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Chapter 1 General Introduction 

1.1 Polymer foam introduction 

 Polymer foams are materials where a gaseous phase is dispersed within a polymer matrix. By incorporating 

the gaseous phase, polymer foams have various properties, including being lightweight,1 low thermal conductivity,2,3 

high impact resistance,4,5 and high sound isolation.6–8 Because of these features, polymer foams have been used for a 

wide array of applications incorporating all aspects of our daily life. For instance, expanded polystyrene foams (EPS) 

and rigid polyurethane (PU) foams have been used as thermal insulating materials for building and construction 

applications.9–13 Flexible polyurethane foams can be found in various consumer products, such as clothing, shoes, 

sporting equipment, and furniture cushions.14 Polypropylene (PP) foams have been used in the automotive and home 

electrical appliance sector as high-service temperature insulation materials.15,16 Engineering plastic foams such as 

polyimide foams (PI) have been used in the aerospace and aircraft industry due to their thermal stability.17  

 Polymer foams are produced mainly by two schemes, chemical foaming and physical foaming, depending 

on how the gaseous phase in the polymers is generated, as illustrated in Figure 1.1. In the chemical foaming, chemical 

blowing agents (CBA) are added to the polymer. These chemical blowing agents create gas upon thermal 

decomposition or chemical reactions and expand the polymer matrix. Chemical blowing agents could be generally 

classified as inorganic and organic blowing agents. Inorganic blowing agents include carbonates such as sodium 

bicarbonate (NaHCO3) producing carbon dioxide (CO2), and hydrides, such as sodium borohydride (NaBH4) 

producing hydrogen (H2).14,18 Organic blowing agents are the majority of the CBA used in the industry due to their 

good dispersibility in the polymer and stable gas output.14 Commonly used organic blowing agents include isocyanate 

and water systems which produces CO2 at room temperature, and Azo-compounds such as Azodicarbonamide 

(ADCA) and Azoisobutyronitrile (AIBN), which produces nitrogen (N2), carbon monoxide (CO), carbon dioxide 

(CO2), and ammonia (NH3) upon heating.18  

In physical foaming, non-reactive gases, e.g., carbon dioxide, nitrogen, and isobutene, are injected directly 

in the polymers. The physical foaming process involves 4 major steps: (1) saturation of physical blowing agent (PBA) 

in the polymer, (2) cell nucleation induced by phase separation of the PBA, (3) cell growth, and (4) cell stabilization.19 

The gas saturation process is done by dissolving the PBA into the polymer at high pressure and a defined temperature 

depending on the glass transition temperature and the melting temperature of the polymer to be foamed.20 During the 

saturation, the physical blowing agent also acts as a plasticizer and allows the process to be operated at low 

temperatures. After the gas saturation process, a sudden decrease in pressure or increase in temperature induces the 

phase separation of the gaseous phase resulting in cell nucleation. Further gas diffusion causes the cell growth from 

the nuclei, gradually forming the foam structure. These foam structures are then stabilized by cooling the polymer 

matrix. Physical foaming is more widely used in industries when compared to chemical foaming due to recyclability 

and toxicity free.14,20 However, physical foaming requires a special molding machine that can handle processing at 

high pressure.  
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Figure 1.1 Schematic of (a) chemical and (b) physical foaming processes 

 

The property of polymer foams is highly dependent on the cell structure, i.e., expansion ratio, cell 

morphology, cell size, and cell density. The expansion ratio is defined by the ratio between the volume of the polymer 

foam and the solid (non-foamed) material. Using the expansion ratio, the polymer foams could be categorized into the 

following: high density (expansion < 4 fold), medium density (4 < expansion < 10 fold), low density (10 < expansion 

< 40 fold) and ultra-low density (expansion > 40 fold). By increasing the expansion ratio, the volume of the gaseous 

phase in the material increases, resulting in weight reduction and lower material cost. Furthermore, since the gaseous 

phase has lower thermal conductivity when compared to the polymer phase, the thermal conductivity of the foam 

significantly decreases with the expansion ratio.21,22 However, the cell walls decrease with foam’s expansion ratio, 

resulting in a drastic decrease in mechanical property.23  

From the viewpoint of the cell morphology, the polymer foams can be categorized as closed-cell and open-

cell foams, as shown in Figure 1.2. The closed-cell foams are defined as polymer foam in which the polymeric cell 

walls separate each cell. Because of this, the close-cell foams are rigid and could be used for automotive and aerospace 

applications.21 Open-cell foams have interconnected pores that are formed by collapsing the cell walls at higher 

expansion ratios. As a result, open-cell foams are more flexible when compared to closed-cell foams.  Apart from that, 

the tortuous interconnected pore structures also help dampen the sound waves entering the foam.6,8,21 Due to these 

properties, open-cell foams are used in furniture, sound-insulations, and tissue-engineering applications.  
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Figure 1.2 Cell morphology of polymer foams: (a) closed-cell and (b) open-cell structure  

 

The cell size (d) and the number of cell density (N) are two crucial parameters used to evaluate the cell 

structure. By using the cell size and the cell density, polymer foams could be also categorized as the following: 

conventional foams (d > 100 µm, N < 106 cells/cm3), fine-cell foams (10 < d < 100 µm, 106 < N < 109 cells/cm3), 

microcellular foams (1 < d < 10 µm, 109 < N < 1012 cells/cm3), and nanocellular foams (d < 1 µm, N > 1012 

cells/cm3).20,21,24 The cell size and density have been shown to affect the mechanical property of the foams significantly. 

The conventional foams have significantly lower mechanical strength than that of the neat material due to large voids 

in the polymer matrix.25 To mitigate this problem, Suh et al.26 proposed the concept of microcellular foams, which 

have cell sizes smaller than the critical flaw size of the neat polymer. Expanding this concept, they proposed three 

main strategies for improving the mechanical property of polymer foams: reduction of the cell size, an increase of the 

cell density, and improvement of the uniformity of cellular structure. Based on these strategies, various studies have 

reported microcellular foams with mechanical properties comparable to neat polymers.4,26–29 By reducing the cell size 

to the nanometer scale, nanocellular foams have shown further improvement in the mechanical strength, elongation at 

break, and toughness.30–33  

 

1.2 Nanocellular polymer foams  

1.2.1 Nanocellular foam properties 

In the past decade, much attention has been given to the development of nanocellular foams. Apart from the 

improved mechanical properties, nanocellular foams also have superior thermal insulation and optical properties due 

to the highly dense nanoscale size pores inside the material. These properties enable nanocellular foams to be utilized 

in various applications, such as high-performance thermal insulating materials,34 nanoporous membrane filters,35 or 

gas storage materials.36     

As mentioned in the previous section, the mechanical properties of the polymer foams are highly dependent on 

cell size and cell density. Multiple studies have been conducted to compare between microcellular and nanocellular 

foams and understand how to improve the mechanical property. Miller et al.30 conducted tensile and impact test on 

microcellular (d = 2-5 µm) and nanocellular (d = 50-100 nm) polyetherimide (PEI) foams. The tensile test results 
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indicated that while the yield stress and elastic modulus of the nanocellular foams were similar to that of microcellular 

foams with similar densities, the stress and elongation at break were higher for nanocellular foams. The elongation at 

break was even higher than that of the bulk material, indicating significant improvement in the material toughness. 

