions.55,62-64 In case of cyclic poly(styrene-block-

isoprene)s (c-PS-b-PI polymers: PS = 0.690.78, volume fraction of styrene unit), however, 

controversial bulk morphologies were reported; one research group found cylindrical 

morphologies for both the cyclic copolymer and the linear counterpart,63 whereas another 

research group reported cylindrical morphology for the cyclic one and liquid-like micellar 

structure for the linear counterpart.65 Different bulk morphologies were additionally found for 

one pair of cyclic poly(styrene-block-butadiene) (c-PS-b-BD: fPS = 0.696, molar fraction of 

styrene unit) and linear counterpart (fPS = 0.702) as well as for another pair of c-PS-b-BD (fPS 

= 0.378) and linear counterpart (fPS = 0.395).62 For the pairs of cyclic block copolymers and 

linear counterparts revealing same types of bulk morphologies, the domain spacings in the 

cyclic copolymers were 5 to 16% smaller than those of the linear counterparts, depending on 

the copolymer systems.55,62-64 Such domain spacing reductions are much lower than those 

(3037 %) predicted theoretically.66-68 Different from the bulk morphologies, thin film 

morphologies have been very rarely investigated. In fact, only one report appeared in the 

literature; for a cyclic poly(styrene-block-ethylene oxide) (c-PS-b-PEO) in thin film state 

(thickness unknown), the domain spacing of PEO cylinders was 33 % smaller than that of the 

linear counterpart.69 This spacing reduction is in the range predicted theoretically.66-68 Overall, 

the synthesis of block copolymers possessing cyclic architectures has been significantly 

advanced so far. To facilitate the better utilization of block copolymers bearing cyclic 

architectures, it is necessary to understand the relationships between their chemical topology, 

composition, morphology, and properties. However, their morphologies and properties have 

yet been explored in detail. In particular, the understanding of their nanoscale film 

morphologies remains in very early stages. 

This chapter is the first report of nanoscale film morphology details of cyclic and 

tadpole-shaped block copolymers based on poly(n-decyl glycidyl ether) (PDGE) and poly(2-
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(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether) (PTEGGE): c-PDGE-b-PTEGGE, tp-A-

PDGE-b-PTEGGE, and tp-B-PDGE-b-PTEGGE (Figure 5.1). The films have been 

investigated by synchrotron grazing incidence X-ray scattering (GIXS). This quantitative 

scattering analysis provides structural parameter details and furthermore key information on 

the correlations of morphological features and molecular topological effects. All block 

copolymers of this study reveal nanostructures, evidencing that the PDGE and PTEGGE blocks 

are immiscible regardless of their topologies and undergo micro-phase separations in films. 

Despite the same or almost equivalent volume fractions, they show different types of 

nanostructures depending on the molecular topologies, which are quite different from the 

expectation based on the volume fractions; distorted hexagonal cylinder structures, as well as 

lamellar structures are observed. The phase-separated domain spacing is found to significantly 

vary with the molecular topology. Compared to the linear counterpart, the domain spacing of 

c-PDGE-b-PTEGGE is 49.367.6 % smaller, which is almost twice smaller than those 

predicted theoretically and reported previously. Even for the nanostructures of tp-A-PDGE-b-

PTEGGE and tp-B-PDGE-b-PTEGGE, the domain spacings are 25.032.5 % smaller than 

those of the linear counterpart. The cyclic and tadpole block copolymers further demonstrate 

better defined and oriented domain structures, compared to their linear counterpart. All 

structural details are discussed in correlations with the molecular topology effects. 
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Figure 5.1 Chemical structures of cyclic and tadpole-shaped poly(n-decyl glycidyl ether-block-2-(2-(2-
methoxyethoxy)ethoxy)ethyl glycidyl ether)s and their linear counterpart. 

 

5.2 Experimental Section 

c-PDGE-b-PTEGGE, td-A-PDGE-b-PTEGGE, and td-B-PDGE-b-PTEGGE were 

synthesized and characterized as described in the literature;49,59 their linear counterpart and 

homopolymers were prepared additionally. Their molecular characteristics are summarized in 

Table 5.1. 
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Table 5.1. Molecular characteristics of various topological block copolymers and their 
homopolymers a 

Polymer 
Mn,NMR

b 
(kDa) 

Ðc 
e 

d
 

(nm-3) 
m 

e
 

(g/cm3) 

PDGE block  PTEGGE block 

DPPDGE  
f PDGE  

g  DPPTEGGE 
h PTEGGE  

i 

c-PDGE-b-PTEGGE 22.3 1.04   50 0.52  51 0.48 

tp-A-PDGE-b-PTEGGE 22.2 1.04   50 0.52  51 0.48 

tp-B-PDGE-b-PTEGGE 21.7 1.04   50 0.49  49 0.51 i 

l-PDGE-b-PTEGGE 21.9 1.04   49 0.49  51 0.51 

c-PDGE 11.0 1.02 310 0.92      

l-PDGE 11.1 1.03 341 1.01      

l-PTEGGE 11.2 1.04 353 1.05      

aData from reference no. 49 and 59. bNumber-average molecular weight in the unit of kDa (103 Da) of 
polymer determined by 1H NMR spectroscopic analysis. cDispersity value of polymer determined by size 
exclusion chromatography (SEC) analysis in tetrahydrofuran. dElectron density of polymer in films 
determined by X-ray reflectivity analysis. eMass density of polymer in films obtained from the electron 
density determined by X-ray reflectivity analysis. fNumber-average degree of polymerization of PDGE block 
determined by 1H NMR spectroscopic analysis. gVolume fraction of PDGE block estimated from the Mn,NMR 
and m data. hNumber-average degree of polymerization of PTEGGE block determined by 1H NMR 

spectroscopic analysis. iVolume fraction of PTEGGE block estimated from the Mn,NMR and m data. jVolume 

fraction estimated from the assumption that the m of the cyclic PTEGGE block is reveals 8.9% lower than 
that of the linear analogue as observed in the linear and cyclic PDGE polymers; namely, the cyclic PTEGGE 

block is assumed to have m = 0.96 g/cm3. 

 

For the individual polymers, polymer solutions were prepared with a concentration of 

0.5 wt% in tetrahydrofuran and filtered using disposable syringes equipped with 

polytetrafluoroethylene filter membranes of 0.2 m pore size. Each polymer solution was 

deposited on silicon substrates by spin-coating and subsequent drying process in vacuum at 

room temperature for 24 h. The obtained films were measured to have a thickness of 100120 

nm by using a spectroscopic ellipsometer (Model M-2000, Woollam, Lincoln, NE, USA). All 

film samples were kept in a drying chamber at room temperature before measurements.  

Synchrotron grazing incidence X-ray scattering (GIXS) measurements were conducted 

with an X-ray beam of 0.12095 nm wavelength λ at the 3C beamline70-73 of the Pohang 

Accelerator Laboratory (PAL), Pohang, Korea. A two-dimensional (2D) charge-coupled 

detector (CCD) (model Rayonix 2D SX 165, Rayonix, Evanston, IL, USA) were employed. 

The incidence angle i of X-ray beam with respect to the film sample surface was set in the 
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range 0.1270–0.1470°, which is between the critical angle of the polymer film and the silicon 

substrate (c,f and c,s). Aluminum foils were used as a semi-transparent beam stop. The 

sample-to-detector distance (SDD) was set to be 2909.8 mm for grazing incidence small angle 

X-ray scattering (GISAXS) measurements and 212.5 mm for grazing incidence wide angle X-

ray scattering (GIWAXS) measurements. Each scattering pattern was collected for 1030 s. 

The scattering angles were corrected according to the positions of the X-ray beams reflected 

from the silicon substrate as well as by using precalibrated standards such as polystyrene-block-

poly(ethylene-random-butylene)-block-polystyrene and silver behenate standards (Tokyo 

Chemical Inc., Tokyo, Japan).  

 

 

Figure 5.2. Representative GIWAXS data of the nanoscale films (100120 nm thick) of block 
copolymers measured with SDD = 212.5 mm at room temperature using a synchrotron X-ray beam (λ = 

0.12095 nm): (a) 2D scattering image in angle space (2f and f) of c-PDGE-b-PTEGGE (αi = 0.1491°); 
(b) 2D scattering image in scattering vector space (qxy and qz) obtained from the scattering image in (a); 

(c) in-plane scattering profiles extracted along the equatorial line at an f value over the range of 0.374° 
to 0.385° from the measured 2D scattering images, including the image in (a). 
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5.3 Results and Discussion 

A representative 2D GIWAXS image is presented in Figure 5.2a-b, which has been 

measured for nanoscale films (100120 nm thick) of c-PDGE-b-PTEGGE. The GIWAXS 

pattern reveals only two isotropic ring scatterings: one ring appears around 3.32 (2.09 nm d-

spacing) and another around 14.59 (0.476 nm d-spacing). These are typical amorphous halos. 

Similar patterns were observed for the other block copolymer films (2D images not shown). 

In-plane scattering profiles have been extracted from the measured 2D scattering images and 

compared in Figure 5.2c. For each scattering profile, the scattering peak in the low angle region 

could be assigned for the mean interdistance between the polymer chains, whereas the that in 

the high angle region could correspond to the mean interdistance between the side chains under 

intramolecular and intermolecular interaction. Collectively, the GIWAXS results confirm that 

the block components of all copolymers are amorphous in the films at room temperature, 

revealing no crystalline characteristics.  
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Figure 5.3. Representative GISAXS data of c-PDGE-b-PTEGGE films (100120 nm thick) measured 
with αi = 0.1276°; SDD = 2909.8 mm at room temperature using a synchrotron X-ray beam (λ = 0.12095 
nm): (a) 2D scattering image in angle space; (b) 2D scattering image in scattering vector space obtained 
from the scattering image in (a); (c) 2D scattering image reconstructed with the determined structural 
parameters; (d) hexagonally-packed cylindrical structure models in a front view; (e) out-of-plane 
scattering profile extracted along the meridian line at 2θf = 0.485° from the scattering image in (a); (f) 
in-plane scattering profile along the equatorial line at αf = 0.229° from the scattering image in (a). In (e) 
and (f), the black symbols are the measured data and the solid red lines were obtained by fitting the data 
using the GIXS formula of hexagonal cylindrical structure models in (d); the scattering peak generated 
by the reflected X-ray beam is marked with “R”, whereas that generated by the transmitted X-ray beam 
is marked with “T”. In (e), the red line is the sum of the green and blue lines where the green line is the 
scattering profile of short-range-ordered cylindrical domains and the blue line is the scattering profile 
of long-range-ordered cylindrical domains. (g) Azimuthal scattering profile extracted at q = 0.564 nm-1 
from the scattering image in (b) where the black symbols are the measured data and the lines were 
obtained by the deconvolutions of the measured data: the blue and green solid lines are the scattering 
peaks of cylindrical domains in hexagonal packing order, the purple dot line is the Yoneda peak, the 
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brown dot line is a part of the reflected X-ray beam, and the red solid line is the sum of all deconvoluted 
peaks.  

 

Figure 5.3a shows a representative GISAXS image of c-PDGE-b-PTEGGE films 

(100120 nm thick) at room temperature; its q space image is given in Figure 5.3b. Two sets 

of scattering peaks are observed (Figure 5.3a): One set of peaks appear at (2θf = 0° and αf = 

0.547°) and (0.485° and 0.274°), whereas another set of peaks appear at (0° and 0.603°) and 

(0.485° and 0.344°). Considering the GIXS optics, the first set of spots could be generated by 

the transmitted X-ray beam, whereas the second set of spots could be generated by the reflected 

X-ray beam. It is additionally noted that two groups of scattering spots appear along the 

meridian line at 2θf = 0.485°: One group of peaks are at αf = 0.274°, 0.827°, and 1.382°, which 

could be generated by the transmitted X-ray beam; another group of peaks at αf = 0.344°, 0.904°, 

and 1.460°, which could be generated by the reflected X-ray beam. The spot at (0° and 0.603°) 

is estimated to have a d-spacing value, which is close to that of the spot at (0.485° and 0.344°). 

For the spots at αf = 0.344°, 0.904°, and 1.460° along the meridian line at 2θf = 0.485°, their 

relative scattering vector lengths from the specular reflection position are found to be 1, , 

and 2,  respectively. These are typical scattering characteristics of in-plane oriented (i.e., 

horizontal) cylindrical domains in a hexagonally-packed structure. Taking these structural 

clues into account, the scattering data were quantitatively analyzed by using the GIXS formula 

derived for hexagonally-packed cylinder model (Figure 5.3d); the GIXS formula detail is given 

in Section 1.4 of Chapter 1. The out-of-plane scattering profile extracted along the median line 

at 2θf = 0.485°, as well as the in-plane scattering profile extracted along the equatorial line at 

αf = 0.229°, could be reasonably well fitted with the GIXS formula of hexagonal cylinder 

structure model (Figures 5.3e-f). An additional analysis has been carried out on an azimuthal 

scattering profile extracted at q = 0.564 nm-1 from the q-space image and then analyzed (Figure 

5.3g; Figure 5.3b) to get information on an orientation of the cylindrical domain packing in the 

3
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film. The determined structural parameters are summarized in Table 5.2. From the determined 

structural parameters, a 2D GISAXS image has been reconstructed by using the GIXS formula. 

The reconstructed scattering image is in good agreement with the measured one (Figures 5.3a 

and 5.3c), confirming that the scattering data analysis has been done successfully.  

The quantitative GISAXS analysis found that the in-plane oriented cylindrical domains 

are present in two different ordered states; the majority (60 vol%) of cylindrical domains reveal 

a short-range ordering, whereas the minority (40 vol%) of domains exhibit a long-range 

ordering. The cylinders in the short-range-ordered state have an ellipsoidal cross-section 

consisting of a relatively long radius Rsro,z of 4.70 nm [= 4.00 nm (core radius: rcz) + 0.70 nm 

(shell thickness: tsz)] along the out-of-plane of the film (i.e., z-axis) and a short radius Rsro,y of 

3.30 nm [= 2.50 nm (core radius: rcy) + 0.80 nm (shell thickness: tsy)] along the in-plane of the 

film (i.e., y-axis). Thus, these cylindrical phases reveal directionally different domain spacings, 

Lz (11.80 nm along the z-axis, which corresponds to the mean interdistance between the arrays 

of the in-plane oriented cylinders) and Ly (8.25 nm along the y-axis, which corresponds to the 

mean center-to-center distance of the cylinders lain in the film plane). This hexagonal cylinder 

structure in the short-range-ordered state is found to have a positional distortion factor g of 

0.06. In comparison, the cylindrical domains in the long-range-ordered state also have an 

ellipsoidal cross-section: Rlro,z (long radius, long-range-order) = 4.90 nm [= 4.40 nm (core 

radius: rcz) + 0.50 nm (shell thickness: tsz)] and Rlro,y (short radius, long-range-order) = 3.30 nm 

[= 2.90 nm (core radius: rcy) + 0.40 nm (shell thickness: tsy)]. The domain spacings are Lz = 

12.17 nm and Ly = 8.45 nm. The g factor is 0.01 (which is much smaller than that of the short-

range-ordered domains), confirming that the cylindrical domains are highly ordered, compared 

to those in the short-range-ordered state. The packed structure is found to have a second order 

orientation factor Os of 0.994 (φ = 0, the mean value of the polar angle φ (i.e., orientation 

angle) between the orientation vector n (which is set along a direction normal to the {001} 
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plane of horizontal hexagonal cylindrical structure) and the out-of-plane direction of the film; 

σφ  = 1.63, standard deviation for the polar angle φ). From the structural parameters, the 

volume fraction of cylindrical phase is estimated to be 50.0% for the short-range-ordered state 

and 49.4 % for the long-range-ordered state. In the cyclic copolymer, the volume fraction of 

the PDGE block is slightly higher than that of the PTEGGE block. Taking these into account, 

the cylindrical phase could be assigned to consist of the PTEGGE block chains, whereas the 

matrix phase is composed of the PDGE block chains. 
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Table 5.2. Morphological parameters of nanoscale films (100120 nm thick) of topological 
polymers  

 
Topological polymer 

Nanoscale film  
morphology 

c-PDGE-b-PTEGGE tp-A-PDGE-b-
PTEGGE 

tp-B-PDGE-b-
PTEGGE 

l-PDGE-b-PTEGGE 

 
 

   

Hexagonal cylindrical 
structure 

horizontal horizontal horizontal   

 short-range-
order (sro) 

long-range-
order (lro) 

   

Lz a (nm) 11.80 12.17 18.00   

Ly b (nm) 8.25 8.45 11.10   

 c  1.43 1.50 1.62   

rcz d (nm) 4.00 (0.40) r 4.40 (0.50) 3.10 (0.70)   

rcy e (nm) 2.50 (0.30) 2.90 (0.20) 1.90 (0.70)   

tsz f (nm) 0.70 (0.30) 0.50 (0.05) 4.10 (1.00)   

tsy g (nm) 0.80 (0.20) 0.40 (0.01) 2.50 (0.50)   

 h 1.42 1.49 1.64   

g i 0.06 0.01 0.08   

 j (vol%) 60 40     

φ k (deg.) 0 0 0   

 l (deg.) 1.63 1.63 1.60   

Os m 0.994 0.994 0.994   

       

Lamellar structure    horizontal horizontal vertical 

DL n (nm)    17.20 24.00 25.50 

l1 o (nm)    2.60 (0.80) 9.40 (1.30) 9.00 (1.00) 

l2 p (nm)    2.90 (0.40) 2.50 (0.80) 3.60 (1.70) 

l3 q (nm)    8.80 9.60 9.30  

g    0.04 0.33 0.35 

φ (deg.)    0 0 90 

 (deg.)    2.00 6.75 6.25 

Os    0.974 0.902 0.210 

 (vol%)     50 50 

aMean interdistance between the arrays of the in-plane oriented cylindrical domains. bMean center-to-center 
distance of the cylindrical domains lain in the film plane. cRatio of Lz and Ly (= Lz/Ly). dCore radius of 
ellipsoidal cylindrical domain along the z-axis which is parallel to the out-of-plane of the film. eCore radius 
of ellipsoidal cylindrical domain along the y-axis which is parallel to the in-plane of the film. fShell thickness 
of ellipsoidal cylindrical domain along the z-axis which is parallel to the out-of-plane of the film. gShell 
thickness of ellipsoidal cylindrical domain along the y-axis which is parallel to the in-plane of the film. 
hEllipsoidicity ratio (= polar radius/equatorial radius). iParacrystal distortion factor of nanostructure (i.e., 
hexagonal cylinder structure or lamellar structure) along the z-axis which is parallel to the out-of-plane of 
the film. jVolume fraction in percent. kMean value of the polar angle φ (i.e., orientation angle) between the 
orientation vector n (which is set along a direction normal to the {001} plane of horizontal hexagonal 
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cylindrical structure or the in-plane of lamellar structure) and the out-of-plane direction of the film. lStandard 
deviation for the polar angle φ. mSecond order orientation factor of nanostructure (i.e., hexagonal cylindrical 
structure or lamellar structure). nLong period of lamellar structure. oThickness of the l1 layer. pThickness of 
the l2 layer. qThickness of the l3 layer. rStandard deviation. 

 

Figures 5.4a and 5.4b present representative GISAXS images of tp-A-PDGE-b-

PTEGGE films (100120 nm thick) at room temperature. The scattering image resembles that 

of the cyclic counterpart film, but revealing much stronger and distinctive spots. The out-of-

plane scattering profile extracted along the median line at 2θf = 0.101°, as well as the in-plane 

scattering profile extracted along the equatorial line at αf = 0.192°, could be reasonably well 

fitted with the GIXS formula of hexagonal cylinder structure model (Figures 5.4d-f). In 

addition, an azimuthal scattering profile has been extracted at q = 0.417 nm-1 from the q-space 

image and then analyzed (Figure 5.4g; Figure 5.4b), providing an orientation order of the 

cylindrical domain packing in the film. The determined structural parameters are summarized 

in Table 5.2. Figure 5.4c shows the 2D scattering image reconstructed from the determined 

structural parameters by using the GIXS formula, which is well matched with the measured 

one. The cylindrical domains are characteristic to reveal ellipsoidal cross-section rather than 

circular one: Rz (long radius, parallel to the out-of-plane of the film) = 7.20 nm [= 3.10 nm 

(core radius: rcz) + 4.10 nm (shell thickness: tsz)], Ry (short radius, parallel to the in-plane of the 

film) = 4.40 nm [= 1.90 nm (core radius: rcy) + 2.50 nm (shell thickness: tsy)], Lz (domain 

spacing, along the out-of-plane of the film) = 18.00 nm, Ly (domain spacing, along the in-plane 

of the film) = 11.00 nm, g (positional distortion factor) = 0.08, and Os (second order orientation 

factor) = 0.994 (φ = 0 and σφ= 1.60). From the structural parameters, the cylindrical phases 

have a volume fraction of 49.8 %. The volume fraction of the PTEGGE block in the tadpole 

copolymer is slightly lower than that of the PDGE block. Thus, the cylindrical domains could 

be assigned by the phase-separated linear PTEGGE block phases, whereas the matrix could be 

assigned by the cyclic PDGE block phase. 
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Figure 5.4. Representative GISAXS data of tp-A-PDGE-b-PTEGGE films (100120 nm thick) 
measured with αi = 0.1361°; SDD = 2909.8 mm at room temperature using a synchrotron X-ray beam 
(λ = 0.12095 nm): (a) 2D scattering image in angle space; (b) 2D scattering image in scattering vector 
space obtained from the scattering image in (a); (c) 2D scattering image reconstructed with the 
determined structural parameters; (d) hexagonally-packed cylindrical structure model in a front view; 
(e) out-of-plane scattering profile extracted along the meridian line at 2θf = 0.101° from the scattering 
image in (a); (f) in-plane scattering profile along the equatorial line at αf = 0.192° from the scattering 
image in (a). In (e and f), the symbols are the measured data and the solid red lines were obtained by 
fitting the data using the GIXS formula of hexagonal cylindrical structure model; the scattering peak 
generated by the transmitted X-ray beam, is marked with “T”, whereas that generated by the reflected 
X-ray beam is marked with “R”. (g) Azimuthal scattering profile extracted at q = 0.417 nm-1 from the 
scattering image in (b); the black symbols are the measured data; the lines were obtained by the 
deconvolutions of the measured data: the blue and green solid lines are the scattering peaks of cylindrical 
domains in hexagonal packing order, the purple dot line is the Yoneda peak, the brown dot line is a part 
of the reflected X-ray beam, and the red solid line is the sum of all deconvoluted peaks.  
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The tp-B-PDGE-b-PTEGGE film has been found to present a 2D GISAXS pattern 

(Figures 5.5a-b), which is quite different from that of the tp-A-PDGE-b-PTEGGE film as well 

as of the c-PDGE-b-PTEGGE film. Two series of scattering spots are clearly distinguished 

along only the meridian line at 2θf = 0°: One series of spots appear at αf = 0.351°, 0.753° and 

1.155°, which were generated by the transmitted X-ray beam; another series of peaks appear at 

αf = 0.460°, 0.868° and 1.267°, which were generated by the reflected X-ray beam. The spots 

αf = 0.460°, 0.868° and 1.267° are estimated to have the relative scattering vector lengths of 1, 

2 and 3 respectively from the specular reflection position. The observation of these peaks is a 

clue that horizontal lamellar structure was formed in the film. The out-of-plane scattering 

profile extracted along the meridian line at 2θf = 0.117°, as well as the in-plane scattering 

profile extracted along the equatorial line at αf = 0.202°, could be satisfactorily fitted by using 

the GIXS formula derived for lamellar structure model (Figures 5.5d-f). An additional analysis 

has been conducted on the azimuthal scattering profile extracted at q = 0.430 nm-1 from the q-

space image (Figure 5.5g; Figure 5.5b), in order to an orientation order of the lamellar structure 

formed in the film. The obtained structural parameters are summarized in Table 5.2. From the 

structural parameters, a scattering image has been reconstructed, showing good agreement with 

the measured pattern (Figures 5.5a and 5.5c). The horizontal lamellar structure is characteristic 

of having a long period DL of 17.2 nm, a layer l1 of 2.60 nm, a layer l2 of 2.90 nm, and a layer 

l3 of 8.80 nm, a positional distortion factor g of 0.04, and a second order orientation factor Os 

of 0.974 (φ = 0, the mean value of the polar angle φ (i.e., orientation angle) between the 

orientation vector n (which is set along a direction normal to the in-plane of lamellar structure) 

and the out-of-plane direction of the film; σφ= 2.00, standard deviation for the polar angle φ). 

In this tadpole copolymer, the PTEGGE block has slightly larger volume fraction, compared 

to that of the PDGE block. Hence, the l3 layer could be assigned by the cyclic PTEGGE block 

phase, whereas the sum of the l1 and l2 layers could be assigned to the linear PDGE block phase.  
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Figure 5.5. Representative GISAXS data of tp-B-PDGE-b-PTEGGE films (100120 nm thick) 
measured with αi = 0.1353°; SDD = 2909.8 mm at room temperature using a synchrotron X-ray beam 
(λ = 0.12095 nm): (a) 2D scattering image in angle space; (b) 2D scattering image in scattering vector 
space obtained from the scattering image in (a); (c) 2D scattering image reconstructed with the 
determined structural parameters; (d) horizontal lamellar structure model in a front view; (e) out-of-
plane scattering profile extracted along the meridian line at 2θf = 0.117° from the scattering image in 
(a); (f) in-plane scattering profile along the equatorial line at αf = 0.202° from the scattering image in 
(a). In (e and f), the symbols are the measured data and the solid red lines were obtained by fitting the 
data using the GIXS formula of lamellar structure model; the scattering peak generated by the 
transmitted X-ray beam, is marked with “T”, whereas that generated by the reflected X-ray beam is 
marked with “R”. (g) Azimuthal scattering profile extracted at q = 0.430 nm-1 from the scattering image 
in (b); the black symbols are the measured data; the lines were obtained by the deconvolutions of the 
measured data: the blue solid line is the first order scattering peak of lamellar structure, the purple dot 
line is the Yoneda peak, the brown dot line is a part of the reflected X-ray beam, and the red solid line 
is the sum of all deconvoluted peaks.  
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Figure 5.6a shows a representative scattering image of l-PDGE-b-PTEGGE films, which 

is somewhat different from that of the tp-B-PDGE-b-PTEGGE films A single broad scattering 

peak is discernible at αf = 0.296° along the meridian line, whereas another broad peak is 

detected at 2θf = 0.233° along the equatorial line (Figures 5.6e-f). The observation of these 

peaks may be clues that horizontal lamellar structure was formed together with vertical lamellar 

structure in the film. The GIXS formula based on lamellar structure model could successfully 

fit the out-of-plane scattering profile extracted along the meridian line at 2θf = 0.101°, as well 

as the in-plane scattering profile extracted along the equatorial line at αf = 0.192° (Figures 5.6d-

f). The scattering analysis has been additionally performed on the azimuthal scattering profile 

extracted at q = 0.305 nm-1 from the q-space image (Figure 5.6g; Figure 5.6b), providing 

important information that the film formed lamellar structure in two different kinds of 

orientational domains, namely horizontal lamellar structural domains (50 vol%) and vertical 

lamellar structural domains (50 vol%). This analysis provides further information on 

orientation details of the lamellar structures formed in the film. The determined structural 

parameters are summarized in Table 5.2. Moreover, a scattering image has been reconstructed, 

which is in good agreement with the measured one (Figures 5.6a and 5.6c). The horizontal 

lamellar structure is characteristic of having DL = 24.0 nm, l1 = 9.4 nm, l2 = 2.5 nm, l3 = 9.6 

nm, g = 0.33, and Os = 0.902 (φ = 0 and σφ = 6.75). In comparison, the vertical lamellar 

structure is characteristic of having DL = 25.5 nm, l1 = 9.0 nm, l2 = 3.6 nm, l3 = 9.3 nm, g = 

0.35, and Os = 0.210 (φ = 90 and σφ = 6.25). For both the horizontal and vertical lamellar 

structures, the l1 value is slightly smaller than the l3 value. Considering the linear chain 

characteristics of l-PDGE-b-PTEGGE, the individual blocks might equally contribute to the 

formation of their interfacial layer in the horizontal lamellar structure as well as in the vertical 

lamellar structure. The PDGE block has slightly lower volume fraction than that of the 

PTEGGE block, as listed in Table 5.1. Taking into account these facts, the l1 layer could be 
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assigned to the linear PDGE block phase, whereas the l3 layer could be assigned to the phase-

separated PTEGGE block phase; the l2 layer could be assigned to the interfacial layer li between 

the PDGE and PTEGGE layers.  

As described above, the quantitative GISAXS analyses have provided structural details 

on the nanoscale film morphologies of various topological diblock copolymers. Such the 

structural details are clearly evident for the effects of molecular topologies on the nanoscale 

film morphology of diblock copolymer as follows.  

First, all topological block copolymers of this study have been determined to form 

phase-separated nanostructures in nanoscale films. These nanostructures are evidences that the 

polar and nonpolar blocks are immiscible and have undergone phase-separations.  

Second, the domain spacing in the cylindrical structured c-PDGE-b-PTEGGE film is 

32.434.4 % smaller in the out-of-plane of the film and 23.925.7 % smaller in the in-plane of 

the film, compared to that in the cylinder-structured tp-A-PDGE-b-PTEGGE film. These 

domain spacing reductions are so remarkable because, despite the pair of cyclic and tadpole-A 

block copolymers, they are comparable to those (3037 %) predicted theoretically for pairs of 

cyclic and linear block copolymers66-68 as well as that (33 %) reported previously for the pair 

of cyclic and linear poly(styrene-block-ethylene oxide)s in thin films.69 Furthermore, the 

domain spacing reductions are much larger than those (516 %) observed for the pairs of cyclic 

and linear block copolymers in bulk states.55,62-64         
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Figure 5.6. Representative GISAXS data of l-PDGE-b-PTEGGE films (100120 nm thick) measured 
with αi = 0.1454°; SDD = 2909.8 mm at room temperature using a synchrotron X-ray beam (λ = 0.12095 
nm): (a) 2D scattering image in angle space; (b) 2D scattering image in scattering vector space obtained 
from the scattering image in (a); (c) 2D scattering image reconstructed with the determined structural 
parameters; (d) lamellar structure model in a front view; (e) out-of-plane scattering profile extracted 
along the meridian line at 2θf = 0.101° from the scattering image in (a); (f) in-plane scattering profile 
extracted along the equatorial line at αf = 0.192° from the scattering image in (a). In (e and f), the 
symbols are the measured data and the solid red lines were obtained by fitting the data using the GIXS 
formula of lamellar structure models. (g) Azimuthal scattering profile extracted at q = 0.305 nm-1 from 
the scattering image in (b); the black symbols are the measured data; the lines were obtained by the 
deconvolutions of the measured data: the blue solid line is the first order scattering peak of horizontal 
lamellar structure, the green solid line is the first order scattering peak of vertical lamellar structure, the 
purple dot line is the Yoneda peak, the brown dot line is a part of the reflected X-ray beam, and the red 
solid line is the sum of all deconvoluted peaks. 
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Third, the domain spacing in the cylindrical structured c-PDGE-b-PTEGGE film is 

49.353.7 % smaller in the out-of-plane of the film and 64.867.6 % smaller in the in-plane of 

the film, compared to those in the lamellar structured l-PDGE-b-PTEGGE film. The domain 

spacing reductions are much larger than those predicted theoretically for pairs of cyclic and 

linear block copolymers66-68 and that reported previously for the pair of cyclic and linear 

poly(styrene-block-ethylene oxide)s in thin films.69 Moreover, the domain spacing reductions 

are huge, compared to those observed for the pairs of cyclic and linear block copolymers in 

bulk states.55,62-64 Collectively, the c-PDGE-b-PTEGGE system of this study, for the first time, 

demonstrates a huge reduction (49.367.6 %) in the domain spacing with respect to those of 

the linear counterpart. 

Fourth, the domain spacing in the cylindrical structured tp-A-PDGE-b-PTEGGE film 

is 25.029.4 % smaller in the out-of-plane of the film and 53.856.5 % smaller in the in-plane 

of the film, compared to those in the lamellar structured l-PDGE-b-PTEGGE film. These 

domain reductions are comparable to or much larger than those predicted theoretically and 

reported previously for pairs of cyclic and linear block copolymers.66-69 These results open up 

a new approach using tadpole block copolymer in order to significantly reduce domain spacing 

in the phase-separated nanostructure formation. 

Fifth, the domain spacing in the lamellar structured tp-B-PDGE-b-PTEGGE film is 

28.332.5 % smaller than those in the lamellar structured l-PDGE-b-PTEGGE film. This 

domain reduction is comparable to those predicted theoretically and reported previously for 

pairs of cyclic and linear block copolymers66-69 but still much larger than those observed for 

the pairs of cyclic and linear block copolymers in bulk states.55,62-64 This result again confirms 

that tadpole block copolymer is a new approach to significantly reduce domain spacing in the 

phase-separated nanostructure formation. 
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Sixth, the domain spacing of phase-separated nanostructure is in the increasing order: 

c-PDGE-b-PTEGGE (8.4512.17 nm: 6.609.80 nm line and 1.652.40 nm space) < tp-A-

PDGE-b-PTEGGE (11.1018.00 nm: 8.8014.40 nm line and 2.303.60 nm space)  tp-A-

PDGE-b-PTEGGE (17.20 nm: 8.80 nm line and 8.40 nm space) << l-PDGE-b-PTEGGE 

(24.0025.50 nm: 12.1012.90 nm line and 11.9012.60 nm space). According to the 

International Technology Roadmap for Semiconductors (ITRS), the pitch in dynamic random 

access memory (DRAM) chips is scheduled to be 38 nm by this year (2019), 30 nm by 2021, 

24 nm by 2024, 18 nm by 2027, and 16 nm by 2030; the pitch in microprocessor unit (MPU) 

chips is scheduled to be 24 nm by this year, 20 nm by 2021, and 12 nm by 20242030.74 Such 

pitches correspond to the domain spacings in nanostructured polymers which can be used as 

nanolithographic materials. Taking this into account, the domain spacings of the nanostructured 

c-PDGE-b-PTEGGE, tp-A-PDGE-b-PTEGGE and tp-A-PDGE-b-PTEGGE can meet the 

pitches demanded for future advanced high performance DRAM and MPU chips. In particular, 

the domain spacings of c-PDGE-b-PTEGGE can meet further the pitches required for the 

development of the DRAM and MPU chips scheduled by 2030. Therefore, the film morphology 

results of this study suggest that the development and utilization of nanolithographic block 

copolymer materials in cyclic and tadpole topologies is a most suitable way to fabricate 

advanced DRAM and MPU chips in less than 20 nm pitches.    

Seventh, in the nanoscale films, c-PDGE-b-PTEGGE has developed relatively well-

defined and orientationally well-controlled domains via the phase-separation of the blocks, 

revealing smaller g factor value and higher Os factor value (Table 5.2). In contrast, l-PDGE-b-

PTEGGE has generated fuzzy (i.e., less-defined) domains in the same scale thin films; 

moreover, a mixture of horizontal and vertical nanostructures has been developed. Overall, the 

nanostructures of l-PDGE-b-PTEGGE show larger g factor value and lower Os factor value 

(Table 5.2). These results are quite different from the relatively less defined domains in the c-
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PS-b-PEO film and the more defined domains in the linear counterpart film.69 These results 

collectively suggest that the c-PDGE-b-PTEGGE system of this study is a good potential 

candidate material for the production of well-defined and oriented nanostructure. 

Eighth, in the nanoscale films, both tp-A-PDGE-b-PTEGGE and tp-B-PDGE-b-

PTEGGE have produced well-defined and well-orientated domains, revealing smaller g factor 

values and higher Os factor values, compared to their linear counterpart. These results indicate 

that the tp-A-PDGE-b-PTEGGE and tp-B-PDGE-b-PTEGGE systems are good potential for 

the production of well-defined and oriented nanostructures.  

Ninth, the individual blocks of all topological diblock copolymers in this study have 

the almost same degree of polymerizations (i.e., the same chain lengths) as well as the almost 

same volume fractions. Both the blocks may be flexible in the view of chain characteristics. 

Thus, one can expect that they all form lamellar structures which consist of phase-separated 

polar and nonpolar block domains. As expected, l-PDGE-b-PTEGGE was found to form 

lamellar structure. tp-B-PDGE-b-PTEGGE (which consists of linear nonpolar and cyclic polar 

blocks) also formed lamellar structure. These results indicate that the cyclic PTEGGE block 

owns chain characteristics close to those of its linear counterpart and, indeed, makes no severe 

impact on the phase diagram of PDGE-b-PTEGGE. Surprisingly, both c-PDGE-b-PTEGGE 

and tp-A-PDGE-b-PTEGGE (which is composed of cyclic nonpolar and linear polar blocks) 

have, however, revealed hexagonal cylindrical structures, which are different from the 

expected lamellar structures. These hexagonal cylindrical structures are evidences that the 

chain characteristics of the PDGE block are changed and thus cause a shift in the phase diagram 

of PDGE-b-PTEGGE when it becomes either a half of the cyclic block copolymer or a cyclic 

form. Collectively the results give further information that the topological effects of the PDGE 

block are more significant in the nanoscale film morphology than those of the PTEGGE block.  
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Tenth, c-PDGE-b-PTEGGE, as well as tp-A-PDGE-b-PTEGGE formed horizontally-

oriented ellipsoidal cylinder domains in the nanoscale films. Here, a question is raised: Why 

did they form ellipsoidal cylinders rather than spherical cylinders? These ellipsoidal cylinder 

formations may be attributed to at least two possible factors as follows. The first possible factor 

is a geometrical confinement effect due to the nanoscale films. In the formation of phase-

separated domains in the nanoscale film, the cross-sectional growth of the PTEGGE cylinders 

may be relatively restricted in the in-plane of the film because of the presence of the semicyclic 

or cyclic PDGE matrix adhered physically onto the silicon substrate. In contrast, the PTEGGE 

cylinders’ cross-sectional growth may be easier toward the air and vacuum interface. These 

asymmetric growths may lead to ellipsoidal PTEGGE cylinders. The second possible factor is 

the molecular topological effect. The ellipsoidicity ratio  (= polar radius/equatorial radius) is 

1.421.49 for the cylindrical domains composed of the semicyclic PTEGGE block chains in 

the matrix consisted of the semicyclic PDGE block chains, and 1.64 for the cylindrical domains 

composed of the linear PTEGGE block chains in the matrix consisted of the cyclic PDGE block 

chains. This ellipsoidicity difference may be attributed to the molecular topology difference in 

the PDGE blocks as well as in the PTEGGE blocks. 