Impact strength tests showed similar behavior, where nanocellular foams showed higher impact strength than the neat 

material, whereas microcellular foams had lower impact strength. The fracture mechanism best explains this behavior 

in the foam. During the material deformation, cracks appear and propagate in the foam. As the crack propagates in the 

nanocellular structure, the cells will yield and densify. As a result, nanoscale size cells provide stress relief, prevention 

of further crack propagation, and a higher degree of toughness. In microcellular foams, cell densification will not 

occur resulting in a reduction in stress relief. Notario et al.31 and Yeh et al.32  individually reported similar mechanical 

properties behaviors for polymethyl methacrylate (PMMA) and thermoplastic polyurethane (TPU). Apart from the 

effect of the highly-dense cell structure on the crack propagation, an increase in the glass transition temperature (Tg) 

was reported in nanocellular foams due to the molecular confinement at the cell walls and struts,37–39 which may 

further improve the elastic modulus of nanocellular foams.  

The thermal properties of nanocellular foams are highly dependent on cell size and overall porosity of the foams. 

The thermal conductivity of the material (ktot) for nanocellular foams is mainly expressed by Equation (1.1), where 

kcon and krad are the thermal conductivity contributed by the conduction and radiation, respectively. The conductive 

thermal transport is contributed by the solid (ksol) and gaseous (kgas) phase conductivities. Two major strategies have 

been utilized to minimize the thermal conductivity of the material to improve the thermal insulation of nanocellular 

foams. First, reducing the cell size to less than the mean free path of air (lg), approximately 70 nm, the gas phase 

thermal conductivity significantly decreases due to the Knudsen effect.33,36,40,41 The relationship between kgas and the 

cell size can be expressed by Equation (1.2).  kair is the thermal conductivity of air (kair = 26 mW/mK, at  25 °C), β is 

a parameter that takes account of the energy transfer between the gas molecules and the cell wall. β is approximately 

2 for air.  Kn is the Knudsen number obtained by dividing the mean free path of the gas molecules by the cell size, i.e., 

Kn = lg/d.41 Second, creating polymer foams with a higher expansion ratio will increase the porosity, which has less 

thermal conductivity than the solid phase.36,42,43 Using these strategies, Wang et al.,33 produced super-insulating 

PMMA/TPU nanocellular foams with the cell size around 205 nm and eight times expansion ratios, showing thermal 

conductivity of 24.8 mW/mK, less than that of air (26 mW/mK). Costeux36 suggested that nanocellular foams with a 

cell size of less than 100 nm and an expansion ratio of more than 5 are required to maximize the thermal insulation of 

nanocellular foams, based on thermal conductivity observations in aerogels. However, recent simulations on the 

thermal properties of nanocellular foams, taking the effect of the krad into account, have shown that excessive gas 

expansion will make the cell walls too thin, which results in higher radiative thermal conductivity of the material.42,44 

Thus, an appropriate control of the cell structure is required to maximize the thermal insulation of nanocellular foams 

by increasing the Knudsen effect on kgas and decreasing krad caused by the cell wall thinning. Other mechanisms to 

decrease the effect of the thinning of the cell wall on the thermal conductivity may be also be implemented, such as 

using polymers or adding nanoparticles with high radiative extinction properties.41,42,44  
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𝑘𝑡𝑜𝑡 =  𝑘𝑐𝑜𝑛 +  𝑘𝑟𝑎𝑑 =  𝑘𝑔𝑎𝑠 + 𝑘𝑠𝑜𝑙 + 𝑘𝑟𝑎𝑑  (1.1) 

𝑘𝑔𝑎𝑠 =
𝑘𝑎𝑖𝑟

(1 + 𝛽𝐾𝑛)
 (1.2) 

 

Besides the thermal and mechanical properties, the optical properties of nanocellular foams have recently been 

studied, especially the production of transparent nanocellular foams. Pérez-Tamarit et al.,45 studied the transmittance 

of PMMA foams with cell sizes ranging from 25-11000 nm and relative density of 0.4-0.55. The transmittance 

increased with larger cells for microcellular foams due to the decrease in solid-gas interfaces, which act as a scattering 

point for visible light. However, the opposite trend was observed for nanocellular foams due to the decreased light 

scattering at the nano-sized pores; higher transmittance was observed for nanocellular foams with smaller cell sizes. 

Martín-de León et al.46 similarly produced nanocellular PMMA foams with 94% transmittance by reducing the cell 

size to 14 nm while maintaining a relative density of 0.46 and film thickness of 0.05 mm. The transmittance in the 

nanocellular foam showed strong dependence on the wavelength and can be fitted to the Rayleigh scattering model, 

similarly observed in aerogels. It is suggested that when the cell size is small enough, less than one-tenth of the 

wavelength, light is allowed to travel through the cells with negligible scattering directly.  

While much progress has been made for elucidating the effect of the cell structure on the properties of 

nanocellular foams, little research has been conducted to investigate the influence of the cell order. It is mainly because 

cell ordering cannot be achieved by reducing cell size and increasing the expansion ratio. Producing highly ordered 

nanocellular foams is still a challenging issue, further discussed in section 1.2.2. Nevertheless, the effect of the ordered 

cell structure on the material property has been widely studied for nanoporous materials produced by sol-gel47–49 and 

selective etching of block copolymers.50–53 The mechanical property of highly-ordered nanoporous materials was 

significantly improved by ordering the cells.47–49 Li et al.,48 reported that by increasing the cell ordering and orientation 

in mesoporous silica with similar porosities, a significant increase in Young’s modulus was observed, from 0.5 to 3.1 

GPa. It was mainly due to the more homogeneous cell size and cell wall thickness, which improved the stress 

distribution throughout the material. As a result, materials with unique mechanical properties could be prepared.53  

The optical properties of nanoporous films could also be improved by increasing the long-range ordering and 

orientation of the cells. Feng et al.,50–52 reported that highly transparent films could be created in vertically aligned 

nanopores, whereas haze was observed for randomly oriented pores (cells). The increased scattering mainly occurred 

at the grain boundary between the randomly orientated porous domains. From these examples, the production of 

nanocellular foams with highly ordered cell structures could further improve the material properties of polymer foams. 

 

1.2.2 Progress and challenges in nanocellular polymer foam production 

 Currently, the majority of the nanocellular foams have been predominantly produced by physical foaming. 

Most of these studies were conducted with CO2 as an environmentally friendly blowing agent with high solubility 

within the polymer matrix. To produce a nanocellular foam successfully, a foam with a cell density of 1014 nuclei/cm3, 

much higher than 109 nuclei/cm3 of microcellular foams, must be produced, expanded, and stabilized during the 
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foaming process.21,31,36 Three major strategies have been developed to maximize the number of nuclei and achieve 

high cell density, including optimizing the homogeneous nucleation process, adding the nucleating agents to induce 

heterogeneous nucleation, and using block copolymers as a template for the nucleation. 

 

 

Figure 1.3 Strategies for creating nanocellular foams; homogeneous nucleation, heterogeneous nucleation and 

templated systems. 

 

 The homogeneous nucleation in the physical foaming processes can be maximized by adjusting process 

parameters, such as the polymer properties and operating conditions. According to Classical Nucleation Theory (CNT), 

the Gibbs free energy barrier (ΔG) for the homogeneous nucleation could be expressed by Equation (1.3), where γcp 

is the surface tension between the cell and bulk polymer phase, and ΔP is the pressure difference between the cell (Pc) 

and the polymer (Pp). The concentration of physical blowing agents (PBA)s, like CO2 (C), could be incorporated in 

Equation (1.3) through Henry’s law (Pc = CH), where H is Henry’s constant, which depends on the solubility of the 

gas in the polymer. The critical cell size (R*), which is needed for the nuclei to grow in the polymer, and the 

homogeneous nucleation rate (J) could be expressed by Equations (1.4) and (1.5), where the f0 is the nuclei production 

constant and C0 is the initial concentration of physical blowing agent dissolved in the polymer.  

Using CNT as a guideline, the homogeneous cell nucleation could be enhanced by higher PBA concentrations 

or the depressurization rate during the foaming process. Since most nanocellular foaming experiments are conducted 

by batch foaming, where an equilibrium state of  PBA and polymer can be easily achieved, the PBA concentration can 

be controlled by increasing the pressure and dissolution time or decreasing the temperature during the gas saturation 
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process. Guo et al.,54 demonstrated that the equilibrium CO2 concentration in PMMA could be increased from 11.4% 

at 40 °C to 39.3% at -30 °C at a gas saturation pressure of 5 MPa. At these gas saturation conditions microcellular 

foams (d = 96 µm, N = 3.86 × 105 cells/cm3) and nanocellular foams (d = 35 nm, N = 3.01 × 1014 cells/cm3), were 

observed as a result of the different CO2 concentrations. CO2 concentration where the transition between micro and 

nanocellular foams was identified at 32.6 %. Martín-de León et al.55 similarly demonstrated that the cell size and cell 

density of the nanocellular foam could be adjusted by increasing the gas saturation pressure from 6-20 MPa at -32 °C. 

Under these conditions, the gas concentration increased from 39-48 %, where the cell size decreased from 39 to 14 

nm, and the cell density increased from 1.2 × 1016 to 6.9 × 1016 cells/cm3. Recent development in ultra-high gas 

saturation pressure (P > 50 MPa) and rapid depressurization (dP/dt > 1.25 GPa/s) enabled Ono et al.56 to produce 

nanocellular foams with highly dense nanocellular foams with cell size less than 100 nm without the cooling 

requirement during the gas saturation stage. 

∆𝐺 =
16𝜋

3∆𝑃2
 𝛾cp =  

16𝜋

3(𝑃𝑐 − 𝑃𝑝)
2  𝛾cp =

16𝜋

3(𝐶𝐻 − 𝑃𝑝)
 𝛾cp (1.3) 

𝑅∗ =
2𝛾cp

∆𝑃
=

2𝛾cp

𝐶𝐻 − 𝑃𝑝

 (1.4) 

𝐽 = 𝑓0𝐶0 exp [−
∆𝐺

𝑘𝑇
] (1.5) 

  

Heterogeneous nucleation systems were employed to relax the gas saturation requirements and are considered 

one of the most effective strategies to create nanocellular foams.21 By adding nano-sized fillers, such as nanoclay,32,57,58 

SiO2,
59,60

 POSS,59 and graphene,61,62 the Gibbs free energy barrier for nucleation at the interface between the nucleating 

agent and the polymer considerably decreases. Because of this, the energy required for the growth of the cells until its 

critical radius decreases and more cells can grow, as illustrated in Figure 1.3. Since the amount of nano-fillers 

correlates to the number of nucleating sites, the cell size and the cell density of the nanocellular foam be controlled.59 

Apart from inducing heterogeneous nucleation, the nano-sized fillers could also improve the property of the 

nanocellular foam. Yeh et al.,32 reported an improvement in Young’s modulus and yield strength of nanocellular 

PMMA foams reinforced with nano-clay. Wang et al.,63 demonstrated the production of poly(ether-block-

amide)(PEBA)/multi-wall carbon nanotubes(MWCNT) nanocellular foams with electromagnetic interference 

shielding properties. However, due to the low compatibility of the inorganic nucleating agents with the polymer matrix, 

an optimum compounding scheme is required to allow a nucleating agent to have a uniform dispersion. 