Finally, the Lz/Ly ratio (= ) is 1.431.50 for the hexagonal cylinder structure in the c-

PDGE-b-PTEGGE film and 1.62 for that in the tp-A-PDGE-b-PTEGGE film. These  values 

are very far from that ( 2/3 ) of a regular hexagonal cylinder structure. These results indicate 

that the hexagonal cylinder structure in the c-PDGE-b-PTEGGE film, as well as in the tp-A-

PDGE-b-PTEGGE film is significantly distorted along the out-of-plane of the film. These 

structural distortions might result from the highly-ellipsoidal cylinder domains formed in the 

films. The structural distortion is more significant for the cylindrical domains in the tp-A-

PDGE-b-PTEGGE film, compared to those in the c-PDGE-b-PTEGGE film. This difference 

may be counted as an evidence of the molecular topology effects. 
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5.4 Conclusions 

In this chapter, the nanoscale film morphologies of a series of cyclic and tadpole block 

copolymers including their linear counterpart were investigated in details for the first time by 

using synchrotron GIXS analysis: c-PDGE-b-PTEGGE, tp-A-PDGE-b-PTEGGE, tp-B-PDGE-

b-PTEGGE, and l-PDGE-b-PTEGGE. The quantitative GIXS analysis provides structural 

details on the nanoscale film morphologies and key features on the correlations between film 

morphology and molecular topology.  

All topological block copolymers revealed nanostructures which were driven by the 

immiscibility due to a polarity difference between the blocks. The type of phase-separated 

nanostructure was highly dependent upon the molecular topology of the block copolymer: c-

PDGE-b-PTEGGE and tp-A-PDGE-b-PTEGGE exhibited hexagonal cylindrical structures, 

whereas tp-B-PDGE-b-PTEGGE and l-PDGE-b-PTEGGE revealed lamellar structures. 

Furthermore, the domain spacing of phase-separated nanostructure was significantly dependent 

upon the block copolymer topology: c-PDGE-b-PTEGGE < tp-A-PDGE-b-PTEGGE  tp-A-

PDGE-b-PTEGGE << l-PDGE-b-PTEGGE. In particular, c-PDGE-b-PTEGGE generated 

49.367.6 % smaller domains, compared to those of the linear counterpart. These domain 

spacing reductions are so remarkable because they are almost twice larger than those predicted 

theoretically and reported previously. In cases of tp-A-PDGE-b-PTEGGE and tp-B-PDGE-b-

PTEGGE, the domains were 25.032.5 % smaller than those of the linear counterpart. These 

domain spacing reductions are comparable to those either predicted theoretically or observed 

previously. Moreover, the cyclic block copolymer and its tadpole counterparts developed well-

defined and well-oriented domain structures, compared to the poorly developed domains of the 

linear counterpart. 

In this chapter, quantitative analysis through three layer model and two phase elliptical 

hexagonal cylinder model was successful to parameterize the morphological details of cyclic 
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and tadpole block copolymers in thin films. The two models successfully identified the cyclic 

and tadpole topologies as powerful strategies for producing well-defined, orientation-

controlled, and miniaturized domain-based nanostructures, showing great potential for 

developing high performance nanolithographic materials with the pitches demanded for 

fabricating advanced semiconductor chips planned by ITRS. Overall, the novel model analysis 

have successfully established new insights in the topology-morphology correlation of cyclic 

and tadpole block copolymers.  
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6.1 Introduction 

Cyclic polymers have gained great attention from academia and industry because of 

unique features in properties due to the chain-endless nature.1-10 However, they have been 

challenged in the aspect of synthesis because of difficulties in the cyclization reaction and 

subsequent purification. To overcome such difficulties, much research effort has been made so 

far; as a result, several synthetic methods have been developed, introduced some cyclic block 

polymers.3-25 Interestingly, a few figure-eight-shaped (i.e., bicyclic) homoblock polymer 

systems have been synthesized from styrene and ethylene oxide monomers: (cyclic 

polystyrene)-block-(cyclic polystyrene),26-29 [cyclic poly(ethylene oxide)-block-[cyclic 

poly(ethylene oxide)].30 Bicyclic heteroblock copolymer systems have also been reported: 

(cyclic polystyrene)-block-[cyclic poly(ε-caprolactone)],31,32 [cyclic poly(ethylene oxide)]-

block-[cyclic poly(tetrahydrofuran)],32 and [cyclic poly(ethylene oxide)]-block-(cyclic 

polystyrenen).33 In addition, a series of bicyclic heteroblock copolymers in various topologies 

has been prepared successfully.34 Overall, significant progress has been made on the synthesis 

and chemical composition analysis of cyclic polymers including bicyclic polymers. 

Nevertheless, they have been yet understood in detail due to severe limits in the material 

availabilities as well as in the characterization effort of properties and morphologies.35-58 In 

particular, the nanoscale film morphologies of bicyclic block copolymers could yet be 

examined. 

In this chapter, the nanoscale film morphologies of a series of bicyclic heteroblock 

copolymers composed of poly(n-decyl glycidyl ether) (PDGE) and poly(2-(2-(2-

methoxyethoxy)ethoxy)ethyl glycidyl ether) (PTEGGE): Bicycle-A, B, C, and D is reported for 

the first time (Figure 6.1; Table 6.1). They have been investigated by synchrotron grazing 

incidence X-ray scattering (GIXS). This quantitative GIXS analysis provides structural 

parameter details. Due to the immiscibility of PDGE and PTEGGE blocks, all bicyclic 
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copolymers form phase-separated nanostructures. Bicycle-A forms cylindrical structure; but the 

others form lamellar structures. All nanostructures show remarkably reduced domain spacings, 

which could not be achievable from the linear block copolymer counterpart. Such exceptionally 

smaller domain spacings have yet been predicted even theoretically. All nanostructural details 

are discussed in correlations with the molecular topology effects. 

 

 

Figure 6.1. Chemical structures of bicyclic poly(n-decyl glycidyl ether-block-2-(2-(2-
methoxyethoxy)ethoxy)ethyl glycidyl ether)s in various topologies. 
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Table 6.1. Molecular characteristics of various bicyclic heteroblock copolymers and their 
homopolymers a 

Polymer 
Mn,NMR

b 
(kDa) 

Ðc 
e 

d
 

(nm-3) 
m 

e
 

(g/cm3) 

PDGE block  PTEGGE block 

DPPDGE  
f PDGE  

g  DPPTEGGE 
h PTEGGE  

i 

Bicycle-A 22.2 1.04   50 0.504  50 0.496 

Bicycle-B 21.8 1.06   52 0.514  48 0.486 

Bicycle-C 22.2 1.03   50 0.504  50 0.496 

Bicycle-D 22.3 1.03   49 0.524  51 0.476 

l-PDGE 11.1 1.03 341 1.01      

l-PTEGGE 11.2 1.04 353 1.05      

aData from reference no. 34 and 48. bNumber-average molecular weight in the unit of kDa (103 Da) of 
polymer determined by 1H NMR spectroscopic analysis. cDispersity value of polymer determined by size 
exclusion chromatography (SEC) analysis in tetrahydrofuran. dElectron density of polymer in films 
determined by X-ray reflectivity analysis. eMass density of polymer in films obtained from the electron 
density determined by X-ray reflectivity analysis. fNumber-average degree of polymerization of PDGE block 
determined by 1H NMR spectroscopic analysis. gVolume fraction of PDGE block estimated from the Mn,NMR 

and m data. hNumber-average degree of polymerization of PTEGGE block determined by 1H NMR 

spectroscopic analysis. iVolume fraction of PTEGGE block estimated from the Mn,NMR and m data.  

 

6.2 Experimental Section 

Four different bicyclic PDGE-b-PTEGGE polymers were synthesized and 

characterized as reported previously in the literature;34 in addition, their linear counterpart and 

homopolymers were prepared in chapter 5.34,48 The molecular characteristics of these polymers 

are summarized in Table 6.1. For each bicyclic block copolymer, a solution with 0.5 wt% 

concentration was prepared in tetrahydrofuran and filtrated via a disposable syringe equipped 

with polytetrafluoroethylene filter membrane (0.2 m pores). The prepared polymer solutions 

were spin-coated onto silicon substrates and followed by drying in vacuum at room temperature 

for 24 h. Thicknesses of the obtained films were measured by using a spectroscopic 

ellipsometer (Model M-2000, Woollam, Lincoln, NE, USA); the film thicknesses ranged in 

100120 nm. The individual film samples were stored in a vacuum chamber at room 

temperature before measurements.  
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Wide and small angle grazing incidence X-ray scattering (GIWAXS and GISAXS) 

measurements were conducted with an X-ray beam of 0.12095 nm wavelength λ at the PLS-II 

3C beamline59-61 (3rd-generation synchrotron radiation facility with 3.0 GeV power, Pohang 

Accelerator Laboratory, Pohang, Korea) using a two-dimensional (2D) charge-coupled 

detector (CCD) (model Rayonix 2D SX 165, Rayonix, Evanston, IL, USA). The sample-to-

detector distance (SDD) was set by 213.5 mm for GIWAXS measurements and 2909.8 mm for 

GISAXS measurements; the incidence angle i of X-ray beam with respect to the film sample 

surface was set in the range 0.1270–0.1450°, which was between the critical angles of the 

polymer film and the silicon substrate (c,f and c,s). A set of aluminum foils was used as a 

semi-transparent beam stop. Each scattering pattern was collected for 1030 s. The scattering 

angles were corrected according to the positions of the X-ray beams reflected from the silicon 

substrate as well as by using precalibrated standards such as polystyrene-block-poly(ethylene-

random-butylene)-block-polystyrene and silver behenate standards (Tokyo Chemical Inc., 

Tokyo, Japan).  

 

6.3 Results and Discussion 

All nanoscale films (100120 nm thick) of bicyclic block copolymers reveal featureless 

GIWAXS images, as shown in Figure 6.2. Only two halo scattering rings are discernible. For 

the individual copolymers, one halo ring appears around 3.0 (ca. 2.3 nm d-spacing), which 

corresponds to the mean interdistance between the polymer chains; another ring is observed 

around 15.0 (ca. 4.6 nm d-spacing), which is attributed to the mean interdistance between the 

polymer chain and the side group and between the side groups. Overall, in all films at room 

temperature the PDGE and PTEGGE blocks are amorphous, showing no crystalline natures. 
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Figure 6.2. Representative GIWAXS data of the nanoscale films (100120 nm thick) of bicyclic 
heteroblock copolymers measured with SDD = 213.5 mm at room temperature using a synchrotron X-

ray beam (λ = 0.12095 nm): (a) 2D scattering image in angle space (2f and f) of Bicycle-A (αi = 
0.1378°); (b) 2D scattering image in scattering vector space (qxy and qz) obtained from the scattering 

image in (a); (c) in-plane scattering profiles extracted along the equatorial line at f = 0.244° or 0.245° 
from the measured 2D scattering images, including the image in (a). 

 

Different from the featureless GIWAXS images, featured GISAXS images are clearly 

discernible for all copolymer films, as shown in Figures 6.3a-b, 6.4a-b, 6.5a-b, and 6.6a-b. The 

scattering data inform that the PDGE and PTEGGE blocks in all topological bicyclic block 

copolymers are immiscible and thus undergo phase-separations through the nanoscale film 

fabrication process, forming nanostructures. The GISAXS images have been quantitatively 

investigated as follows. 

The Bicycle-A film reveals two sets of scattering spots due to the grazing incidence 

optic setup (Figures 6.3a-b). The first set includes the scattering spots at (2θf = 0.000° and αf = 

0.489°), (2θf = 0.000° and αf = 1.000°), (2θf = 0.401° and αf = 0.228°), (2θf = 0.401° and αf = 

0.703°), and so on, which were generated by the transmitted X-ray beam. The second set 

includes the scattering spots at (2θf = 0.000° and αf = 0.575°), (2θf = 0.000° and αf = 1.112°), 

(2θf = 0.401° and αf = 0.320°), (2θf = 0.401° and αf = 0.801°), and so on, which were generated 
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by the reflected X-ray beam. The spots at (2θf = 0.000° and αf = 0.489°) and (2θf = 0.000° and 

αf = 1.000°) in the transmitted pattern, as well as those at (2θf = 0.000° and αf = 0.575°) and 

(2θf = 0.000° and αf = 1.112°) in the reflected pattern, are estimated to have a relative scattering 

vector length of 1 and 2 from the specular reflection position, respectively. The spots at (2θf = 

0.401° and αf = 0.228°) and (2θf = 0.401° and αf = 0.703°) in the transmitted pattern, as well 

as those at (2θf = 0.401° and αf = 0.320°) and (2θf = 0.401° and αf = 0.801°) in the reflected 

pattern, have a relative scattering vector length of 1 and  from the specular reflection 

position, respectively. Overall, these spots are typically characteristic of scatterings from a 

hexagonal packing order of cylindrical domains lain in the film plane. With these information, 

one-dimensional (1D) scattering profiles have been extracted from the 2D scattering image and 

then analyzed in detail. An out-of-plane and in-plane scattering profile (which were extracted 

along the median line at 2θf = 0.179° and along the equatorial line at αf = 0.220°) are 

successfully analyzed using the grazing incidence X-ray scattering (GIXS) formula of 

hexagonal (HEX) cylinder structure model (Figures 6.3e-f; Figure 6.3d); a detail of the GIXS 

formula based on HEX cylinder structure model is given in Section 1.4 of Chapter 1. An 

azimuthal scattering profile has been additionally extracted at q = 0.450 nm-1 from the q-space 

image and followed by quantitative analysis (Figure 6.3g), providing the degree of structural 

orientation. All obtained dimensional parameters are summarized in Table 6.2.  

The cylindrical domains are characteristic of structural feature in the following. The 

domain spacing is 11.70 nm (= Lz) along the out-of-plane of the film and 8.00 nm (= Ly) along 

the in-plane of the film. The ratio  of Lz and Ly is 1.46, which is much larger than that (= 

2/3 ) of regular HEX structure. This large  value informs that the HEX cylindrical structure 

is highly distorted along the out-of-plane of the film. The individual cylinders reveal a cross-

section consisted of a long radius Rz of 5.80 nm along the out-of-plane of the film and a short 

radius Ry of 2.60 nm along the in-plane of the film; here, Rz is the sum of a core part rcz and a 

3
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shell part tsz, whereas Ry consists of a core part rcy and a shell part tsy. From these radii, the 

ellipsoidicity ratio  is estimated to be 2.23. These cross-sectional characteristics suggest that 

the significant distortion of the HEX cylindrical structure is caused by the highly ellipsoidal 

nature of the cylindrical domains. From the structural parameters, the overall domains are 

estimated to have a volume fraction of 43.4 %. The volume fraction of the PDGE block in the 

copolymer is slightly higher than that of the PTEGGE block. Therefore, the cylindrical domains 

and the matrix could be made of the PTEGGE block chains and the PDGE block chains 

respectively. The HEX cylindrical structure is determined to show a positional distortion factor 

g of 0.09. This g value is reasonably small, suggesting that the HEX cylindrical structure 

formed in the film is stable dimensionally. The HEX structure further reveals a second order 

orientation factor Os of 0.980 (φ = 0, the mean value of the polar angle φ (i.e., orientation 

angle) between the orientation vector n set along a direction normal to the {001} plane of HEX 

structure and the out-of-plane direction of the film;  = 6.65, standard deviation for the polar 

angle φ). From these structural parameters, a 2D GISAXS image has been reconstructed by 

using the GIXS formula and compared with the measured raw scattering image (Figures 6.3a 

and 6.3c). They are in good agreement, again confirming that the quantitative analysis of the 

Bicycle-A film’s GISAXS data was done successfully.  

 



Nanoscale Film Morphologies of Bicyclic Block Copolyethers 

191 
 

 

Figure 6.3. Representative GISAXS data of Bicycle-A films (100120 nm thick) measured with αi = 
0.1361°; SDD = 2909.8 mm at room temperature using a synchrotron X-ray beam (λ = 0.12095 nm): (a) 
2D scattering image in angle space; (b) 2D scattering image in scattering vector space obtained from the 
scattering image in (a); (c) 2D scattering image reconstructed with the determined structural parameters; 
(d) schematic horizontal HEX cylindrical structure (front view); (e) out-of-plane scattering profile 
extracted along the meridian line at 2θf = 0.179° from the scattering image in (a); (f) in-plane scattering 
profile along the equatorial line at αf = 0.220° from the scattering image in (a). In (e) and (f), the black 
symbols are the measured data and the solid red lines were obtained by fitting the data using the GIXS 
formula of hexagonal cylindrical structure model; the scattering peak generated by the reflected X-ray 
beam is marked with “R”, whereas that generated by the transmitted X-ray beam is marked with “T”. 
(g) Azimuthal scattering profile extracted at q = 0.450 nm-1 from the scattering image in (b); the black 
symbols are the measured data; the lines were obtained by the deconvolutions of the measured data: the 
blue and green solid lines are the scattering peaks of cylindrical domains in hexagonal packing order, 
the purple dot line is the Yoneda peak, the brown dot line is a part of the reflected X-ray beam, and the 
red solid line is the sum of all deconvoluted peaks.  
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The Bicycle-B film reveals a distinctive 2D GISAXS image, as shown in Figures 6.4a-

b; the scattering image is quite different from that of the Bicycle-A film. In the image, only two 

scattering rings apparently appear but heavily overlapped; one was generated by the transmitted 

X-ray beam and another by the reflected X-ray beam (Figure 6.4e). They are suspected to be 

the first-order scattering peak of nanostructure in the film. The peaks are relatively stronger in 

intensity higher along the meridian line as well as the equatorial line, compared to the other 

directions. Furthermore, they are much stronger in intensity along the equatorial line than along 

the meridian line. Except these, no higher order scattering peaks are discernible. The 

observation of this scattering image suggests the presence of a lamellar structure poorly 

developed in the film. With this clue, the scattering pattern has been further analyzed in detail. 