 In contrast to heterogeneous nucleating systems, self-assembled block copolymer allows the effective 

dispersion of the nucleating sites throughout the polymer matrix. In the process, block copolymers structured with 

PBA(CO2) philic block, such as poly(perfluorooctylethyl methacrylate) (PFMA),64–67 poly(4-

(perfluorooctylpropyloxy)styrene) (PFS),68 poly(1,1,2,2-tetrahydroperfluorodecyl acrylate) (PFDA)69 and 

poly(ethylene glycol) (PEG),70–72 are self-assembled and can be used as a template for foaming. The high solubility 

of the physical blowing agent in the CO2-philic block and the heterogeneous nucleation either in the CO2-philic block 
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polymer domain or at the interface between the two block-domains result in the production of nanocellular foams with 

relatively uniform cell structures.66–68 However, there are two significant drawbacks to this process. First, due to the 

selective swelling of the physical blowing agent in the CO2-philic domains, the effective volume fraction of the block 

copolymer may change, and the adequate segregation strength between the two blocks decreases. These changes may 

result in reconstructing the self-assembled structure, or transition to a disordered structure, depending on the amount 

of CO2 dissolved in the two polymers. Secondly, the plasticization effect of CO2 may cause cell coalescence between 

two or more different CO2-philic domains, as shown in Figure 1.3. Because of this, the cell structure does not represent 

the original self-assembled template, and the cell density is much less than the expected value assuming one nucleus 

is created per CO2-philic domains.66–68,70,73 Despite these drawbacks, the concept of using a phase-separated polymer 

with CO2-philic domains has proven effective in inducing heterogeneous nucleation through the polymer. For this 

reason, it has been expanded to various homo and block copolymer blends, such as PMMA/ poly(methyl methacrylate-

b-butyl acrylate-b-methyl methacrylate) (MAM),74–77 polycarbonate (PC)/poly(lactic acid) (PLA),78 PP/thermoplastic 

polystyrene (TPS),79 and PP/poly(propylene-co-ethylene) rubber (PER)80 foams.  

 Despite the success in creating nanocellular foams with various cell size, density, and expansion ratio, scarce 

progress have been made towards the mass production of nanocellular foams by physical foaming. The nanocellular 

foams discussed above were mainly created by the batch foaming processes. The batch foaming process can easily 

realize the high CO2 concentrations by increasing gas saturation pressure and saturation time and decreasing the 

saturation temperatures. Due to these saturation requirements, it has been challenging to scale up the batch process to 

a continuous or semi-continuous process. To the author’s knowledge, only two cases have been reported for 

nanocellular foams produced by such a process. Costeux et al.,81 demonstrated the first successful production of 

nanocellular foams by an extrusion foaming process, where PMMA foams with a cell size of 300 nm and expansion 

ratio of 3-4 times were produced. Meanwhile, Wang et al.,82 produced nanocellular PP/polytetrafluoroethylen (PTFE) 

with a cell size of 150 nm and cell density of 5.1× 1013 cells/cm3 by a mold-opening foam injection molding process.  

 Chemical foaming is an alternative method to create nanocellular foams. Due to the gas being created from 

a chemical reaction, the process does not require the challenging gas saturation requirement used in physical foaming. 

However, chemical foaming is mainly limited by the specification of the blowing agents. In conventional chemical 

foaming processes, the blowing agent decomposes and generates gaseous compounds, which fill and expand the space 

initially occupied by the blowing agent, as previously shown in Figure 1.1(b). Since the size of the chemical blowing 

agent is typically in the order of 1−10 μm,83,84 it remains challenging to produce nano-sized cells. Furthermore, the 

low dispersibility of the chemical blowing agent in the polymer may result in nanocellular foams with significantly 

low cell density.  

 

1.3 Thesis overview and objectives 

The thesis research aims to develop a novel foaming process to produce nanocellular foam with a highly ordered 

cell structure. Based on the discussion in Section 1.2, nanocellular foams can be used in a wide array of applications. 
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Depending on their cell structure and cell order, the thermal, mechanical, and optical properties of the nanocellular 

foams could be adjusted to be suitable for high-performance thermal insulating materials, nanoporous membrane 

filters, or gas storage materials applications. However, the harsh processing conditions currently limit the production 

of nanocellular foams on an industrial scale. For this reason, we proposed a nanocellular foaming method that 

addresses these two major issues: (1) creating nanocellular foams at relatively mild processing conditions and (2) 

achieving good control over the cell structure and the cell order.  

To address the first issue, we applied the UV-induced chemical foaming process to create the nanocellular foam. 

The UV-induced chemical foaming process, proposed by Kojima et al. initially,85 is a chemical foaming process with 

a polymeric chemical blowing agent. Since the gas is generated directly from the polymer through a chemical reaction, 

it does not require the harsh processing conditions used in physical foaming while also mitigating the CBA size and 

dispersibility disadvantage of conventional chemical foaming. The UV-induced chemical foaming process is 

summarized in Figure 1.4(a). In this process, a copolymer containing tert-butyl ester functionalized polymers, such as 

poly(tert-butyl acrylate) (PtBA) and poly(tert-butyl methacrylate) (PtBMA), is mixed with a small amount of 

photoacid generators (PAGs). Acids are then created from the PAG by UV irradiation. Upon heating, these acids will 

diffuse around and deprotect the tert-butyl ester functional group in the polymer (Figure 1.4(c)). Consequently, 

isobutene gas is generated and expanded within the polymer to create nano-sized cells. 

 

 

Figure 1.4 Schematic of the UV induced chemical foaming process with (a) homopolymer/ random copolymers 

(Kojima et al.84) and (b) self-assembled block copolymers (this study). (c) Acid catalyzed tert-Butyl ester deprotection 

reaction. 
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 For the second issue, we proposed the incorporation of self-assembled block copolymer templates with the 

UV-induced chemical foaming process to control the cell structure and cell ordering of the nanocellular foam. The 

self-assembled block copolymer template should consist of a tert-butyl ester functionalized foamable block and a 

stable (rigid) matrix domain. A stable matrix domain, consisting of high Tg polymers such as PS or PMMA, is 

necessary to avoid the structural reconstruction and plasticization effect observed in physical foaming with self-

assembled block copolymers (Section 1.2.2). By taking advantage of the relatively low foaming temperature for the 

UV-induced chemical foaming process, this can be achieved conducting the foaming well below the Tg of the matrix 

polymer. As a result, the stable matrix domain can prevent cell coalescence during the foaming, and the gas is 

generated and expanded in only the foamable domain (Figure 1.4(b)). This results in the production of highly-ordered 

nanocellular foams, with cell size and structure depending on the morphology of the self-assembled block copolymer 

template.  

Table 1.1 Outline of each main chapter in this thesis 

Chapter Block copolymer/ Specification Focus 

Chapter 2 

Photocleavable 

polymer synthesis 

PS-b-PtBMA 

O O

n m

 

PMMA-b-PtBA 

O OO O

n m

 

TERP polymerization of PS-b-

PtBMA and PMMA-b-PtBA with 

well controlled Mn, Ð, ϕA.  

Chapter 3 

Effect of process 

parameters 

PMMA-b-PtBA 

Mn = 59,000/ ϕPtBA = 30.5 wt% 

Self-assembly: Cylindrical PtBA morphology 

Determine the effect of the foaming 

time, foaming temperature, PAG 

concentration and UV-irradiation 

depth on the cell structure. 

Chapter 4 

Effect of the self-

assembled morphology 

PMMA-b-PtBA 

Mn = 25,500-233,00/ ϕPtBA = 30.5-66.7 wt% 

Self-assembly:  Cylindrical PtBA morphology 

                          Lamella PtBA morphology 

                          Cylindrical PMMA morphology 

Determine the effect of the self-

assembled structure and Mn on the 

cell structure. 
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This thesis undertook fundamental research on the UV-induced chemical foaming with self-assembled block 

copolymer templates to create nanocellular foams with controllable cell structure and cell ordering, as summarized in 

Table 1.1. It includes the synthesis of photocleavable block copolymers for the UV-induced chemical foaming 

(Chapter 2), investigation of the formation of highly ordered nanocellular foams, and evaluation of the effect of process 

parameters (Chapter 3) as well as the self-assembled morphology (Chapter 4) on the cell structure and the cell order. 

 In Chapter 2, photocleavable block copolymers, PS-b-PtBMA and PMMA-b-PtBA, were synthesized by 

organotellurium-mediated living radical polymerization (TERP). Since the morphology of the self-assembled block 

copolymer is highly dependent on the specification of the block copolymers, the Mn, dispersity (Ð), polymer weight 

fraction (ϕA), and the number of dead polymers were carefully monitored during the polymerization. In the case of 

PS-b-PtBMA, the polymerization was conducted a homogeneous solution. While well-controlled polymerization was 

achieved for PS-b-PtBMA with low Mn, deactivation of the chain transfer agent occurred for high Mn due to the high 

viscosity of the polymerization solution. This resulted in a relatively large number of dead polymers and high Ð. To 

mitigate the effect of the polymerization solution viscosity, PMMA-b-PtBA was synthesized by TERP in an emulsion 

system, where well-controlled polymerization was achieved for PMMA-b-PtBA with Mn ranging from 25,500 to 

233,200. 

 In Chapter 3, PMMA-b-PtBA with hexagonally packed cylindrical PtBA morphology was prepared by 

solution casting, and nanocellular foams were created from the self-assembled morphology by UV-induced chemical 

foaming. Suitable foaming conditions were determined as 80-120 °C for 0-10 minutes, based on the Tg of the PMMA 

and PtBA blocks, as well as the decomposition of the tert-butyl ester group. Under these foaming conditions, highly-

ordered spherical cells with cell size and density of ∼16−25 nm and ∼0.8−1.9 × 1016 cells/cm3
 were created. The 

effects of the process parameters, such as PAG concentration, foaming temperature, and UV-penetration, on the cell 

structure were investigated to further insight into how the process could be further optimized or scaled up.  

 In Chapter 4, the effect of different PMMA-b-PtBA self-assembled morphologies on the formation of the 

nanocellular foams is investigated. Self-assembled templates with cylindrical and lamella PtBA-rich morphologies, 

as well as short-ranged order cylindrical PMMA-rich morphologies were created by solvent casting PMMA-b-PtBA 

with different PtBA weight fractions (ϕPtBA). Nanocellular foams with a higher degree of expansion were created from 

self-assembled morphologies with larger PtBA domains due to the increased gas generation in the PtBA-foamable 

domain and the decreased stability of the PMMA-matrix domain. The relation between the domain size of PtBA and 

the expandability was also investigated for PtBA-rich lamella morphologies with Mn from 73,800 to 233,000. While 

larger cells were observed in PMMA-b-PtBA with higher Mn at 80 °C, the cell expansion at higher foaming 

temperature decreased due to the higher viscosity of the PMMA-rich domains. 

 Finally, in Chapter 5, the results obtained in this thesis are summarized, and the prospects of using UV-

induced chemical foaming to create highly ordered nanocellular foams are discussed. 
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Chapter 2 Synthesis of High Molecular Weight Photocleavable Block 

Copolymer for UV-Induced Chemical Foaming 

2.1 Introduction  

 As discussed in Chapter 1, the UV-induced chemical foaming process enables the production of nanocellular 

foams at ambient pressures, in contrast to physical foaming. The chemical foaming process was initially proposed by 

Kojima et al.1. In the process, isobutene gas was created by the UV-irradiation on tert-butyl ester functionalized 

polymers, such as poly(tert-butyl acrylate) (PtBA) or poly(tert-butyl methacrylate) (PtBMA). While Kojima et al.1 

used a random copolymer of PtBA for creating a nanocellular foam in their UV-induced chemical foaming process, 

we expected that a similar approach could be used for self-assembled block copolymers and use the copolymer as a 

template for further controlling the cell structure of the nanocellular foams. For this reason, this chapter is mainly 

focused on synthesizing photocleavable block copolymers that contain the tert-butyl ester group for the UV-induced 

chemical foaming process and show the microphase-separation structures. 

 Reversible deactivation radical polymerization (RDRP), also known as living radical polymerization, has 

been widely implemented for block copolymer synthesis.2,3 The general mechanism of the RDRP process is illustrated 

in Figure 2.1(a), where the reversible activation and deactivation occurs between a dormant species (P-X) and a 

propagating radical (P•), i.e., active species. This activation and deactivation process minimizes unwanted termination 

reactions and allows the polymer chains to grow with nearly equal lengths, making them suitable for synthesizing 

block copolymers. Several RDRP methods of capping the groups (X) have already been developed, including 

nitroxide-mediated radical polymerization (NMP),4,5 atom transfer radical polymerization (ATRP),6 reversible 

addition-fragmentation chain-transfer radical polymerizations (RAFT)2,7 and organotellurium-mediated radical 

polymerization (TERP).8–16  

Among the RDRP mentioned above, this study used the TERP process having the organotellurium chain 

transfer agents (CTA) to synthesize the photocleavable block copolymers. Apart from the reversible activation and 

deactivation process shown in Figure 2.1(a), the TERP polymerization undergoes a degenerative chain transfer process 

as illustrated in Figure 2.1(b). In polymerization, the free radicals are also transferred between two different CTAs, 

which allows more precise control of the molecular weight (Mn) and the dispersity (Ð) of the polymer. The TERP 

process has been implemented to polymerize monomers with various functional groups, including acrylates,14–16 

styrene,15,17 and amides.8 Furthermore, the TERP could also be implemented in ab initio emulsion polymerizations 