An out-of-plane scattering profile, which was extracted along the meridian line at 2θf = 0.065°, 

could be well analyzed by using the GIXS formula derived for lamellar structure model 

(Figures 6.4d-e; Section 1.4 of Chapter 1). An in-plane scattering profile, which was extracted 

along the equatorial line at αf = 0.201°, could also be analyzed satisfactorily by using the same 

GIXS formula (Figure 6.4f). Moreover, an azimuthal scattering profile, which was extracted at 

q = 0.525 nm-1 from the q-space image, could be analyzed in detail, finding the orientations of 

nanostructure and their relative populations in the film (Figures 6.4b; Figure 6.5g). The 

obtained structural details are summarized in Table 6.2.  
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Table 6.2. Morphological parameters of nanoscale films (100120 nm thick) of various 
bicyclic heteroblock copolymers  

Nanoscale film  
morphology 

Bicyclic heteroblock copolymers 

Bicycle-A 

 

Bicycle-B 

 

Bicycle-C 

 

Bicycle-D 

 
HEX cylindrical  
structure 

horizontal     

Lz a (nm) 11.70     
Ly b (nm) 8.00     

 c  1.46     
Rz d (nm) 3.80      
Ry e (nm) 3.80      
rcz f (nm) 3.80 (0.70) t     
rcy g (nm) 1.70 (0.30)     
tsz h (nm) 2.00 (0.30)     
tsy i (nm) 0.90 (0.20)     
 j 2.23     
g k 0.09     
φl (deg.)  0     

 m (deg.) 6.65     
Os n 0.980     

 o (vol%) 100      
Lamellar 
structure 

 horizontal vertical horizontal horizontal vertical 

DL p (nm)  11.05 11.30 6.93 7.32 7.50 
l1 q (nm)  3.90 (0.50) 3.70 (0.30) 2.35 (0.60) 2.40 (0.60) 2.20 (0.90) 
l2 r (nm)  1.50 (0.50) 1.90 (0.70) 1.10 (0.20) 1.20 (0.40) 1.50 (0.50) 
l3 

s (nm)  4.15 3.80 2.38 2.52 2.30 
g  0.28 0.28 0.12 0.15 0.28 
φ  (deg.)  0 83.40 0 0 70.00 

 (deg.)  9.35 29.65 2.50 2.05 13.40 
Os  0.961 -0.738 0.972 0.991 -0.007 

 (vol%)  6 94 100 95 5 

aMean interdistance between the arrays of the in-plane oriented cylindrical domains. bMean center-to-center 
distance of the cylindrical domains lain in the film plane. cRatio of Lz and Ly (= Lz/Ly). dLong radius of 
ellipsoidal cylindrical domain along the z-axis which is parallel to the out-of-plane of the film. eShort radius 
of ellipsoidal cylindrical domain along the y-axis which is parallel to the in-plane of the film.  fCore radius 
of ellipsoidal cylindrical domain along the z-axis which is parallel to the out-of-plane of the film. gCore 
radius of ellipsoidal cylindrical domain along the y-axis which is parallel to the in-plane of the film. hShell 
thickness of ellipsoidal cylindrical domain along the z-axis which is parallel to the out-of-plane of the film. 

iShell thickness of ellipsoidal cylindrical domain along the y-axis which is parallel to the in-plane of the 
film. jEllipsoidicity ratio (= polar radius/equatorial radius). kParacrystal distortion factor of nanostructure 
(i.e., hexagonal cylinder structure or lamellar structure) along the z-axis which is parallel to the out-of-plane 
of the film. lMean value of the polar angle φ (i.e., orientation angle) between the orientation vector n (which 
is set along a direction normal to the {001} plane of horizontal hexagonal cylindrical structure or the in-
plane of lamellar structure) and the out-of-plane direction of the film. mStandard deviation for the polar 
angle φ. nSecond order orientation factor of nanostructure (i.e., hexagonal cylindrical structure or lamellar 



Chapter 6    

194 
   

structure). oVolume fraction in percent. pLong period of lamellar structure. qThickness of the l1 layer. 
rThickness of the l2 layer, i.e., interfacial layer. sThickness of the l3 layer. tStandard deviation. 

 

The scattering data analysis has confirmed that the nanostructure formed in the Bicycle-

B film is characterized by exhibiting a mixture of horizontal and vertical lamellar structures. 

The horizontal and vertical lamellar structures are estimated to be 6 and 94% in volume fraction, 

respectively. The g factor is relatively high (0.28) for both of the orientational structures, 

indicating that the horizontal and vertical lamellar structures were poorly developed in the film. 

The horizontal lamellar structure is characterized by exhibiting a long period DL of 11.05 nm, 

a layer l1 of 3.90 nm, an interfacial layer l2 of 1.50 nm, a layer l3 of 4.15 nm, and an orientation 

factor Os of 0.961 (φ = 0, the mean value of the polar angle φ between the orientation vector 

n set along a direction normal to the in-plane of horizontal lamellar structure) and the out-of-

plane direction of the film, and σφ = 9.35, standard deviation for the polar angle φ). For the 

vertical lamellar structure, DL = 11.30 nm, l1 = 3.70 nm, l2 = 1.90 nm, l3 = 3.80 nm, and Os = 

0.738 (φ = 83.40 and σφ = 29.65). The Os and σφ results inform that the horizontal lamellar 

structure has relatively higher degree of orientation order than that of the vertical lamellar 

structure. The volume fraction of the PTEGGE block in the copolymer is slightly lower than 

that of PDGE block. Thus, the l1 and l3 1ayers could be assigned by the PTEGGE block phase 

and the PDGE block phase, respectively; the l2 1ayer is the interfacial layer li between the 

PDGE and PTEGGE block phases (Figure 6.4d). In addition, from the determined structural 

parameters, a scattering image has been reconstructed, showing good agreement with the 

measured pattern (Figures 6.4a and 6.5c).  
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Figure 6.4. Representative GISAXS data of Bicycle-B films (100120 nm thick) measured with αi = 
0.1283°; SDD = 2909.8 mm at room temperature using a synchrotron X-ray beam (λ = 0.12095 nm): (a) 
2D scattering image in angle space; (b) 2D scattering image in scattering vector space obtained from the 
scattering image in (a); (c) 2D scattering image reconstructed with the determined structural parameters; 
(d) schematic horizontal and vertical lamellar structures in a front view; (e) out-of-plane scattering 
profile extracted along the meridian line at 2θf = 0.065° from the scattering image in (a); (f) in-plane 
scattering profile along the equatorial line at αf = 0.201° from the scattering image in (a). In (e and f), 
the symbols are the measured data and the solid red lines were obtained by fitting the data using the 
GIXS formula of lamellar structure model; the scattering peak generated by the transmitted X-ray beam, 
is marked with “T”, whereas that generated by the reflected X-ray beam is marked with “R”. (g) 
Azimuthal scattering profile extracted at q = 0.525 nm-1 from the scattering image in (b) where the black 
symbols are the measured data and the lines were obtained by the deconvolutions of the measured data: 
the blue solid line is the first order scattering peak of horizontal lamellar structure, the green solid line 
is the first order scattering peak of vertical lamellar structure, the purple dot line is the Yoneda peak, the 
brown dot line is a part of the reflected X-ray beam, and the red solid line is the sum of all deconvoluted 
peaks.  
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Figures 6.5a displays a representative scattering image of the Bicycle-C films. The 

scattering image is more clearly distinctive and highly anisotropic rather than ring-like. 

Scattering spots appear only along the meridian line; one spot at αf = 0.919° was generated by 

the transmitted X-ray beam and another at αf = 1.085° by the reflected X-ray beam (Figure 

6.5e). These spots are the first-order peaks originated from a lamellar structure oriented 

horizontally in the film plane. As shown in Figure 6.5e-f, out-of-plane and in-plane scattering 

profiles (which were extracted along the meridian line at 2θf = 0.132° and along the equatorial 

line at 2θf = 0.190°) could be satisfactorily fitted by using the GIXS formula derived for 

lamellar structure model (Figure 6.5d). An azimuthal scattering profile has been extracted at q 

= 0.833 nm-1 from the q-space image (Figure 6.5b), and then analyzed, giving information on 

the orientation of lamellar structure (Figure 6.5g). The obtained structural parameters are 

summarized in Table 6.2.  

The analysis has found that Bicycle-C formed only horizontal lamellar structure in the 

film: DL = 6.93 nm, l1 = 2.35 nm, l2 = 1.10 nm (= li), l3 = 2.38 nm, g = 0.12, and Os = 0.972 (φ 

= 0 and σφ= 2.50). Considering the volume fractions of the blocks in the copolymer, the l1 

layer could be assigned by the PTEGGE block phase, whereas the l3 layer could be assigned 

by the PDGE block phase. The scattering image reconstructed with the determined structural 

parameters is agreed well with the measured one (Figures 6.5a and 6.5c). Overall, Bicycle-C 

formed more well-defined lamellar structure, compared to those of Bicycle-B.    
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Figure 6.5. Representative GISAXS data of Bicycle-C films (100120 nm thick) measured with αi = 
0.1447°; SDD = 2909.8 mm at room temperature using a synchrotron X-ray beam (λ = 0.12095 nm): (a) 
2D scattering image in angle space; (b) 2D scattering image in scattering vector space obtained from the 
scattering image in (a); (c) 2D scattering image reconstructed with the determined structural parameters; 
(d) schematic horizontal lamellar structure (front view); (e) out-of-plane scattering profile extracted 
along the meridian line at 2θf = 0.132° from the scattering image in (a); (f) in-plane scattering profile 
along the equatorial line at αf = 0.190° from the scattering image in (a). In (e and f), the symbols are the 
measured data and the solid red lines were obtained by fitting the data using the GIXS formula of 
lamellar structure model; the scattering peak generated by the transmitted X-ray beam, is marked with 
“T”, whereas that generated by the reflected X-ray beam is marked with “R”. (g) Azimuthal scattering 
profile extracted at q = 0.833 nm-1 from the scattering image in (b) where the black symbols are the 
measured data and the lines were obtained by the deconvolutions of the measured data: the blue solid 
line is the first order scattering peak of lamellar structure, the purple dot line is the Yoneda peak, the 
brown dot line is a part of the reflected X-ray beam, and the red solid line is the sum of all deconvoluted 
peaks.  
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Figures 6.6a-b show a representative scattering image of the Bicycle-D films. This 

image apparently resembles in part that of the Bicycle-B film. Relatively stronger two scattering 

spots appear at αf = 0.842° and 1.046° along the meridian line; a much weaker spot is 

discernible at 2θf = 0.903° along the equatorial line. The appearance of these spots suggests 

that a horizontal lamellar structure of relatively higher population is present together with a 

vertical lamellar structure of lower population in the film. With these information, the scattering 

data have been analyzed in a quantitative manner as conducted for those of the Bicycle-B and 

C films. The extracted 1D scattering profiles could be well fitted with the GIXS formula based 

on lamellar structure model, as shown in Figures 6.6d-f. An azimuthal scattering profile has 

been additionally extracted and analyzed (Figure 6.6g). Furthermore, a scattering image has 

been reconstructed from the determined structural parameters (Figure 6.6c); the constructed 

image is well matched with the measured one, reconfirming that the scattering data analysis 

was done successfully. All obtained structural parameters are summarized in Table 6.2.  
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Figure 6.6. Representative GISAXS data of Bicycle-D films (100120 nm thick) measured with αi = 
0.1276°; SDD = 2909.8 mm at room temperature using a synchrotron X-ray beam (λ = 0.12095 nm): (a) 
2D scattering image in angle space; (b) 2D scattering image in scattering vector space obtained from the 
scattering image in (a); (c) 2D scattering image reconstructed with the determined structural parameters; 
(d) schematic horizontal and vertical lamellar structures in a front view; (e) out-of-plane scattering 
profile extracted along the meridian line at 2θf = 0.065° from the scattering image in (a); (f) in-plane 
scattering profile extracted along the equatorial line at αf = 0.197° from the scattering image in (a). In 
(e and f), the symbols are the measured data and the solid red lines were obtained by fitting the data 
using the GIXS formula of lamellar structure models. (g) Azimuthal scattering profile extracted at q = 
0.825 nm-1 from the scattering image in (b) where the black symbols are the measured data and the lines 
were obtained by the deconvolutions of the measured data: the blue solid line is the first order scattering 
peak of horizontal lamellar structure, the green solid line is the first order scattering peak of vertical 
lamellar structure, the purple dot line is the Yoneda peak, the brown dot line is a part of the reflected X-
ray beam, and the red solid line is the sum of all deconvoluted peaks. 
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The scattering analysis found that for the Bicycle-D film, a horizontal lamellar structure 

is present as a major structural component (95 vol%), together with a vertical lamellar structure 

(5 vol%). For the horizontal lamellar structure, DL = 7.32 nm, l1 = 2.40 nm, l2 = 1.20 nm, l3 = 

2.52 nm, g = 0.15, and Os = 0.991 (φ = 0 and σφ= 2.05). For the vertical lamellar structure, 

DL = 7.50 nm, l1 = 2.20 nm, l2 = 1.50 nm, l3 = 2.30 nm, g = 0.28, and Os = 0.007 (φ = 70.00 

and σφ= 13.40). Considering the volume fractions of the blocks in the copolymer, the l1 and l3 

layers could be assigned by the PTEGGE block chain phase and the PDGGE block chain phase, 

respectively; the l2 layer corresponds to the interfacial phase li. Overall, the horizontal lamellar 

structure, as the major component, exhibits higher positional stability and preferential 

orientation, compared to the vertical lamellar structure in the minor portion.  

As discussed above, all bicyclic block copolymers have revealed various nanostructures 

due to the phase-separations between the block components through the nanoscale film 

fabrication process. The determined film morphology details are further understood in terms 

of molecular topological effects in the following. 

First, Bicycle-A is composed of two different homoblock-based rings in equivalent 

volume fractions. Adopting a widely known volume fraction rule, one can expect phase-

separated lamellar structure for the Bicycle-A film. Surprisingly, Bicycle-A (which is composed 

of homoblock-based rings), however, forms HEX cylindrical structure, which is different from 

the expectation. The HEX cylindrical structure is further quite different from the lamellar 

structure formed in the film of the linear diblock counterpart that obeys the generally known 

volume fraction rule.62 Therefore, the HEX cylindrical structure of Bicycle-A is a clear clue of 

the molecular topology effects on the nanostructure formation of bicyclic block copolymer. 

Second, one question is raised for Bicycle-A: Why does the bicyclic block copolymer 

form cylindrical structure rather than lamellar structure? In fact, the volume fraction rule 

generally known in the phase-separated structure formation of diblock copolymer stands on the 
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equivalent block chain characteristics including flexibility (or rigidity) and assembling 

behavior. In the case of PDGE and PTEGGE block chains, their chain flexibilities may be 

different each other because of the different bristles even though their backbones are same; it 

is generally known that n-alkane is relatively less flexible than linear-aliphatic ether. Moreover, 

their assembling behaviors may be different because of the different chemical natures; for 

example, the n-decyl bristles in the PDGE block interact each other via van der Waals force, 

whereas the 2-(2-(2-methoxyethoxy)ethoxy)ethyl bristles in the PTEGGE block interact 

together via van der Waals force and hydrogen-bonding formation. In the linear diblock 

counterpart, such different chain characteristics may not be large enough to override the 

volume fraction rule, consequently forming typical lamellar structure. However, the difference 

in the chain characteristics may be enhanced by the ring topology formation of the PDGE block 

as well as of the PTEGE block. Such amplified difference in the chain characteristics may 

cause to shift the phase-diagram to the PTEGGE component and indeed induce the cyclized 

blocks to override the volume fraction rule, revealing cylindrical structure rather than lamellar 

structure.   

Third, the HEX cylindrical structure of Bicycle-A is highly distorted, revealing  = 1.46 

(= Lz/Ly) which is much larger than that (√3/2) of regular HEX cylindrical structure. Such the 

large distortion is attributed to the cylindrical PTEGGE block domains having highly 

ellipsoidal cross-section ( = 2.23, ellipsoidicity ratio). This ellipsoidal cylinder formation may 

be caused by a geometrical confinement effect due to the nanoscale film; namely, during phase-

separation, the cross-sectional growth of cylindrical PTEGGE block phases may be less 

restricted toward the air and vacuum interface, compared to the in-plane of the film adhered 

onto the substrate. 

Fourth, another question is raised for the other bicyclic block copolymers (Bicycle-B, 

C, and D): Why do they all form lamellar structures, as observed in the linear diblock 
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counterpart? For Bicycle-B, C, and D, the individual ring components are always composed of 

the PDGE and PTEGGE block components even in the various types. Thus, such the ring 

compositions may lead to no discernible or very small amplifications in differentiating chain 

characteristics. Namely, for the individual bicyclic copolymers, the net differences in the chain 

characteristics due to the ring geometry formations may not be significant to cause substantial 

shifts in the phase-diagram and form different nanostructural morphologies against the volume 

fraction rule.  

Fifth, the reduction level of domain spacing is 51.267.6 % for the nanostructured 

Bicycle-A film, 52.956.7 % for the nanostructured Bicycle-B film, 71.172.8 % for the 

nanostructured Bicycle-C film, and 68.871.3 % for the nanostructured Bicycle-D film, 

compared to the domain spacing (24.0025.50 nm) of the nanostructures formed in the linear 

diblock counterpart film as described in chapter 5.62 These domain spacing reductions are 

significantly larger than those (516 %) observed for the pairs of cyclic and linear block 

copolymers in bulk states53-56 and that achieved previously for the pair of cyclic and linear 

poly(styrene-block-ethylene oxide)s in thin films.58 It is additionally noted that the domain 

spacing reductions are roughly two times larger than those (3037 %) predicted theoretically 

for pairs of cyclic and linear block copolymers.63-65  

Sixth, the domain spacing reduction is 0.83.0 % for the nanostructured Bicycle-A film, 

4.26.4 % for the nanostructured Bicycle-B film, 16.041.3 % for the nanostructured Bicycle-

C film, and 9.137.7 % for the nanostructured Bicycle-D film, even compared to the domain 

spacing (8.2511.80 nm) of the nanostructures formed in the single cyclic diblock counterpart 

film as described in chapter 5.62 In particular, the highly reduced domain spacings of the 

nanostructured Bicycle-C and D films are so remarkable. 

Seventh, Bicycle-A reveals only HEX cylindrical structure. Therefore, Bicycle-A is a 

suitable material for the production of cylindrical nanostructures. 
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Eighth, Bicycle-B forms mainly vertical lamellar structure (94 vol%). Hence, Bicycle-

B is a good candidate material for the production of vertical lamellar nanostructures. 

Ninth, Bicycle-C exhibits only horizontal lamellar structure. Bicycle-D also reveals 

mainly horizontal lamellar structure (95 vol%). Indeed, Bicycle-C, as well as Bicycle-D is a 

good candidate for the fabrication of horizontal lamellar nanostructures. 

Finally, all bicyclic block copolymers of this study have demonstrated remarkably 

reduced domain spacings, which could not be achieved from the linear block counterpart: linear 

diblock (24.0025.50 nm, domain spacing) >> Bicycle-A (11.70 nm) > Bicycle-B (11.0511.30 

nm) >> Bicycle-D (7.327.50 nm) > Bicycle-C (6.93 nm). Collectively, this study opens up 

that bicyclic block copolymers are a new powerful approach to develop nanolithographic 

materials which can deliver the pitches required for the production of future advanced 

semiconductor chips (dynamic random access memory (DRAM) chip: the pitch is scheduled 

to be 30 nm by 2021, 24 nm by 2024, 18 nm by 2027, and 16 nm by 2030; microprocessor unit 

(MPU) chip: the pitch in is scheduled by 20 nm by 2021, and 12 nm by 20242030) in the 

International Technology Roadmap for Semiconductors.66 

 

6.4 Conclusions 

In this chapter, detailed investigation on the nanoscale film morphologies of a series of 

bicyclic block copolymers in various molecular topologies by using synchrotron GIXS 

measurements and data analysis have been attempted for the first time. This quantitative 

scattering analysis has confirmed that all bicyclic block copolymers of this study formed 

nanostructures attributed to the phase-separations of the block components. The types and 

parameter details of the nanostructures are found to be highly dependent upon the molecular 

topologies.  
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Bicycle-A (which is composed of two different homoblock-based rings in equivalent 

volume fractions) favorably forms HEX cylindrical nanostructure. In contrast, the other 

bicyclic copolymers consisted of diblock-based rings generate lamellar nanostructures, as 

observed for the linear counterpart and as further expected by the volume fraction rule.  