(herein referred to as emulsion polymerizations) to enable the synthesis of the block copolymers with high molecular 

weights (Mn > 105).14,16  This is due to the gradual diffusion of the monomer into the CTA/polymer micelles, as shown 

in Figure 2.2. The viscosity of the polymer micelle is kept relatively low in emulsion polymerization when compared 

to homogeneous polymerizations, which requires solvent addition for high Mn polymerization, resulting in less CTA 

termination. 
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Figure 2.1 a) Reversible activation and b) degenerative chain transfer mechanisms in RDRP polymerization 

 

 

Figure 2.2 Emulsion TERP polymerization 

 

 In this chapter, photocleavable block copolymer containing tert-butyl ester functional groups was synthesized 

by TERP.  Poly(styrene-b-tert butyl methacrylate) (PS-b-PtBMA) was synthesized in the first section by homogeneous 

TERP polymerization. The monomer conversion was monitored by 1H NMR, while size exclusion chromatography 

was used to determine the Mn, Ð, and inactive macro initiators (herein referred to as dead polymers). In the latter part 

of this chapter, poly(methyl methacrylate-b-tert butyl acrylate) (PMMA-b-PtBA) with high Mn was synthesized by an 

emulsion TERP polymerization. DSC analysis identified the thermal properties of PMMA-b-PtBA to confirm that 

well-controlled block copolymer chains were created. 

 

2.2 Methods 

2.2.1 Materials 

 In this study, poly(styrene-b-tert butyl methacrylate) (PS-b-PtBMA) and poly(methyl methacrylate-b-tert 

butyl acrylate) (PMMA-b-PtBA) were synthesized by the TERP in a homogeneous solution9,12,13 and emulsion, 

respectively.8,11,14–16 Styrene, tert-butyl methacrylate, methyl methacrylate, and tert-butyl acrylate monomers were 

washed with 5% aqueous NaOH solution and distilled over CaH2  under reduced pressure in a nitrogen (N2) atmosphere. 

The purified dimethylformamide (DMF), deuterated chloroform (CDCl3) (Sigma-Aldrich, USA), thiophenol (PhSH) 

(Sigma-Aldrich, USA), and DI water were treated with N2 bubbling prior to transferring to a glovebox in a N2 

atmosphere. Azobis(4-cyanovaleric acid) (ACVA) was recrystallized in methanol. NaOH was dissolved in deaerated 
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DI water, and its concentration was made to be 0.50 mol L-1 by titration of 0.05 mol L-1 standard oxalic acid solution 

with phenolphthalein as an indicator. 4,4’-Azobis(4-cyanopentanoic acid) (ACVA) was neutralized with sodium 

carboxylate (Wako Co., Ltd., Japan) in an aqueous NaOH solution (2.0 equivalents), and it was diluted by deaerated 

DI water to a 0.10 mol L-1 solution. The preparation of the chain transfer agent (CTA) and the ditelluride compound 

((TeR)2) were previously reported for homogeneous (Figure 2.3)10 and emulsion polymerization (Figure 2.4)16. 

Azobis(cyclohexanecarbonitrile) (ABCN), hexadecyltrimethylammonium bromide (CTAB), and 2-aminoethanthiol 

were used as received from the supplier. Unless indicated elsewise, the chemicals used in this study were supplied by 

Wako Co., Ltd. (Japan). 

 

 

Figure 2.3 Chemical structure of the CTA-1 (a) and the (TeMe)2 (b) for homogeneous TERP polymerization 

 

 

Figure 2.4 Chemical structure of the CTA-2 (a) and the (TeR)2-2 (b) for emulsion TERP polymerization 

 

2.2.2 Homogeneous polymerization of PS-b-PtBMA by TERP 

 The TERP polymerization conducted the polymerization of PS-b-PtBMA in a homogeneous solution, 

summarized in Figure 2.5.  For the homogeneous polymerization of PS-b-PtBMA, styrene was polymerized first, 

followed by the polymerization of tBMA. Due to the oxygen sensitivity of the CTA, the reaction was conducted in a 

sealed test tube filled with N2. CTA-1 (10 µL, 0.06 mmol) was added to the styrene (0.85 ml, 8 mmol) for the PS 

synthesis. The styrene polymerization was conducted under two conditions, the Azo-initiated thermal condition and 

the thermal condition. For Azo-initiated thermal conditions, ABCN (7.3 mg, 0.03 mmol) was added to the monomer 

solution, and the polymerization was conducted by keeping the temperature at 90 °C. For the thermal conditions, the 

monomer solution was heated to 110 °C. During the polymerization, small aliquots (ca. 100 µl) of the emulsion were 

taken and dissolved into the deuterated chloroform (CDCl3). The monomer conversion was determined by 1H NMR 

(400 MHz). The molecular weight (Mn) and the dispersity (Đ) were evaluated by size-exclusion chromatography 
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(SEC) at 40°C. After the conversion of the styrene monomer reaches approximately 90%, tBMA monomer and 

(TeMe)2 (13 µL, 0.12 mmol) were added to the solution and the PtBMA block was polymerized. Three reaction 

conditions were used for the PtBMA polymerization, including the Azo-initiated thermal condition, thermal condition, 

and photo-irradiated condition. The Azo-initiated and thermal polymerization of PtBMA were conducted similarly to 

the PS block, however the polymerization temperature was changed to 80 °C. For the photo-irradiated conditions, the 

polymerization was carried out at 60° C under 6W LED light irradiation. This LED light irradiation intensity was 

selected to maintain low free radical concentrations, to prevent the termination of the CTA. During the polymerization 

of both PS and PtBMA, DMF solvents were added to control the viscosity of the polymer solution. 

In order to terminate the polymerization reaction, the tellurium group in CTA-1 was removed by adding 

PhSH (31 µL, 0.30 mmol) and reacting at 30 °C under 6 W LED irradiation for 3 hours. The polymers were then 

precipitated in 600 ml of a methanol and water mixture (8:2), then vacuum filtered and dried at 80 °C in a vacuum. 

 

 

Figure 2.5 Homogeneous TERP polymerization of PS-b-PtBMA.  Styrene polymerization under (a) Azo-initiated 

thermal condition (b) thermal condition. tBMA polymerization under (c) Azo-initiated thermal, (d) thermal, (e) photo-

irradiated conditions. Reprinted with permission from Rattanakawin et al., J. Photopolym. Sci. Technol., 2018, 31 (5), 

647-650. DOI: 10.2494/photopolymer.31.647. Copyright ©2018. Society of Photopolymer Science and Technology 

(SPST). 

 

2.2.3 Emulsion polymerization of PMMA-b-PtBA  

 The polymerization of PMMA-b-PtBA was conducted by emulsion TERP polymerization. It can be 

summarized into two primary polymerization conditions: the photo-irradiated and the Azo-initiated thermal conditions 

(Figure 2.6). For both cases, tBA was polymerized first, followed by MMA polymerization. Those polymerization 

reactions were conducted in a sealed test tube. N2 was introduced before sealing the tube to prevent oxidation of CTA-

2. Then, the photo-irradiated condition of PtBA was conducted by dissolving CTA-2 (28.8 mg, 90 µmol), aqueous 

NaOH solution (180 µl, 0.503 mol L-1, 90 µmol), and CTAB (0.85 g, 5.0 wt% to water) into the deaerated DI water 

(17 ml). After a homogeneous solution was obtained, tBA (1.06 ml, 7.2 mmol) was added to the solution and was 

polymerized with stirring at 65 ºC under a 3 W white light-emitting diode (LED) lamp. Small aliquots (ca. 100 µl) of 

the emulsion were taken during the polymerization and extracted with deuterated chloroform (CDCl3). The monomer 
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conversion was then determined by 1H NMR (400 MHz). The molecular weight (Mn) and dispersity (Đ) were then 

evaluated by size-exclusion chromatography (SEC) at 40°C. After the PtBA polymerization, MMA (0.786 ml, 7.2 

mmol) and the ditelluride compound (43.9 mg, 90 µmol) were added to the emulsion directly. It should be noted that 

the ditelluride compound was added to control the final Đ.18,19 The polymerization of MMA was similarly conducted 

at 65 °C under an LED light. The CTA-2 was terminated by adding 2-aminoethanthiol (25.95 mg, 180 µmol) and 

reduced at 65 °C under 6W LED irradiation.20 

 For PMMA-b-PtBA with higher molecular weights, the synthesis was conducted under Azo-initiated thermal 

conditions instead.10,17 For these cases, 0.30 equivalents of aqueous ACVA were added to the monomer solution prior 

to the polymerization. The polymerization of the PtBA and subsequently PMMA block is then conducted at 65 °C 

without the LED irradiation. It should be noted that prior to the PMMA polymerization 1.0 equivalent of (TeR)2 and 

an additional 0.30 equivalents of ACVA were added to the polymerization solution. After both blocks were 

polymerized, the polymer-end was terminated similarly to the photo-irradiated conditions. 

 

Figure 2.6 Emulsion TERP polymerization of PMMA-b-PtBA under (a) photo-irradiation and (b) Azo-initiated 

thermal conditions. 

 

 After the polymerization, the CTAB surfactant was removed by extraction, where the emulsion solution was 

mixed with 100 ml of chloroform (CHCl3) and 150 ml of warm saturated sodium chloride (NaCl) solution. During the 

extraction, the CTAB micelles are broken and captured within the warm NaCl phase. Meanwhile, the polymer is 

dissolved in the CHCl3 phase, as illustrated in Figure 2.7 (a). The extraction was repeated 10 times. The polymer was 

further purified by preparative gel permeation chromatography (GPC) equipped with JAIGEL-2H and JAIGEL-2.5H 

columns (Japan Analytical Industry Co., Ltd.) using CHCl3 as an eluent with a flow rate of 3.8 ml/min (Figure 2.7 

(b)). During the purification, larger molecular weight polymers were excluded from the column first and collected, 

followed by the CTAB and other contaminant molecules, as illustrated in Figure 2.7(c).  The complete removal of 

CTAB was confirmed by 1H NMR. The polymer solution was then precipitated in hexane. Then, the polymer was 

removed from the solution by centrifuge prior to drying at room temperature in a vacuum. 
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Figure 2.7 Removal of CTAB from PMMA-b-PtBA: (a) extraction with warm NaCl aqueous solution and CHCl3, and 

(b) preparative GPC. (c) The elution time for the polymer, CTAB and other small molecule contaminants during the 

preparative GPC purification. 

2.2.4 1H NMR Analysis 

 Figure 2.8 shows the result of monomer conversion in the homogeneous TERP polymerization of the PS-b-

PtBMA process. The conversion of the styrene monomer was determined by comparing the protons at the β-position 

of styrene (δ = 5.225, 5.768 ppm) to the backbone of PS (δ = 1.433, 1.846 ppm, broad), as shown in Figure 2.8(a). 

The conversion of the tBMA monomer was determined from the protons at the β-position of tBMA (δ = 5.472, 6.001 

ppm). The proton changes before and after the PtBMA polymerization was estimated using the protons for the CH3 

group in ditelluride (δ = 2.663) as a reference, as illustrated in Figure 2.8(b). 
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 Figure 2.9 shows the 1H NMR analysis of the monomer conversion by the emulsion TERP polymerization 

of PMMA-b-PtBA. The tBA conversion was calculated from the protons changed from the methyl group of tBA (δ = 

1.495 ppm) to PtBA (δ = 1.439 ppm), as shown in Figure 2.9(a). Similarly, the MMA conversion was determined 

from the protons of the CH3 group of MMA (δ = 3.755 ppm) changed to PMMA (δ = 3.600 ppm), as shown in Figure 

2.9(b). 1H NMR was also used to confirm the removal of CTAB after the purification, where CH3 protons of CTAB 

(δ = 3.470 ppm) should completely disappear (Figure 2.10). The ratio between the PtBA and PMMA blocks was also 

calculated by comparing the CH3 protons of PtBA (δ = 1.439 ppm) with those of PMMA (δ = 3.600 ppm), as illustrated 

in Figure 2.10(b). 

 

Figure 2.8 Monomer conversion by the homogeneous TERP polymerization of PS-b-PtBMA: (a) 1H MNR spectra 

after the PS polymerization, (b) 1H MNR spectra after the PtBMA polymerization 
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Figure 2.9 Monomer conversion by the emulsion TERP polymerization of PMMA-b-PtBA: (a) 1H MNR spectra 

after the PtBA polymerization, (b) 1H MNR spectra after the PMMAA polymerization 

 

 

Figure 2.10 1H NMR of PMMA-b-PtBA (a) before and (b) after the purification by preparative GPC. 
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2.2.5 SEC measurement 

SEC was performed by a machine equipped with two sequentially connected polystyrene (PSt) mixed gel 

columns (Shodex LF-604) at 40 ºC using ultraviolet (UV) and refractive index (RI) detectors. In the case of the 

homogeneous TERP polymerization of PS-b-PMMA, CHCl3 was used as an eluent at a flow rate of 1.0 mL/min. The 

SEC traces were calibrated against the PS and the PMMA standards for the PS and PtBMA polymerizations.  For the 

emulsion TERP polymerization of PMMA-b-PtBA, THF was used as an eluent at a flow rate of 1.0 mL/min. The SEC 

traces were calibrated against the PMMA standard for both the PtBA and PMMA polymerizations. 