In summary, this chapter has demonstrated the quantitative analysis through three layer 

model and two phase elliptical hexagonal cylinder model was successful in parameterizing the 

morphological details of bicyclic block copolymers in thin films. The two models successfully 

identified each individual variations of bicyclic topologies as critical factors for miniaturizing 

domain spacings, which could never be achievable from the linear counterpart. Among the 

bicyclic copolymers, Bicycle-C produces the smallest domain spacing. Overall, the novel 

model analysis have successfully established new insights in the topology-morphology 

correlation of bicyclic block copolymers. 
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7.1 Introduction 

Since cyclic polymers were introduced in 1940s,1,2 they have gained great attraction 

because of unusual properties associated with the chain-endless nature.3-10 With aids of anionic, 

cationic, and radical polymerizations, ring-expansion reactions, and end-group coupling 

reactions, the syntheses of cyclic polymers have been advanced significantly for the last two 

decades, produced several cyclic polymers so far.3-18  

In particular, trefoil-shaped (i.e., tricyclic) polymers, as an attractive polymer topology 

group, have been proposed.3-10 Therefore, research effort has been made to develop tricyclic 

polymer topologies. As a result, a few tricyclic polymers have been synthesized successfully: 

tricyclic polystyrenes,19 tricyclic polytetrahydrofurans,20 (cyclic polystyrene)-block-[cyclic 

poly(tert-butyl acrylate)]-block-[cyclic poly(methyl acrylate)],21 [cyclic poly(decyl glycidyl 

ether)-block-[cyclic poly(dec-9-enyl glycidyl ether)-block-[cyclic poly(2-(2-(2-

methoxyethoxy) ethoxy) ethyl glycidyl ether)]s,22 and various topological tricyclic [poly(n-

decyl glycidyl ether)]-block-[poly(2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether)]s.23 

Nevertheless, these interesting cyclic polymers could yet be understood in the aspect of 

structure and properties.     

This chapter reports the first quantitative investigation results on the morphological 

structures of various topological tricyclic block copolymers composed of poly(n-decyl glycidyl 

ether) (PDGE) and poly(2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether) (PTEGGE) in 

equivalent volume fractions. Synchrotron grazing incidence X-ray scattering analysis finds that 

they form phase-separated morphologies in nanoscale films. Interestingly, they all reveal 

significantly reduced domain spacings, which could not be achievable from the linear block 

copolymer counterpart. The domain spacing reduction level is dependent upon the tricyclic 

copolymer topologies. Furthermore, the structural parameters are varied with the molecular 

topologies. 
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Figure 7.1. Chemical structures of tricyclic heteroblock copolymers in various topologies. 
 

  



Chapter 7    

212 
   

Table 7.1. Molecular characteristics of various topological tricyclic heteroblock copolymers 
and their homopolymers a 

Polymer 
Mn,NMR

b 
(kDa) 

Ðc 
e 

d
 

(nm-3) 
m 

e
 

(g/cm3) 

PDGE block  PTEGGE block 

DPPDGE  
f PDGE  

g  DPPTEGGE 
h PTEGGE  

i 

Tricycle-A 22.9 1.03   51 0.504  51 0.496 

Tricycle-B 22.7 1.03   50 0.504  50 0.496 

Tricycle-C 22.2 1.03   50 0.504  50 0.496 

l-PDGE 11.1 1.03 341 1.01      

l-PTEGGE 11.2 1.04 353 1.05      

aData from reference no. 23 and 24. bNumber-average molecular weight in the unit of kDa (103 Da) of 
polymer determined by 1H NMR spectroscopic analysis. cDispersity value of polymer determined by size 
exclusion chromatography (SEC) analysis in tetrahydrofuran. dElectron density of polymer in films 
determined by X-ray reflectivity analysis. eMass density of polymer in films obtained from the electron 
density determined by X-ray reflectivity analysis. fNumber-average degree of polymerization of PDGE block 
determined by 1H NMR spectroscopic analysis. gVolume fraction of PDGE block estimated from the Mn,NMR 

and m data. hNumber-average degree of polymerization of PTEGGE block determined by 1H NMR 

spectroscopic analysis. iVolume fraction of PTEGGE block estimated from the Mn,NMR and m data.  

 

7.2 Experimental Section 

A series of tricyclic block copolymers of PDGE and PTEGGE was synthesized and 

characterized as reported previously in the literature.23 The molecular characteristics of these 

polymers are summarized in Table 7.1. For the individual copolymers, solutions with 0.5 wt% 

concentration were prepared in tetrahydrofuran and filtrated via a disposable syringe equipped 

with polytetrafluoroethylene filter membrane (0.2 m pores). Each solution was spin-cast onto 

silicon substrates, then dried in vacuum at room temperature for 24 h. The obtained copolymer 

films were measured to have a thickness of 100120 nm by using a spectroscopic ellipsometer 

(Model M-2000, Woollam, Lincoln, NE, USA). The films were kept at room temperature in 

vacuum before use.  

Wide angle grazing incidence X-ray scattering (GIWAXS) measurements were carried 

out at a sample-to-detector distance (SDD) of 214.7 mm and an incidence angle i of 0.1380–

0.1850° using an X-ray beam of 0.12411 nm wavelength λ (which was produced at the PLS-II 
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3C beamline of Pohang Accelerator Laboratory, Pohang, Korea)25-27 and a two-dimensional 

(2D) charge-coupled detector (CCD) (model Rayonix 2D SX 165, Rayonix, Evanston, IL, 

USA). Small angle grazing incidence X-ray scattering (GISAXS) measurements were 

performed with SDD = 2951.3 mm at the 3C beamline. All scattering measurements were 

conducted at room temperature and a set of aluminum foils was used as a semi-transparent 

beam stop. The scattering data collection time ranged in 1030 s. To correct the scattering 

angles, a precalibrated polystyrene-block-poly(ethylene-random-butylene)-block-polystyrene 

and silver behenate standards (Tokyo Chemical Inc., Tokyo, Japan) were employed; in addition, 

the positions of the X-ray beams reflected from the silicon substrate were used. 
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Figure 7.2. Representative GIWAXS data of the nanoscale films (100120 nm thick) of tricyclic 
heteroblock copolymers measured with SDD = 214.7 mm at room temperature using a synchrotron X-

ray beam (λ = 0.12411 nm): (a) 2D scattering image in angle space (2f and f) of Tricycle-A (αi = 
0.1845°); (b) 2D scattering image in scattering vector space (qxy and qz) obtained from the scattering 

image in (a); (c) in-plane scattering profiles extracted along the equatorial line at f = 0.290° from the 
measured 2D scattering images, including the image in (a). 
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7.3 Results and Discussion 

All nanoscale tricyclic block copolymer films in 100120 nm thick show typically 

featureless GIWAXS images, which were measured at room temperature, as shown in Figure 

7.2. These results indicate that all films are amorphous. In the scattering images, they all reveal 

only two halo scattering rings. For the individual copolymers, one halo ring appears weakly 

around 3.4 (ca. 2.1 nm d-spacing), which may originate from the mean interchain distance; 

another halo ring is discernible more strongly around 15.4 (ca. 0.46 nm d-spacing), which may 

result from the mean interdistance between the polymer chain and the side group as well as that 

between the side groups. The GIWAXS results inform that the blocks are amorphous in all 

tricyclic copolymer films at room temperature. The films have been further subjected to 

GISAXS analysis in order to get more information on any nanostructures possibly developed 

in the films. 
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Figure 7.3. Representative GISAXS data of Tricycle-A films (100120 nm thick) measured with αi = 
0.1461°; SDD = 2951.3 mm at room temperature using a synchrotron X-ray beam (λ = 0.12411 nm): (a) 
2D scattering image in angle space; (b) 2D scattering image in scattering vector space obtained from the 
scattering image in (a); (c) 2D scattering image reconstructed with the determined structural parameters; 
(d) lamellar structure in a front view; (e) out-of-plane scattering profile extracted along the meridian 
line at 2θf = 0.177° from the scattering image in (a); (f) in-plane scattering profile along the equatorial 
line at αf = 0.192° from the scattering image in (a). In (e) and (f), the black symbols are the measured 
data and the solid red lines were obtained by fitting the data using the GIXS formula of lamellar structure 
model; the scattering peak generated by the reflected X-ray beam is marked with “R”, whereas that 
generated by the transmitted X-ray beam is marked with “T”. (g) Azimuthal scattering profile extracted 
at q = 0.712 nm-1 from the scattering image in (b) where the black symbols are the measured data and 
the lines were obtained by the deconvolutions of the measured data: the blue solid line is the scattering 
peak of lamellar structure, the purple dot line is the Yoneda peak, the brown dot line is a part of the 
reflected X-ray beam, and the red solid line is the sum of all deconvoluted peaks.  
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Figure 7.3a presents a representative of the 2D GISAXS images measured from the 

Tricycle-A films. The scattering image exhibits only two spots along the meridian line. 

Considering the GISAXS optics, the scattering spot at αf = 0.66° might be generated by the 

transmitted X-ray beam, whereas that at αf = 0.80° might be caused by the reflected X-ray beam. 

Overall, this fully anisotropic image is a typical characteristic of scattering pattern from a 

horizontally-oriented lamellar structure in the film. For examples, the one-dimensional (1D) 

scattering profiles, which were extracted along the meridian line at 2θf = 0.177° and along the 

equatorial line at αf = 0.192° from the 2D image, are successfully analyzed by using the grazing 

incidence X-ray scattering (GIXS) formula derived with lamellar structure model (Section 1.4 

of Chapter 1), as displayed in Figures 7.3e and 7.3f. These analyses confirm the presence of 

lamellar nanostructure in the film, providing structural parameter details. The analysis has been 

extended for an azimuthal scattering profile extracted at q = 0.712 nm-1 from the q-space image 

in Figure 7.3b. The azimuthal profile has been analyzed in a quantitative manner (Figure 7.3g), 

providing important information that the lamellar structure in the film is horizontally oriented. 

The obtained structural details are summarized in Table 7.2.       

Figure 7.3c presents a 2D scattering image reconstructed from the obtained structural 

parameters using the GIXS formula. This reconstructed image is well matched with the 

measured 2D scattering pattern, again confirming that the scattering data have been analyzed 

satisfactorily.  

The scattering analysis has found that the nanostructure in the film is stacked by 

horizontally-oriented lamellae in which each lamella has a long period DL of 9.80 nm. The 

lamella is composed of a layer l1 of 2.30 nm, an interfacial layer l2 of 2.70 nm, and a layer l3 of 

2.10 nm. Taking into account the volume fraction of the PDGE block which is slightly larger 

than that of the PTEGGE block, the l1 sublayer can be assigned to the PDGE block chain phase; 

thus, the l3 sublayer can be assigned to the PTEGGE block chain phase. This lamellar structure 
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could result from the phase-separation of the block chains during the film formation process. 

Here, it is noteworthy that the domain spacing (DL = 9.80 nm) is uncommonly very small. The 

domain spacing is only 38.440.8 % of that (24.025.5 nm) of the linear block copolymer 

counterpart.28 This domain spacing reduction is remarkably huge, compared to those predicted 

theoretically and observed previously for monocyclic block copolymers and linear 

counterparts.29-36      

For the lamellar structure, the second order orientation factor Os is 0.977, which is 

reasonably high. But, the positional distortion factor g is somewhat large (0.15). These results 

collectively inform that the lamellar nanostructure is confirmed to be oriented preferentially in 

the film plane and stable dimensionally in a reasonable level.  

From all structural parameters determined above, a schematic nanostructure could be 

drawn for the nanoscale film morphology of Tricycle-A, as shown in Figure 7.3d. Overall, 

Tricycle-A has nicely demonstrated the formation of dimensionally stable horizontal lamellar 

structure with unusually small phase-domains. 
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Table 7.2. Morphological parameters of nanoscale films (100120 nm thick) of various 
topological tricyclic heteroblock copolymers  

Nanoscale film  
morphology 

Tricyclic heteroblock copolymers 

Tricycle-A 

 

Tricycle-B 

 

Tricycle-C 

 
Lamellar structure horizontal horizontal Vertical horizontal Vertical 

DL a (nm) 9.80 6.05 6.00 6.10 6.10 

l1 b (nm) 2.30 (1.10) j 1.50 (0.40) 1.50 (0.40) 1.80 (0.30) 1.60 (0.40) 

l2 c (nm) 2.70 (0.80) 1.50 (0.60) 1.50 (0.70) 1.20 (0.30) 1.40 (0.30) 

l3 
d (nm) 2.10 1.55 1.50 1.90 1.70 

g e 0.15 0.14 0.21 0.30 0.24 

φ f (deg.) 0 0 89.2 0 90 

 g (deg.) 7.20 1.10 0.50 18.62 27.73 

Os
 h 0.977 0.992 -0.497 0.790 -0.210 

 i (vol%) 100 99.9 0.1 41.1 58.9 

aLong period of lamellar structure. bThickness of the l1 layer. cThickness of the l2 layer, i.e., interfacial layer. 
dThickness of the l3 layer. eParacrystal distortion factor of nanostructure (i.e., lamellar structure) along the z-
axis which is parallel to the out-of-plane of the film. fMean value of the polar angle φ (i.e., orientation angle) 
between the orientation vector n (which is set along a direction normal to the in-plane of lamellar structure) 
and the out-of-plane direction of the film. gStandard deviation for the polar angle φ. hSecond order orientation 
factor of nanostructure (i.e., lamellar structure). iVolume fraction in percent. tStandard deviation. 

 

The nanoscale films of Tricycle-B exhibit a clearly distinctive GISAXS pattern (Figure 

7.4a). The scattering image apparently resembles that of the Tricycle-A film, suggesting that a 

horizontal lamellar structure is present in the Tricycle-B film. With this information, the 

scattering image has been attempted to be analyzed in a manner similar to that employed for 

the Tricycle-A film. The 1D scattering profiles extracted from the 2D scattering image are 

satisfactorily analyzed by the GIXS formula based on lamellar structure model (Figures 7.4e-

f). An azimuthal scattering profile is extracted from the 2D image in the q-space (Figure 7.4b) 

and then analyzed successfully (Figure 7.4g). The obtained structural details are listed in Table 

7.2.  

The GISAXS analysis has found that a mixture of phase-separated nanostructures is 

present in the film. The film is characteristic of having morphology details as follows. The 
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morphology consists of mainly horizontal lamellar structured phases (99.9 vol%) together with 

vertical lamellar structured phases in a very small fraction (0.1 vol%). For the horizontal 

lamellar structure, DL = 6.05 nm, l1 = 1.50 nm, l2 = 1.50 nm (= li), l3 = 1.55 nm, Os = 0.992, 

and g = 0.14. Similar structural parameters are determined for the vertical lamellar structure. 

Taking into account the volume fractions of the blocks, the l1 and l3 sublayers can be assigned 

by the PTEGGE and PDGE block chain phases respectively.  

A 2D scattering image has been reconstructed with the determined structural parameters 

using the GIXS formula (Figure 7.4c). The reconstructed image is in good agreement with the 

measured one. With these structural analysis results, a schematic nanostructure could be drawn 

for the morphology of the Tricycle-B film (Figure 7.4d). Overall, the Tricycle-B film reveals a 

morphology similar to that observed in the Tricycle-A film. However, it is remarkable that the 

dimensional parameters (particularly, domain spacing) are relatively smaller than those of the 

morphology in the Tricycle-A film. In particular, the domain spacing is 61.261.7 % of that in 

the Tricycle-A film. These results collectively suggest that the molecular topology of Tricycle-

B is more effective to reduce domain spacing, compared to Tricycle-A.  
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Figure 7.4. Representative GISAXS data of Tricycle-B films (100120 nm thick) measured with αi = 
0.1476°; SDD = 2951.3 mm at room temperature using a synchrotron X-ray beam (λ = 0.12411 nm): (a) 
2D scattering image in angle space; (b) 2D scattering image in scattering vector space obtained from the 
scattering image in (a); (c) 2D scattering image reconstructed with the determined structural parameters; 
(d) horizontal lamellar structure model in a front view; (e) out-of-plane scattering profile extracted along 
the meridian line at 2θf = 0.117° from the scattering image in (a); (f) in-plane scattering profile along 
the equatorial line at αf = 0.191° from the scattering image in (a). In (e and f), the symbols are the 
measured data and the solid red lines were obtained by fitting the data using the GIXS formula of 
lamellar structure model; the scattering peak generated by the transmitted X-ray beam, is marked with 
“T”, whereas that generated by the reflected X-ray beam is marked with “R”. (g) Azimuthal scattering 
profile extracted at q = 1.100 nm-1 from the scattering image in (b); the black symbols are the measured 
data; the lines were obtained by the deconvolutions of the measured data: the blue solid line is the first 
order scattering peak of horizontal lamellar structure, the green solid line is the first order scattering 
peak of vertical lamellar structure, the purple dot line is the Yoneda peak, the brown dot line is a part of 
the reflected X-ray beam, and the red solid line is the sum of all deconvoluted peaks.  
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Figures 7.5a displays a representative scattering image of the Tricycle-C films. The 

scattering image apparently is somewhat different from those of the Tricycle-A and B films. 

One scattering spot appears around 1.10° (= 2θf) along the equatorial line. Another spot is 

weakly discernible around 1.02° (= αf) along the meridian line. These spots are apparently 

overlapped with a scattering ring. The spot along the equatorial line may be an indication that 

vertical lamellar structure is present in the film. Another spot along the meridian line may 

suggest the presence of lamellar structure in the film. Taking into consideration these, the 

scattering pattern has been further analyzed. The 1D scattering profiles have been extracted 

along the meridian line at 2θf = 0.071° and along the equatorial line at αf = 0.200° from the 2D 

image and well fitted by using the GIXS formula derived with lamellar model (Figures 7.5e-f). 

Moreover, an azimuthal scattering profile has extracted at q = 0.977 nm-1 from the q-space 

image (Figure 7.5b) and then analyzed in a quantitative manner (Figure 7.5g). The determined 

structural details are listed in Table 7.2.       

The scattering analysis finds that in the film horizontal and vertical lamellar structures 

are present together in a volume fraction of 41.1 and 58.9 %, respectively. The vertical lamellar 

structure is characterized to reveal a dimension set of DL = 6.10 nm, l1 = 1.80 nm, li = 1.20 nm, 

and l3 = 1.90 nm. A similar dimension set is observed for the horizontal lamellar structure. The 

domain spacings are smaller than that of the Tricycle-A film but very close to those of the 

Tricycle-B films. Indeed, Tricycle-C is a more efficient topology to reduce domain spacing, 

compared to Tricycle-A. 

The vertical lamellar structure exhibits relatively lower g value (0.24) than that (0.30) 

of the horizontal lamellar structure, indicating that the vertical lamellar structure is slightly 

more stable than the horizontal one. However, the vertical lamellar structure shows larger  

value (which is the standard deviation of the polar angle φ between the orientation vector n set 

along a direction normal to the in-plane of lamellar structure and the out-of-plane direction of 
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the film), compared to that of the horizontal one. Namely, the vertical lamellar structure 

behaves less orientational order than that of the horizontal one.     

These g values are almost twice larger than those of the lamellae in the tricycle-A and 

B films. The  values are also much larger than those of the lamellae in the Tricycle-A and B 

films. Namely, the g factor, as well as the  value is in the increasing order, respectively: 

Tricycle-B < Tricycle-A << Ticycle-C. Furthermore, the scattering pattern of the Tricycle-C 

film is less distinctive and much weaker in intensity, compared to those of the Tricycle-A and 

B films. The Tricycle-B film exhibits more clearly distinctive and intense scattering image than 

the Tricycle-A. When compared to Bicycle-C ( ) copolymer from chapter 6, Tricycle-B 

copolymer demonstrates approximately 13% reduction in domain spacing of the lamellar 

structure with similar value for the g factor and nearly unaffected control over the orientation 

of the lamellar structure. This indicates that Tricycle-B maintains the structural ordering despite 

the domain spacing reduction, which is a remarkable result. 

Overall, the Tricycle-B topology has demonstrated well-defined, better preferentially 

oriented, and more stable lamellar structure with smaller domain spacing in nanoscale films, 

compared to the Tricycle-A and Tricycle-C topologies. 
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Figure 7.5. Representative GISAXS data of Tricycle-C films (100120 nm thick) measured with αi = 
0.1384°; SDD = 2951.3 mm at room temperature using a synchrotron X-ray beam (λ = 0.12411 nm): (a) 
2D scattering image in angle space; (b) 2D scattering image in scattering vector space obtained from the 
scattering image in (a); (c) 2D scattering image reconstructed with the determined structural parameters; 
(d) horizontal lamellar structure model in a front view; (e) out-of-plane scattering profile extracted along 
the meridian line at 2θf = 0.071° from the scattering image in (a); (f) in-plane scattering profile along 
the equatorial line at αf = 0.200° from the scattering image in (a); (g) azimuthal scattering profile 
extracted at q = 0.977 nm-1 from the scattering image in (b) where the black symbols are the measured 
data and the lines were obtained by the deconvolutions of the measured data: the blue solid line is the 
first order scattering peak of horizontal lamellar structure, the green solid line is the first order scattering 
peak of vertical lamellar structure, the purple dot line is the Yoneda peak, the brown dot line is a part of 
the reflected X-ray beam, and the red solid line is the sum of all deconvoluted peaks.  
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7.4 Conclusions 

Three different tricyclic topologies of PDGE and PTEGGE blocks in equivalent 

volume fractions have been investigated in detail by synchrotron GIXS analysis. The 

quantitative GIXS analysis provides the morphology details of the topological heteroblock 

copolymers in nanoscale films.  

All three copolymers form amorphous films at room temperature. However, they all 

exhibit lamellar nanostructures resulted from the phase-separations between the blocks 

through the film fabrication processes. The stability, orientation, and dimensional 

parameters of the nanostructure are varied with the molecular topologies. Both the 

dimensional stability and orientation orders are in the increasing order: Tricycle-C << 

Tricycle-A < Tricycle-B. The domain spacing is in the decreasing order: Tricycle-A >> 

Tricycle-C > Tricycle-B. Overall, the Tricycle-B topology demonstrates most well-defined 

lamellar structure with the highest stability and orientation as well as the smallest domain 

spacing.  

In summary, this chapter has demonstrated the quantitative analysis through three 

layer model was successful in parameterizing the morphological details of tricyclic block 

copolymers in thin films. All nanostructures analyzed by the modeling analysis have been 

identified with exceptionally smaller domain spacings than that of the linear counterpart. 

The domain spacing reductions are within the range of 59.176.5 %; these huge reductions 

could not be achieved with monocyclic block copolymer systems. Moreover, the domain 

spacings (less than 10 nm) demonstrated in this study can meet the pitches required for 

advanced semiconductors with high performance being scheduled for production in 2030 

by the International Technology Roadmap for Semiconductors.37 Therefore, the study opens 

up that tricyclic heteroblock copolymer systems (in particular, Tricycle-A and Tricycle-B 

type topologies) are a most efficient candidates for developing high performance 
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nanolithographic materials being demanded for manufacturing future high performance 

semiconductors. Overall, the novel model analysis have successfully established new 

insights in the topology-morphology correlation of tricyclic block copolymers. 
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8.1 Introduction 

Synthetic cyclic polymers were first introduced in 1940s as a new interesting polymer 

family1-3 and then found to behave topological effects in properties due to the molecular 

geometry and the absence of chain ends.4 Immediately, the synthesis of new cyclic polymers 

and their derivatives has been challenged in the polymer community. As a result of much 

research effort, several synthetic methods have been developed, producing various topological 

cyclic polymers.5-18 The development effort has been focused mainly for monocyclic polymers 

and their derivatives because of synthetic feasibilities.5-14  

In contrast, multicyclic polymer topologies have been reported in a limit base because 

of severe difficulties in the synthesis.10-12,15-19 Despite the synthetic difficulties, a few fused 

multicyclic polymers (i.e., cage-shaped polymers) have been prepared successfully: 

homoblock-based cages: cage-shaped polytrahydrofurans,18-22  polystyrenes,23-25 and poly(-

caprolactone)s;26 heterblock-based cages: cages consisted of poly(n-decyl glycidyl ether) and 

poly(2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether) blocks.27 Nevertheless, 

morphologies and properties of these polymeric cages have yet be understood.  

This chapter is the first report on the morphology details on various cage-shaped block 

copolymers composed of poly(n-decyl glycidyl ether) (PDGE) and poly(2-(2-(2-

methoxyethoxy)ethoxy)ethyl glycidyl ether) (PTEGGE) in equivalent volume fractions. 

Synchrotron grazing incidence X-ray scattering (GIXS) analysis finds that they form phase-

separated morphologies in thin films. Interestingly, they reveal different types of nanostructure 

depending on the cage topologies. Excitingly, they all produce significantly reduced domain 

spacings, which could not be achievable from the linear block copolymer counterpart. The 

degree of domain spacing reduction is dependent upon the cage topologies. The structural 

parameters are varied further with the molecular topologies. 
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Figure 8.1 Chemical structures of cage-shaped heteroblock copolymers in various topologies. 
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Table 8.1 Molecular characteristics of various cage-shaped heteroblock copolymers and their 
homopolymers a 

Polymer 
Mn,NMR

b 
(kDa) 

Ðc 
e 

d
 

(nm-3) 
m 

e
 

(g/cm3) 

PDGE block  PTEGGE block 

DPPDGE 
f PDGE 

g  DPPTEGGE 
h PTEGGE 

i 

Cage-A 22.6 1.02   49 0.494  51 0.506 

Cage-B 22.6 1.02   50 0.504  50 0.496 

Cage-C 22.6 1.03   50 0.504  50 0.496 

l-PDGE 11.1 1.03 341 1.01      

l-PTEGGE 11.2 1.04 353 1.05      

aCharacterization data from references no. 27 and 28. bNumber-average molecular weight in the unit of kDa 
(103 Da) of polymer determined by 1H NMR spectroscopic analysis. cDispersity value of polymer determined 
by size exclusion chromatography (SEC) analysis in tetrahydrofuran. dElectron density of polymer in films 
determined by X-ray reflectivity analysis. eMass density of polymer in films obtained from the electron 
density determined by X-ray reflectivity analysis. fNumber-average degree of polymerization of PDGE block 
determined by 1H NMR spectroscopic analysis. gVolume fraction of PDGE block estimated from the Mn,NMR 

and m data. hNumber-average degree of polymerization of PTEGGE block determined by 1H NMR 

spectroscopic analysis. iVolume fraction of PTEGGE block estimated from the Mn,NMR and m data.  

 

8.2 Experimental Section 

A series of cage-shaped heteroblock copolymers of PDGE and PTEGGE was 

synthesized and characterized as reported previously in the literature.27,28 The molecular 

characteristics of the copolymers are listed in Table 8.1. For the individual copolymers, 

solutions with 0.5 wt% concentration were prepared in tetrahydrofuran and filtrated via 

disposable syringes equipped with polytetrafluoroethylene filter membranes (0.2 m pore size). 

Each solution was spin-cast onto silicon substrates, then dried in vacuum at room temperature 

for 24 h. The obtained copolymer films were measured to have a thickness of 100120 nm by 

using a spectroscopic ellipsometer (Model M-2000, Woollam, Lincoln, NE, USA). The films 

were kept at room temperature in vacuum before use.  

GIXS measurements were conducted at the 3D Beamline of the PLS-II facility (3.0 

GeV power), Pohang Accelerator Laboratory, Pohang, Korea.29-31 The sample-to-detector 

distance (SDD) was set 214.7 mm for wide angle grazing incidence X-ray scattering 
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(GIWAXS) measurements and 2951.3 mm for small angle grazing incidence X-ray scattering 

(GISAXS) measurements. An X-ray beam of 0.12411 nm wavelength λ was used and the 

incidence angle i was set in the range of 0.1254–0.1850° with respect to the film plane. A 

two-dimensional (2D) charge-coupled detector (CCD) (model Rayonix 2D SX 165, Rayonix, 

Evanston, IL, USA) was employed; a set of aluminum foils was used as a semi-transparent 

beam stop. The scattering data collection time ranged in 1030 s. All scattering measurements 

were conducted at room temperature. The scattering angles were corrected by using a 

precalibrated polystyrene-block-poly(ethylene-random-butylene)-block-polystyrene and silver 

behenate standards (Tokyo Chemical Inc., Tokyo, Japan) were employed; the positions of the 

X-ray beams reflected from the silicon substrate were used additionally. 

 

 

Figure 8.2 Representative GIWAXS data of the nanoscale films (100120 nm thick) of cage-shaped 
heteroblock copolymers measured with SDD = 214.7 mm at room temperature using a synchrotron X-
ray beam (λ = 0.12411 nm): (a) 2D scattering image in angle space (2f and f) of Cage-B (αi = 0.1740°); 
(b) 2D scattering image in scattering vector space (qxy and qz) obtained from the scattering image in (a); 

(c) in-plane scattering profiles extracted along the equatorial line at chosen f values (0.300° for Cage-
A, 0.279° for Cage-B, and 0.290° for Cage-C) from the measured 2D scattering images, including the 
image in (a). 
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8.3 Results and Discussion 

All three cage-shaped heteroblock copolymers in nanoscale films (100120 nm thick) 

present featureless characteristics in the GIWAXS patterns (Figure 8.2). They show one halo 

ring around 3.1 (ca. 2.3 nm d-spacing) and another halo ring around 15.6 (ca. 0.46 nm d-

spacing). Considering the d-spacing values, the first halo ring in the low angle region may 

originate from the mean interdistance of the polymer chains and the second one in the high 

angle region may be caused by the mean interdistance between the polymer chain and the side 

group as well as that between the side groups. Collectively, these GIWAXS results inform that 

the block components in all cage copolymers reveal amorphous natures at room temperature, 

forming no crystallites.  
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Figure 8.3 Representative GISAXS data of Cage-A films (100120 nm thick) measured with αi = 
0.1254°; SDD = 2951.3 mm at room temperature using a synchrotron X-ray beam (λ = 0.12411 nm): (a) 
2D scattering image in angle space; (b) 2D scattering image in scattering vector space obtained from the 
scattering image in (a); (c) 2D scattering image reconstructed with the determined structural parameters; 
(d) lamellar structure in a front view; (e) out-of-plane scattering profile extracted along the meridian 
line at 2θf = 0.544° from the scattering image in (a); (f) in-plane scattering profile along the equatorial 
line at αf = 0.182° from the scattering image in (a); (g) azimuthal scattering profile extracted at q = 0.607 
nm-1 from the scattering image in (b) where the black symbols are the measured data; the lines were 
obtained by the deconvolutions of the measured data: the blue and green solid lines are the scattering 
peaks of cylindrical domains in a hexagonal packing order, the purple dot line is the Yoneda peak, the 
brown dot line is a part of the reflected X-ray beam, and the red solid line is the sum of all deconvoluted 
peaks.  
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Figure 8.3a presents a representative of the 2D GISAXS images measured from the 

Cage-A films. Two scattering spot appears at αf = 0.690° and 1.303° along the meridian line at 

2θf = 0°; the spot at the lower angle is very strong in intensity and, however, that at the larger 

angle is very weak. These spots are approximated to have the relative scattering vector lengths 

of 1 and 2 respectively from the specular reflection position of the used X-ray beam. Additional 

two spots are observed at αf = 0.344° and 0.969° along the meridian line at 2θf = 0.544°. Their 

relative scattering vector lengths are estimated to be 1 and  respectively from the specular 

reflection position. The d-spacing of the spots at (2θf = 0° and αf = 0.690°) is close to that of 

that at (2θf = 0.544° and αf = 0.344°). Furthermore, the d-spacing of the spots at (2θf = 0° and 

αf = 1.303°) is similar to that of the peak at (2θf = 0.544° and αf = 0.969°). These correlations 

collectively suggest that the observed scattering spots originate from horizontally-oriented 

cylinders in a hexagonal (HEX) packing order. With these information, one-dimensional (1D) 

scattering profiles have been extracted along the meridian and equatorial lines, as displayed in 

Figures 8.3e-f. The extracted 1D scattering profiles are satisfactorily fitted by using the GIXS 

formula derived with HEX cylindrical structure model (Section 1.4 of Chapter 1), giving 

nanostructural parameters (Table 8.2). An azimuthal scattering profile has additionally be 

extracted at q = 0.607 nm-1 from the q-space image (Figure 8.3b) and then analyzed 

successfully (Figure 8.3g), providing orientational information on the nanostructure (Table 8.2).   

This GISAXS analysis confirms the presence of cylindrical domains in the Cage-A film. 

These cylindrical domains are an indication that the PDGE and PTEGGE blocks were phase-

separated through the film fabrication process. The spacing of the cylindrical domains is 

determined to be 10.85 nm (= Lz) in the out-of-plane of the film but 6.50 nm (= Ly) in the film 

plane. The Lz/Ly ratio (= ) is 1.67, which is much larger than that ( 2/3 ) of a regular HEX 

cylinder structure. The cylindrical domains have a radius Rz of 5.40 nm [= 2.60 (rcz, core radius) 

+ 2.80 nm (tsz, shell thickness)] along the out of the plane of the film and a radius Ry of 2.10 

3
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nm [= 1.00 (rcy, core radius) + 1.10 nm (tsy, shell thickness)] along the film plane, consequently 

revealing an ellipsoidal cross-section; the ellipsoidicity  is 2.57, which is uncommonly high. 

Hence, the directional anisotropy in the domain spacing, as well as the significantly large 

distortion in the HEX structure is attributed to the cylindrical domains with the highly 

ellipsoidicity value. The second order orientation factor Os is 0.994 with 𝜑 = 0 (the mean 

value of the polar angle φ between the orientation vector n set along a direction normal to the 

{001} plane of HEX structure and the out-of-plane direction of the film) and  = 3.10 

(standard deviation for the polar angle φ). The positional distortion factor g is only 0.06. These 

results collectively inform that the HEX structure is highly distorted in the packing and, 

nevertheless, stable dimensionally and further preferentially well oriented in the film plane.   

From the dimensional parameters, the volume fractions of the cylinders and matrix are 

estimated to be 50.5 and 49.5 % respectively. For Cage-A, the volume fraction of the PTEGGE 

block is slightly larger than that of the PDGE block. Therefore, the cylindrical domain is 

assigned by the phase-separated PTEGGE block phase; the matrix is assigned to the PDGE 

phase.  

From the obtained structural parameters, a scattering image has been reconstructed by 

using the GIXS formula. The reconstructed scattering image is well matched with the measured 

pattern (Figure 8.3c), again confirming that the scattering data analysis has been done 

successfully. Furthermore, with the analysis results, the nanostructure formed in the Cage-A 

film could be schematically drawn, as shown in Figure 8.3d.  

Here, a question is raised: Why were the PTEGGE cylinders formed with unusually 

high ellipsoidicity? Such the ellipsoidal cylinders may result from directionally different 

growths in the phase-separation process due to the nanoscale film confined geometrically by 

the substrate and the air (or vacuum). The phase-separation and growth may be relatively more 
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favorable toward the air or vacuum interface, namely the out-of-plane of the film, than toward 

the in-plane of the film adhered onto the substrate. 

Another question is raised: Why did Cage-A form HEX cylindrical structure even 

though the almost equivalent volume fractions of the block components? This HEX structure 

is very interesting because it is far from the lamellar structure of the linear block copolymer 

counterpart.32 Additionally, the Tricycle-A copolymer from chapter 7 also presents lamellar 

morphology. This unusual HEX structure formation may be attributed to the unique Cage-A 

topology effect which possibly promotes to differentiate the chain characteristics of the blocks.  

Finally, it is noteworthy that remarkably small domain spacings were achieved by the 

Cage-A topology. The domain spacings are only 25.545.2 % of that (24.0025.50 nm) of the 

nanostructure formed in the linear counterpart. The domain spacing reductions (54.874.5 %) 

are very significant, which could not be achievable by the pairs of monocyclic block 

copolymers and linear counterparts.33-40  
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Table 8.2 Morphological parameters of nanoscale films (100120 nm thick) of various cage-
shaped heteroblock copolymers  

Thin film  
morphology 

Cage-shaped heteroblock copolymers 

Cage-A 

 

Cage-B 

 

Cage-C 

 
HEX cylindrical  
structure 

horizontal    

Lz a (nm) 10.85    
Ly b (nm) 6.50    

 c  1.67    
Rz d (nm) 5.40     
Ry e (nm) 2.10     
rcz f (nm) 2.60 (0.30) t    
rcy g (nm) 1.00 (0.20)    
tsz h (nm) 2.80 (0.60)    
tsy i (nm) 1.10 (0.30)    

 j 2.57    
g k 0.06    
φ l (deg.) 0    

 
m (deg.) 3.10    

Os n 0.991    

 o (vol%) 100     
Lamellar 
structure 

 horizontal vertical horizontal vertical 

DL p (nm)  6.95 6.90 6.50 6.70 

l1 q (nm)  2.10 (0.30) 2.10 (0.30) 1.60 (0.50) 1.70 (0.30) 

l2 r (nm)  1.30 (0.20) 1.30 (0.20) 1.60 (0.60) 1.60 (0.50) 

l3 
s (nm)  2.25 2.20 1.70 1.80 

g  0.33 0.31 0.35 0.28 

φ (deg.)  0 70.00 0 90 

 (deg.)  18.35 16.20 6.13 27.55 

Os  0.829 -0.212 0.969 -0.221 

 (vol%)  34.5 65.5 33.9 66.1 

aMean interdistance between the arrays of the in-plane oriented cylindrical domains. bMean center-to-center 
distance of the cylindrical domains lain in the film plane. cRatio of Lz and Ly (= Lz/Ly). dLong radius of 
ellipsoidal cylindrical domain along the z-axis which is parallel to the out-of-plane of the film. eShort radius 
of ellipsoidal cylindrical domain along the y-axis which is parallel to the in-plane of the film.  fCore radius 
of ellipsoidal cylindrical domain along the z-axis which is parallel to the out-of-plane of the film. gCore 
radius of ellipsoidal cylindrical domain along the y-axis which is parallel to the in-plane of the film. hShell 
thickness of ellipsoidal cylindrical domain along the z-axis which is parallel to the out-of-plane of the film. 
iShell thickness of ellipsoidal cylindrical domain along the y-axis which is parallel to the in-plane of the film. 
jEllipsoidicity ratio (= polar radius/equatorial radius). kParacrystal distortion factor of nanostructure (i.e., 
hexagonal cylinder structure or lamellar structure) along the z-axis which is parallel to the out-of-plane of 
the film. lMean value of the polar angle φ (i.e., orientation angle) between the orientation vector n (which is 
set along a direction normal to the {001} plane of horizontal hexagonal cylindrical structure or the in-plane 
of lamellar structure) and the out-of-plane direction of the film. mStandard deviation for the polar angle φ. 
nSecond order orientation factor of nanostructure (i.e., hexagonal cylindrical structure or lamellar structure). 
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oVolume fraction in percent. pLong period of lamellar structure. qThickness of the l1 layer. rThickness of the 
l2 layer, i.e., interfacial layer i. sThickness of the l3 layer. tStandard deviation. 

 

The Cage-B films show a GISAXS image which is very different from that of the Cage-

A film. The image apparently exhibits a scattering ring overlapped with one spot at αf = 0.926° 

along the meridian line and another spot at 2θf = 0.989° along the equatorial line (Figures 8.4a). 

The spot along the meridian line may be the first order scattering peak originated from a 

horizontally-oriented lamellar structure; that along the equatorial line may come from a 

vertically-oriented lamellar structure. Therefore, the scattering pattern has been attempted 

further by using the GIXS formula derived with lamellar structure model (Section 1.4 of 

Chapter 1). The 1D scattering profiles, which have been extracted at 2θf = 0.087° along the 

meridian line and at αf = 0.210° along the equatorial line from the 2D scattering pattern, are 

fitted successfully (Figures 8.4e-f), providing structural parameters of the lamellae present in 

the film. An azimuthal scattering profile has been extracted at q = 0.843 nm-1, including the 

two scattering spots described above, from the 2D image in q-space (Figure 8.4b), and analyzed 

in a quantitative manner, providing orientational details of the lamellae in the film (Figure 

8.4g); furthermore, this analysis confirms the presence of horizontal and vertical lamellae in a 

mixture. The determined structural parameters and orientational information are listed in Table 

8.2. With these structural parameters, a 2D scattering image is reconstructed using the GIXS 

formula, as shown in Figure 8.4c; the reconstructed image is in good agreement with the 

measured scattering pattern. 
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Figure 8.4 Representative GISAXS data of Cage-B films (100120 nm thick) measured with αi = 
0.1438°; SDD = 2951.3 mm at room temperature using a synchrotron X-ray beam (λ = 0.12411 nm): (a) 
2D scattering image in angle space; (b) 2D scattering image in scattering vector space obtained from the 
scattering image in (a); (c) 2D scattering image reconstructed with the determined structural parameters; 
(d) horizontal lamellar structure model in a front view; (e) out-of-plane scattering profile extracted along 
the meridian line at 2θf = 0.087° from the scattering image in (a); (f) in-plane scattering profile along 
the equatorial line at αf = 0.210° from the scattering image in (a); (g) azimuthal scattering profile 
extracted at q = 0.843 nm-1 from the scattering image in (b) where the black symbols are the measured 
data and the lines were obtained by the deconvolutions of the measured data: the blue solid line is the 
first order scattering peak of horizontal lamellar structure, the green solid line is the first order scattering 
peak of vertical lamellar structure, the purple dot line is the Yoneda peak, the brown dot line is a part of 
the reflected X-ray beam, and the red solid line is the sum of all deconvoluted peaks.  
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In the film, horizontal and vertical lamellae are found to be present with the volume 

fractions of 34.5 and 65.5 % respectively. For the horizontal lamellae, the domain spacing DL 

(i.e., long period) is 6.95 nm, which consists of the l1 layer of 2.10 nm, the l2 layer of 1.30 nm, 

and the l3 layer of 2.25 nm. A similar set of dimension parameters is observed for the vertical 

lamellae. The volume fraction of the PDGE block in Cage-B is slightly larger than that of the 

PTEGGE block. Thus, the l1 and l3 layers can be assigned by the PTEGGE and PDGE block 

phases respectively; the l2 layer is the interfacial layer li between the PTEGGE and PDGE block 

phases. Both g factor and  value are slightly smaller for the vertical lamellae, compared to 

the horizontal lamellae. These results suggest that the vertical lamellar structure is slightly more 

stable dimensionally and oriented more preferentially, compared to the horizontal lamellar 

structure. From these structural details, the determined lamellar morphologies are 

schematically drawn (Figure 8.4d).  

Overall, it is interesting that Cage-B forms phase-separated lamellar structures, as 

observed for the linear counterpart.32 The lamellar morphology is quite different from the 

cylindrical morphology of Cage-A. Therefore, the Cage-B topology seems to cause less 

influences on the chain characteristics of the blocks, compared to the Cage-A topology. More 

interestingly, the morphology of Cage-B reveals relatively smaller domain spacing, compared 

to that of Cage-A.   
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Figure 8.5 Representative GISAXS data of Cage-C films (100120 nm thick) measured with αi = 
0.1392°; SDD = 2951.3 mm at room temperature using a synchrotron X-ray beam (λ = 0.12411 nm): (a) 
2D scattering image in angle space; (b) 2D scattering image in scattering vector space obtained from the 
scattering image in (a); (c) 2D scattering image reconstructed with the determined structural parameters; 
(d) horizontal lamellar structure model in a front view; (e) out-of-plane scattering profile extracted along 
the meridian line at 2θf = 0.071° from the scattering image in (a); (f) in-plane scattering profile along 
the equatorial line at αf = 0.199° from the scattering image in (a); (g) azimuthal scattering profile 
extracted at q = 0.827 nm-1 from the scattering image in (b) where the black symbols are the measured 
data and the lines were obtained by the deconvolutions of the measured data: the blue solid line is the 
first order scattering peak of horizontal lamellar structure, the green solid line is the first order scattering 
peak of vertical lamellar structure, the purple dot line is the Yoneda peak, the brown dot line is a part of 
the reflected X-ray beam, and the red solid line is the sum of all deconvoluted peaks.  
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Figure 8.5a shows a representative scattering image of the Cage-C films. The scattering 

pattern is apparently similar with that of the Cage-B film. The scattering image has been 

analyzed satisfactorily as carried out for those of the Cage-B film (Figures 8.5b-c, 8.5e-f, and 

8.5g; Table 8.2).  

The analysis finds that in the film, horizontal and vertical lamellae co-exist in volume 

fractions of 33.9 and 6.1 % respectively. The horizontal lamellar structure is characteristic of 

revealing a set of structural parameters: DL = 6.50 nm, l1 = 1.60 nm, l2 = 1.60 nm (= li), l3 = 

1.70 nm, g = 0.35, and  = 6.13. Similar structural parameters are determined for the vertical 

lamellar structure. However, the vertical lamellae exhibit slightly smaller g value but much 

larger  value, compared to those of the horizontal lamellae. Taking into consideration the 

volume fractions of the blocks, the l1 and l3 layers can be assigned by the PTEGGE and PDGE 

block phases respectively. The determined lamellar morphologies are schematically drawn in 

Figure 8.5d.  

Overall, Cage-C behaves to form lamellar morphology, which is similar to that of the 

Cage-B film. However, the domain spacings are slightly smaller than those of the Cage-B film.  

These results suggest that the Cage-C topology also causes less impacts on the chain 

characteristics of the blocks, leading to the formation of lamellar structures. Additionally,  
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8.4 Conclusions 

This study is the first report of the nanoscale film morphology details of cage-shaped 

heteroblock copolymers in three different topologies: Cage-A, B, and C.  

The synchrotron GIWAXS analysis confirmed that for all cage copolymers, the PDGE 

and PTEGGE blocks are amorphous at room temperature, exhibiting no crystallite assemblies. 

However, the GISAXS analysis found that all cage copolymers form nanostructures resulted 

from the phase-separations of their blocks through the film formation process. They exhibit 

different types of nanostructures depending on the cage topologies. Cage-A forms cylindrical 

morphology, whereas Cage-B and C reveal lamellar morphologies. The domain spacing of 

nanostructure, as well as the dimensional stability and orientation varies with the cage 

topologies. The domain spacing is in the decreasing order: Cage-A >> Cage-B > Cage-C. Both 

the dimensional stability and orientation orders are in the increasing order: Cage-B ~ Cage-C 

<< Cage-A.  

In summary, this chapter has demonstrated the quantitative analysis through three layer 

model and two phase elliptical hexagonal cylinder model was successful in parameterizing the 

morphological details of cage type topologies of block copolyethers in thin films. The two 

models successfully identified each individual variations of cage topologies as critical factors 

for determining the type of morphology as well as miniaturizing domain spacings, which could 

never be achievable from the linear counterpart. Specifically, the domain spacings range from 

6.50 to 10.85 nm depending on the cage topologies. These domain spacings are only 

25.545.2 % of that of the linear counterpart film. In particular, the Cage-B and Cage-C 

topologies are relatively more efficient for reducing domain spacing. Overall, this study has 

demonstrated that cage-shaped heteroblock copolymer systems are a powerful and effective 

route to develop high performance nanolithographic materials for producing future high 

performance semiconductors based on pitches of 10 nm or less. Overall, the novel model 
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analysis have successfully established new insights in the topology-morphology correlation of 

bicyclic block copolymers. 

 

  



Nanoscale Film Morphologies of Cage Block Copolyethers 

247 
 

8.5 References 

1. Patnode, W.; Patnode, W.; Wilcock, D. F. Methylpolysiloxanes. J. Am. Chem. Soc.1946, 
68, 358−363. 

2. Hunter, M. J.; Hyde, J. F.; Warrick, E. L.; Fletcher, H. J. Organo-Silicon Polymers. The 
Cyclic Dimethyl Siloxanes. J. Am. Chem. Soc.1946, 68, 667−672. 

3. Scott, D. W. Equilibria between Linear and Cyclic Polymers in Methylpolysiloxanes. J. 
Am. Chem. Soc. 1946, 68, 2294−2298.  

4. Zimm, B. H; Stockmayer, W. H. The Dimensions of Chain Molecules Containing 
Branches and Rings. J. Chem. Phys. 1949, 17, 1301−1314. 

5. Semlyen, J. A.; Cyclic Polymers, 2nd ed., Kluwer Academic Publishers: Dordrecht, 
Netherlands, 2002.  

6. Endo, K. Synthesis and Properties of Cyclic Polymers. Adv. Polym. Sci. 2008, 217, 
121−183. 

7. Laurent, B. A.; Grayson, S. M. Synthetic Approaches for the Preparation of Cyclic 
Polymers. Chem. Soc. Rev. 2009, 38, 2202–2213.  

8. Kricheldorf, H. R. Cyclic Polymers: Synthetic Strategies and Physical Properties. J. 
Polym. Sci. Part A: Polym. Chem. 2010, 48, 251− 284.  

9. Lonsdale, D. E.; Monteiro, M. J. Synthesis and Self-Assembly of Amphiphilic 
Macrocyclic Block Copolymer Topologies. J. Polym. Sci. Part A: Polym. Chem. 2011, 
49, 4603–4612.  

10. Jia, Z.; Monteiro, M.J. Cyclic Polymers: Methods and Strategies. J. Polym. Sci. Part 
A: Polym. Chem. 2012, 50, 2085−2097. 

11. Jia, Z.; Monteiro, M.J. Synthesis of Cyclic Polymers via Ring Closure. Adv. Polym. 
Sci. 2013, 262, 295−328. 

12. Tezuka, Y., Ed., Topological Polymer Chemistry: Progress of Cyclic Polymers in 
Syntheses, Properties and Functions, World Scientific: Singapore, 2013. 

13. Wang, H.; Zhang, L.; Liu, B.; Han, B.; Duan, Z.; Qi, C.; Park, D.; Kim, I. Synthesis 
of High Molecular Weight Cyclic Poly(ε-caprolactone)s of Variable Ring Size Based 
on A Light-Induced Ring-Closure Approach. Macromol. Rapid Commun. 2015, 36, 
1646−1650. 

14. Xiang, L.; Ryu, W.; Kim, H.; Ree, M. Precise Synthesis, Properties, and Structures of 
Cyclic Poly(ε-caprolactone)s. Polymers 2018, 10, 577. 

15. Isono, T.; Satoh, Y.; Miyachi, K.; Chen, Y.; Sato, S.-i.; Tajima, K.; Satoh, T.; Kakuchi, 
T.  Synthesis of Linear, Cyclic, Figure-Eight-Shaped, and Tadpole Shaped Amphiphilic 
Block Copolyethers via t‑Bu‑P4‑Catalyzed RingOpening Polymerization of Hydrophilic 
and Hydrophobic Glycidyl Ethers. Macromolecues 2014, 47, 2853−2863.  

16. Zhao, Z.; Zhu, Q.; Wang, Z.; Lu, J.; Jin, Z.; Liu, H. A Dicyclic Scaffold for Programmed 
Monocyclic and Polycyclic Polymer Architectures. Macromolecules 2017, 50, 
8907−8915.   

17. Isono, T.; Sasamori, T.; Honda, K.; Mato, Y.; Yamamoto, T.; Tajima, K.; Satoh, T. 
Multicyclic Polymer Synthesis through Controlled/Living Cyclopolymerization of α,ω-
Dinorbornenyl-Functionalized Macromonomers. Macromolecules 2018, 51, 3855–3864. 

18. Tezuka, Y. Topological polymer chemistry for designing multicyclic macromolecular 
architectures. Polymer J. 2012, 44, 1159–1169. 

19. Tezuka, Y.; Tsuchitani, A.; Yoshioka, Y.; Oike, H. Synthesis of θ-Shaped Poly(THF) by 
Electrostatic Self-Assembly and Covalent Fixation with Three-Armed Star Telechelics 
Having Cyclic Ammonium Salt Groups. Macromolecules 2003, 36, 65–70.  



Chapter 8    

248 
   

20. Igari, M.; Heguri, H.; Yamamoto, T.; Tezuka, Y. Folding Construction of Doubly Fused 
Tricyclic, β- and γ-Graph Polymer Topologies with kyklo-Telechelic Precursors Obtained 
through an Orthogonal Click/ESA-CF Protocol. Macromolecules 2013, 46, 7303−7315.  

21. Tezuka, Y.; Fujiyama, K. Construction of Polymeric δ-Graph:  A Doubly Fused Tricyclic 
Topology. J. Am. Chem. Soc. 2005, 127, 6266–6270.    

22. Kyoda, K.; Yamamoto, T.; Tezuka, Y. Programmed Polymer Folding with Periodically 
Positioned Tetrafunctional Telechelic Precursors by Cyclic Ammonium Salt Units as 
Nodal Points. J. Am. Chem. Soc. 2019, 141, 7526−7536.  

23. Jeong, J.; Kim, K.; Lee, R.; Lee, S.; Kim, H.; Jung, H.; Kadir, M. A.; Jang, Y.; Jeon, H. 
B. Matyjaszewski, K.; Chang, T.; Paik, H. J. Preparation and Analysis of Bicyclic 
Polystyrene. Macromolecules 2014, 47, 3791–3796. 

24. Zhao, J.; Zhou, Y.; Li, Y.; Pan, X.; Zhang, W.; Zhou, N.; Zhang, K.; Zhang, Z.; Zhu, X. 
Modular construction of macrocycle-based topological polymers via high-efficient thiol 
chemistry. Polym. Chem. 2015, 6, 2879−2891.  

25. Mohanty, A. K.; Ye, J.; Ahn, J.; Yun, T.; Lee, T.; Kim, K.-s.; Jeon, H. B.; Chang, T.; 
Paik, H.-j. Topologically Reversible Transformation of Tricyclic Polymer into Polyring 
Using Disulfide/Thiol Redox Chemistry. Macromolecules 2018, 51, 5313-5322. 

26. Mato, Y.; Honda, K.; Tajima, K.; Yamamoto, T.; Isono, T.; Satoh, T. A Versatile Synthetic 
Strategy for Macromolecular Cages: Intramolecular Consecutive Cyclization of Star-Shaped 
Polymers. Chem. Sci. 2019, 10, 440–446. 

27. Satoh, Y.; Matsuno, H.; Yamamoto, T.; Tajima, K.; Isono, T.; Satoh, T. Synthesis of 
Well-Defined Three- and Four-Armed Cage-Shaped Polymers via “Topological 
Conversion” from Trefoil- and Quatrefoil- Shaped Polymers. Macromolecules 2017, 50, 
97−106. 

28. Ree, B. J.; Satoh, Y.; Jin, K. S.; Isono, T.; Kim, W. J.; Kakuchi, T.; Satoh, T.; Ree, M. 
Well-Defined Stable Nanomicelles Self-Assembled by Brush Cyclic and Tadpole 
Copolymer Amphiphiles: A Versatile Smart Carrier Platform. NPG Asia Materials 2017, 
9, e453.  

29. Kim, Y. Y.; Ree, B. J.; Kido, M.; Ko, Y.-G.; Ishige, R.; Hirai, T.; Wi, D.; Kim, J.; Kim, 
W. J.; Takahara, A.; Ree, M. High Performance n-Type Electrical Memory and 
Morphology-Induced Memory-Mode Tuning of A Well-Defined Brush Polymer Bearing 
Perylene Diimide Moieties. Adv. Electronic Mater. 2015, 1, 1500197. 

30. Ree, B. J.; Aoki, D.; Kim, J.; Satoh, T.; Takata, T.; Ree, M. Macromolecular 
[2]Rotaxanes Linked with Polystyrene: Properties and Nanoscale Film Morphologies. 
Macromolecules 2019, 52, 5325−5336. 

31. Ree, B. J.; Aoki, D.; Kim, J.; Satoh, T.; Takata, T.; Ree, M. Phase Transition Behaviors 
and Nanoscale Film Morphologies of Poly(δ-valerolactone) Axles Bearing Movable and 
Fixed Rotaxane Wheels. Macromol. Rapid Commun. 2019, 40, 1900334 

32. Ree, B. J. Materials from Chapter 5 of this Ph.D. Dissertation. Unpublished work, 2019. 
33. Honda, S.; Yamamoto, T.; Tezuka, Y. Topology-Directed Control on Thermal 

Stability: Micelles Formed from Linear and Cyclized Amphiphilic Block 
Copolymers. J. Am. Chem. Soc. 2010, 132, 10251–10253. 

34. Zhu, Y. Q.; Gido, S. P.; Iatrou, H.; Hadjichristidis, N.; Mays, J. W. Microphase 
Separation of Cyclic Block Copolymers of Styrene and Butadiene and of Their 
Corresponding Linear Triblock Copolymers. Macromolecules 2003, 36, 148−152. 

35. Takano, A.; Kadoi, O.; Hirahara, K.; Kawahara, S.; Isono, Y.; Suzuki, J.; Matsushita, Y. 
Preparation and Morphology of Ring-Shaped Polystyrene-block-polyisoprenes, 
Macromolecules 2003, 36, 3045−3050.  

36. Lescanec, R. L.; Hajduk, D. A.; Kim, G. Y.; Gan, Y.; Yin, R.; Gruner, S. M.; Hogen-
Esch, T. E.; Thomas, E. L. Comparison of the Lamellar Morphology of Microphase-



Nanoscale Film Morphologies of Cage Block Copolyethers 

249 
 

Separated Cyclic Block Copolymers and Their Linear Precursors. Macromolecules 1995, 
28, 3485−3489.  

37. Marko, J. F. Microphase Separation of Block Copolymer Rings. Macromolecules 1993, 
26, 1442−1444.  

38. Jo, W. H.; Jang, S. S. Monte Carlo Simulation of The Order–Disorder Transition of A 
Symmetric Cyclic Diblock Copolymer System. J. Chem. Phys. 1999, 111, 1712−1720.  

39. Zhang, G.; Fan, Z.; Yang, Y.; Qiu, F. Phase Behaviors of Cyclic Diblock Copolymers. J. 
Chem. Phys. 2011, 135, 174902.  

40. Poelma, J. E.; Ono, K.; Miyajima, D.; Aida, T.; Satoh, K.; Hawker, C. J. Cyclic Block 
Copolymers for Controlling Feature Sizes in Block Copolymer Lithography. ACS Nano 
2012, 6, 10845−10854.  

  



Chapter 8    

250 
   

  



 

   

 

 

 

 

 

 

 

Chapter 9 

 

 

Conclusions 

  



Chapter 9    

252 
   

 In this dissertation, the impact of various polymer topologies upon the nanoscale thin 

film morphological features of various homopolymers and block copolymers has been 

evaluated using quantitative modeling analysis of synchrotron X-ray scattering measurements 

through two novel models developed for this dissertation: the three layer model and the two 

phase elliptical hexagonal cylinder model. The subjects of polymer topology-morphology 

correlation investigation was held over two major categories: semi-crystalline hompolymers 

and a range of block copolymer systems. Homopolymers included two systems based on semi-

crystalline polymers, poly(ε-caprolactone) (PCL) and poly(δ-valerolactone) (PVL). PCL 

homopolymer system demonstrated the impact of linear, cyclic, star, and cage topologies on 

the crystallization behavior and resulting lamellar formation. PVL homopolymer system 

demonstrated the topological effect of movable and ionically-fixed rotaxane wheels on the 

crystallization behavior and resulting lamellar formation. Block copolymers included a system 

of PVL and amorphous polystyrene (PS), and an extensive system based on poly(n-decyl 

glycidyl ether) (PDGE) and poly(2-(2-(2-methoxyethoxy)ethoxy)ethyl glycidyl ether) 

(PTEGGE). PVL and PS system demonstrated the impact of pseudo-miktoarm topology on the 

PVL crystallization behavior and the phase separation between PVL and PS blocks. PDGE and 

PTEGGE system, in which neither of the blocks exhibit semi-crystalline behavior, 

demonstrated the impact of linear, tadpole, monocyclic, bicyclic, tricyclic, and cage topologies 

on the phase separation beween PDGE and PTEGGE blocks. A summary of the important 

achievements and scientific insights from the studies is as follows: 

 

Chapter 2 “Nanoscale Film Morphologies and Chain Conformations of Topological Poly(ε-

caprolactone)s” 

A cage-shaped PCL polymer and its various counterparts have been examined in terms 

of thermal stability and phase transitions by using TGA and DSC analyses. The nanoscale film 
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morphologies of this series of topological PCL polymers have been investigated quantitatively 

by using synchrotron GISAXS and GIWAXS analyses.  

The PCL polymers show topology and end group dependent thermal stabilities: l-

PCL3k-B ~ l-PCL3k-A < cg-PCL9k ~ cy-PCL6k < st-PCL9k. In particular, the highest stability of 

st-PCL9k could be attributed to the capped chain ends rather than the topology effect. 

The phase transitions (nonisothermal crystallization and subsequent crystal melting 

transitions: Tc, Tm1, Tm2, heat of fusion of crystallization, heat of fusion of crystal melting, and 

crystallinity) are also dependent upon the molecular topologies as well as the bulkinesses of 

joints and end groups.  

All PCL homopolymers always form lamellar structures based on orthorhombic crystal 

lattice in nanoscale films, regardless of the molecular topologies as well as the bulkinesses of 

joints and end groups. Both cg-PCL9k and st-PCL9k tend to form a mixture of horizontal (major) 

and vertical (minor) lamellar structures, whereas all other counterparts form only horizontal 

lamellar structures. The structural parameters, including overall crystallinity and orientational 

orthorhombic crystal domains, vary with the molecular topologies, and the bulkinesses of joints 

and end groups. Overall, the structural parameter details could not be rationalized easily in 

regard to the effects of molecular topology, joint and end group because the functions of 

molecular topologies are either against or cooperative to those of joints and end groups. In this 

chapter, the novel three layer model was successful in precisely and accurately parameterizing 

the morphological details as well as differentiating the extent of topological impact upon the 

self-assembly behavior of topological PCL homopolymers in thin films, providing useful 

insights in the topology-morphology correlation of semi-crystalline polymers. 

 

Chapter 3 “Nanoscale Film Morphologies and Chain Conformations of Poly(δ-valerolactone) 

Bearing Mobile and Immobile Rotaxane Wheels”  
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PVL and its [2]rotaxanes (PVL-rot-F and PVL-rot-M) have been investigated in a 

comparative manner from views of thermal stability, phase transitions and nanoscale film 

morphology using thermalgravimetry analysis (TGA), differential scanning calorimetry (DSC), 

grazing incidence X-ray scattering (GIXS) techiques. These analyses have found the 

topological effects of fixed and movable rotaxane moieties on the fundamental properties and 

morphological structure of PVL as follows. 

Compared to the pristine PVL, PVL axle containing ionically-fixed rotaxane moiety 

with its counter anion exhibited severely reduced thermal stability while slightly decreased 

thermal stability was observed for PVL axle with movable rotaxane wheel. All crystallization 

and crystal melting transition parameters of PVL axle are also reduced by the ionically-fixed 

rotaxane with the counter anion, but more significantly lowered by the movable rotaxane. 

Nevertheless, PVL-rot-M is confirmed to form a certain fraction of crystals that undergo 

melting transition at same temperature as the crystals formed by PVL-rot-F. 

All polymers were found to form horizontal lamellar structures in nanoscale thin films, 

regardless of the presences of fixed and movable rotaxane moieties. Moreover, the crystalline 

layers in the lamellar structure are composed of three different rotational lattice domains, 

regardless of the fixed and movable rotaxane moieties. These microstructure formations are 

originated from an inherently excellent self-assembling ability of PVL as well as the relatively 

low volume fraction of roxtane moiety compared to that of the PVL axle.  

However, structural details of such horizontal lamellar structure are discernibly 

influenced by the fixed and movable rotaxane moieties. The crystalline layer is thinned by the 

fixed and movable rotaxanes. The long period, as well as the sum of interfacial and amorphous 

layers is thickened by the fixed and movable rotaxanes. Both fixed and movable rotaxane 

moieties further cause to form tilted orientational crystal lattice domains as very minor portions 

in addition to the vertically-oriented lattice domain formation of PVL. The ionically-fixed 
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rotaxane moiety tends to be highly populated in the interfacial layer rather than in the 

amorphous layer, resulting in thickening of the interfacial layer. In contrast, the movable 

rotaxane moiety is populated in both interfacial and amorphous layers, causing thickenings in 

the interfacial and amorphous layers. In this chapter, the novel three layer model was successful 

in parameterizing the morphological details with precision and also identifying the rotaxane 

wheel’s influence as a topological feature on the self-assembly behavior of PVL axles in thin 

films, successfully establishing new insights in the topology-morphology correlation of semi-

crystalline polymers. 

 

Chapter 4 “Nanoscale Film Morphologies and Chain Conformations of Pseudo Miktoarm 

Block Copolymers based on Poly(δ-valerolactone) Macromolecular Rotaxane Linked to 

Polystyrene”  

Thermal stability, phase transition behaviors, and nanoscale film morphology of PVL-

rot-PS-M, PVL-rot-PS-F and PVL-b-PS have been investigated through TGA, DSC, GIXS 

techniques.  

PVL-rot-PS-M is found to reveal the thermal stabilities of PVL axle and movable PS-

linked rotaxane wheel independently, proving that the rotaxane wheel as the mechanical link 

can fully reserve the stabilities of individual block components. In PVL-rot-PS-F, however, the 

thermal stability of fixed PS-linked rotaxane wheel is severely hampered by the ionic linking 

character and counter anion; but the PVL axle retains its own stability reasonably well. The 

thermal stability could be concluded to depend on the chemical components rather than 

topological factors, and is in the increasing order PVL-rot-PS-F << PVL-rot-PS-M < PVL-b-

PS.  

In the cooling process from the melt state, the PVL and PS components undergo phase-

separation which kinetically competes with the crystallization of PVL component. Practically, 
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the phase-separation occurs ahead of PVL crystallization because a mass transformation of 

PVL block chains is necessary to the nucleation and growing crystal sites. The phase-separation, 

as well as the PVL crystallization is significantly enhanced by the pseudo-miktoarm topology 

in PVL-rot-PS-M where PVL axle retains chain mobility. As for PVL-rot-PS-F and PVL-b-

PS, however, the fixed miktoarm and conventional linear topology restrict and suppress PVL 

chain mobility. As a result, cold crystallization appears heavily in subsequent heating processes 

for PVL-rot-PS-F and PVL-b-PS. 

In nanoscale films, PVL-rot-PS-M forms only horizontal lamellar structure as a result 

of phase-separation and fringed-micelle like crystals with orthorhombic lattice in the PVL 

layers; the PVL layers are composed of two different orientational crystal domains in which 

three different rotational lattice domains are present. Differently, PVL-rot-PS-F forms a 

mixture of horizontal and vertical lamellar structures in which the PVL layers consist of three 

kinds of orientational crystal domains as well as three different rotational lattice domains. 

Similar film morphology is observed for PVL-b-PS; but, there are two different orientational 

crystal domains in the PVL layers. The structural imperfect level is relatively higher in films 

of PVL-rot-PS-F and PVL-b-PS, compared to that of PVL-rot-PS-M. Thus, the film 

morphologies of PVL-rot-PS-F and PVL-b-PS could be enhanced discernibly by post THF-

annealing; but, such THF-annealing effect could not be observed for the film morphology of 

PVL-rot-PS-M. Overall, the nanoscale film morphology characteristics are influenced by the 

natures of linkers between PVL and PS blocks; in particular, the movable rotaxane linker could 

make significantly positive impact on the film morphology and structural parameter details. In 

this chapter, the three layer model analysis was successful to parameterize the morphological 

details of PVL-PS pseudo miktoarm block copolymers in nanoscale thin films. In addition, the 

novel modeling analysis has also identified the rotaxane wheel’s function as mechanical 

linkage between PVL axle and PS block as a critical topological feature impacting the overall 
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phase-separation behavior of PVL-PS pseudo miktoarm block copolymers, successfully 

establishing new insights in the topology-morphology correlation of mechanically linked block 

copolymers. 

 

Chapter 5 “Nanoscale Film Morphologies of Cyclic and Tadpole Block Copolyethers”  

The nanoscale film morphologies of a series of cyclic and tadpole block copolymers 

including their linear counterpart were investigated in details for the first time by using 

synchrotron GIXS analysis: c-PDGE-b-PTEGGE, tp-A-PDGE-b-PTEGGE, tp-B-PDGE-b-

PTEGGE, and l-PDGE-b-PTEGGE. The quantitative GIXS analysis provides structural details 

on the nanoscale film morphologies and key features on the correlations between film 

morphology and molecular topology.  

All topological block copolymers revealed nanostructures which were driven by the 

immiscibility due to a polarity difference between PDGE and PTEGGE blocks. The type of 

phase-separated nanostructure was highly dependent upon the molecular topology of the block 

copolymer: c-PDGE-b-PTEGGE and tp-A-PDGE-b-PTEGGE exhibited hexagonal cylindrical 

structures, whereas tp-B-PDGE-b-PTEGGE and l-PDGE-b-PTEGGE revealed lamellar 

structures. Furthermore, the domain spacing of phase-separated nanostructure showed 

significant dependence on the block copolymer topology: c-PDGE-b-PTEGGE < tp-A-PDGE-

b-PTEGGE  tp-A-PDGE-b-PTEGGE << l-PDGE-b-PTEGGE. In particular, c-PDGE-b-

PTEGGE generated 49.367.6 % smaller domains, compared to those of the linear counterpart. 

These domain spacing reductions are so remarkable because they are almost twice larger than 

those predicted theoretically and reported previously. In cases of tp-A-PDGE-b-PTEGGE and 

tp-B-PDGE-b-PTEGGE, the domains were 25.032.5 % smaller than those of the linear 

counterpart. These domain spacing reductions are comparable to those either predicted 

theoretically or observed previously. Moreover, the cyclic block copolymer and its tadpole 
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counterparts developed well-defined and well-oriented domain structures, compared to the 

poorly developed domains of the linear counterpart. 

In this chapter, quantitative analysis through three layer model and two phase elliptical 

hexagonal cylinder model was successful to parameterize the morphological details of cyclic 

and tadpole block copolymers in thin films. The two models successfully identified the cyclic 

and tadpole topologies as powerful strategies for producing well-defined, orientation-

controlled, and miniaturized domain-based nanostructures, showing great potential for 

developing high performance nanolithographic materials with the pitches demanded for 

fabricating advanced semiconductor chips planned by ITRS. Overall, the novel model analysis 

have successfully established new insights in the topology-morphology correlation of cyclic 

and tadpole block copolymers. 

 

Chapter 6 “Nanoscale Film Morphologies of Bicyclic Block Copolyethers”  

The nanoscale film morphologies of a series of bicyclic block copolymers in various 

molecular topologies was investigated by using synchrotron GIXS measurements and data 

analysis. The quantitative scattering analysis has confirmed that all bicyclic block copolymers 

formed nanostructures attributed to the phase-separations of the block components, PDGE and 

PTEGGE. The types and parameter details of the nanostructures are found to be highly 

dependent upon the molecular topologies.  

In summary, this chapter has demonstrated the quantitative analysis through three layer 

model and two phase elliptical hexagonal cylinder model was successful in parameterizing the 

morphological details of bicyclic block copolymers in thin films. The two models successfully 

identified each individual variations of bicyclic topologies as critical factors for miniaturizing 

domain spacings, which could never be achievable from the linear counterpart. Among the 

bicyclic copolymers, Bicycle-C produces the smallest domain spacing. Overall, the novel 
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model analysis have successfully established new insights in the topology-morphology 

correlation of bicyclic block copolymers. 

 

Chapter 7 “Nanoscale Film Morphologies of Tricyclic Block Copolyethers”  

 Three different tricyclic topologies of PDGE and PTEGGE blocks in equivalent 

volume fractions have been investigated in detail by synchrotron GIXS analysis. The 

quantitative GIXS analysis confirmed the lamellar nanostructures resulting from the phase-

separations between the blocks through the film fabrication processes. The stability, 

orientation, and dimensional parameters of the nanostructure are varied with the molecular 

topologies. Both the dimensional stability and orientation orders are in the increasing order: 

Tricycle-C << Tricycle-A < Tricycle-B. The domain spacing is in the decreasing order: 

Tricycle-A >> Tricycle-C > Tricycle-B. Overall, the Tricycle-B topology demonstrates most 

well-defined lamellar structure with the highest stability and orientation as well as the 

smallest domain spacing.  

 In summary, this chapter has demonstrated the quantitative analysis through three 

layer model was successful in parameterizing the morphological details of tricyclic block 

copolymers in thin films. All nanostructures analyzed by the modeling analysis have been 

identified with exceptionally smaller domain spacings than that of the linear counterpart. 

The domain spacing reductions are within the range of 59.176.5 %; these huge reductions 

could not be achieved with monocyclic block copolymer systems. Moreover, the domain 

spacings (less than 10 nm) demonstrated in this study can meet the pitches required for 

advanced semiconductors with high performance being scheduled for production in 2030 

by the International Technology Roadmap for Semiconductors.37 Therefore, the study opens 

up that tricyclic heteroblock copolymer systems (in particular, Tricycle-A and Tricycle-B 

type topologies) are a most efficient candidates for developing high performance 
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nanolithographic materials being demanded for manufacturing future high performance 

semiconductors. Overall, the novel model analysis have successfully established new 

insights in the topology-morphology correlation of tricyclic block copolymers. 

 

Chapter 8 “Nanoscale Film Morphologies of Cage Block Copolyethers”  

The nanoscale film morphology of cage-shaped heteroblock copolymers in three 

different topologies, Cage-A, B, and C, were conducted through detailed GIXS analysis. The 

synchrotron GIWAXS analysis confirmed that for all cage copolymers, the PDGE and 

PTEGGE blocks are amorphous at room temperature, exhibiting no crystallite assemblies. 

However, the GISAXS analysis found that all cage copolymers form nanostructures resulted 

from the phase-separations of their blocks through the film formation process. They exhibit 

different types of nanostructures depending on the cage topologies. Cage-A forms horizontal 

hexagonal cylinder structure, whereas Cage-B and C reveal horizontal lamellar structures. The 

domain spacing of nanostructures, as well as the dimensional stability and orientation varies 

with the cage topologies. The domain spacing is in the decreasing order: Cage-A >> Cage-B > 

Cage-C. Both the dimensional stability and orientation orders are in the increasing order: Cage-

B ~ Cage-C << Cage-A.  

In summary, this chapter has demonstrated the quantitative analysis through three layer 

model and two phase elliptical hexagonal cylinder model was successful in parameterizing the 

morphological details of cage type topologies of block copolyethers in thin films. The two 

models successfully identified each individual variations of cage topologies as critical factors 

for determining the type of morphology as well as miniaturizing domain spacings, which could 

never be achievable from the linear counterpart. Specifically, the domain spacings range from 

6.50 to 10.85 nm depending on the cage topologies. These domain spacings are only 

25.545.2 % of that of the linear counterpart film. In particular, the Cage-B and Cage-C 
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topologies are relatively more efficient for reducing domain spacing. Overall, this study has 

demonstrated that cage-shaped heteroblock copolymer systems are a powerful and effective 

route to develop high performance nanolithographic materials for producing future high 

performance semiconductors based on pitches of 10 nm or less. Overall, the novel model 

analysis have successfully established new insights in the topology-morphology correlation of 

bicyclic block copolymers. 

 

In conclusion, a thorough investigation regarding the correlation between polymer 

topology and thin film morphology has been successfully carried out for selected cases of 

homopolymers and block copolymers via quantitative analysis of synchrotron X-ray scattering 

measurements through theoretical models newly developed in this dissertation: the three layer 

model and the two phase elliptical hexagonal cylinder model. The two novel models have 

successfully analyzed and obtained significant scientific insights regarding how polymer 

topology impacts the resulting nanoscale film morphology. Based on the model analysis results, 

the linear, cyclic, star, cage, and rotaxane topology greatly influence the phase behavior, chain 

conformation, and chain packing behavior of semi-crystalline homopolymers. Modeling 

analysis have successfully revealed that polymer topology is an effective tool for refining and 

controlling the overall polymer morphology in nanoscale film. Pseudo-miktoarm, linear, 

tadpole, monocyclic, bicyclic, tricyclic, and cage topologies, in conjunction with the block 

arrangement within the topology, bring great impact to the thin film morphology of block 

copolymers. Cyclical and cage topologies are especially effective in reducing the domain 

spacings of phase-separated structures with varied levels of ordering. Such topologies bring 

previously unattainable levels of miniaturization of morphological structures when compared 

to conventional linear topology. The analysis results obtained from the novel models present 

detailed insights that aid the fundamental comprehension of how polymer topology impacts the 
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chain conformation and self-assembly behavior in thin film. The three layer model and the two 

phase elliptical hexagonal cylinder models have, therefore, demonstrated highly competent 

levels of capability in quantitatively analyzing and parameterizing the nanoscale film 

morphologies of a wide range of topological polymers with accuracy and precision. It could be 

stated that the two novel models present great capacity to be utilized for more diverse topics 

within topology-morphology investigations and critically contribute to the future development 

of topological polymers for various potential applications. 