2.2.6 DSC measurement 

 The glass transition temperature (Tg) of PMMA-b-PtBA was determined by the differential scanning 

calorimetry (DSC) (DSC7020, Hitachi Ltd., Japan). The measurements were conducted in the temperature range of 

0-160 °C at the heating and cooling rates of 10 °C min-1. Tg of PMMA-b-PtBA was determined from the second 

heating curve. 

 

2.3 Results and Discussion 

2.3.1 Homogeneous TERP polymerization of PS-b-PtBMA 

 The results of PS-b-PtBMA polymerized by the TERP in a homogeneous solution are summarized in Table 

2.1.  Case 1 represents the homogeneous TERP polymerization of low Mn PS-b-PtBMA examined under the Azo-

initiated thermal conditions, where 133 and 67 equivalents to CTA-1 of styrene and tBMA monomers were added. 

Figure 2.11 shows the linear growth of Mn with the increase of monomer conversion for both PS and PtBMA blocks, 

indicating a living polymerization characteristic of the process.21  The SEC trace in Figure 2.12(a) shows narrow 

molecular weight distributions, Ð = 1.22 and 1.18,  for the PS and the PtBMA blocks, suggesting that a well-controlled 

block copolymer was synthesized. 

 Case 2 shows the result of PS-b-PtBMA polymerized under the same conditions as Case 1 except the amount 

of styrene and tBMA. The amounts of styrene and tBMA were increased to 400 and 200 equivalents in Case 2. Figure 

2.12(b) shows that after 93 hours of polymerization, the styrene block had a narrow Ð = 1.32. However, for the PtBMA 

block, a prominent second peak appeared at the same elution time as the PS block, indicating that many dead polymers 

were formed during the styrene polymerization. From the SEC trace, approximately 60% of the active species were 

deactivated before the PtBMA polymerization. 

 In order to reduce the number of dead polymers, the PS block polymerization was changed to the thermal 

condition scheme, and the PtBMA block polymerization was investigated under various conditions (Case 3-5). The Ð 

of the PS block was lower than in Case 2, as indicated from the SEC trace shown in Figure 2.12(c-e). However, with 

approximately 30% inactivated CTA, the dead polymer peaks still appeared in all PtBMA polymerization conditions. 

For the Azo-initiated thermal and thermal polymerizations, the final Ð of PS-b-PtBMA was lower than in Case 2, 

indicating improved controllability. For the photo-irradiated condition, i.e., Case 5, broader molecular weight 
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distribution was observed, most likely due to the excess free radicals from the photo-irradiation process with 6W LED 

irradiation. 

 While well-controlled homogeneous TERP polymerization was achieved for PS-b-PtBMA with low Mn, the 

formation of the dead polymers made it still unsuitable for high Mn polymerization. It is speculated that the dead 

polymers are mainly formed due to the addition of the solvents, which are required to maintain a suitable 

polymerization solution viscosity. This solvent addition increases the polymerization time to achieve high monomer 

conversion and results in a higher degree of termination reactions.22 Because of this, a different approach is required 

to achieve a higher degree of polymerization while maintaining precise control over the polymer ratio, Mn and Ð. 

 

Table 2.1 Homogeneous TERP polymerization of PS-b-PtBMA. Reprinted with permission from Rattanakawin et al., 

J. Photopolym. Sci. Technol., 2018, 31 (5), 647-650. DOI: 10.2494/photopolymer.31.647. Copyright ©2018. Society 

of Photopolymer Science and Technology (SPST). 

Case Styrene PtBMA Dead 

Polymer 

(%) 

n Cond.[a] Conv. /time Mn 

× 103 

Ð m Cond.[a] Conv./time Mn 

× 103 

Ð 

1 133 a 90%/ 5 h 13.5 1.22 67 c 90%/ 16 h 23.8 1.18 13% 

2 400 a 92%/ 93 h 20.1 1.32 200 c 83%/ 72 h 61.2 1.48 60% 

3 400 b 92%/  62 h 35.3 1.17 200 c 95%/ 18 h 54.7 1.31 30% 

4 400 b 92%/  62 h 35.3 1.17 200 d 80%/ 45 h 60.2 1.33 30% 

5 400 b 92%/  62 h 35.3 1.17 200 e 71%/ 34 h 55.8 1.55 30% 

[a] Refer to Figure 2.5 for the polymerization conditions 

 

 

Figure 2.11 Molecular weight change with monomer conversion for (a) PS and (b) PtBMA for Case 1. The dashed 

line shows the theoretical Mn vs. monomer conversion relationship. 



32 

 

 

Figure 2.12 SEC traces for PS-b-PtBMA synthesized by homogeneous TERP polymerization: (a) Case 1, (b) Case 2, 

(c) Case 3, (d) Case 4 and (e) Case 5. Reprinted with permission from Rattanakawin et al., J. Photopolym. Sci. Technol., 

2018, 31 (5), 647-650. DOI: 10.2494/photopolymer.31.647. Copyright ©2018. Society of Photopolymer Science and 

Technology (SPST). 

 

2.3.2 Emulsion TERP polymerization of PMMA-b-PtBA Under Photo-Irradiated Conditions 

 Emulsion TERP polymerization was used to reduce the formation of dead polymers. In this study, CTA-2 

(Figure 2.4(a)) was used in water with CTAB (5 wt% to water) as a surfactant. CTA-2 was neutralized to the 

corresponding sodium carboxylates with aqueous NaOH (1 equivalent) to dissolve in water, as shown in Figure 2.6. 

The tBA polymerization was then conducted and subsequently MMA, by the photo-irradiated conditions at 65 °C 

under 3 W LED light. The results are summarized in Table 2.2. 

 In Case 6, low Mn PMMA-b-PtBA synthesis was examined, where 80 equivalents of tBA and MMA 

monomer to CTA-2 were polymerized. Linear Mn growth was observed with increasing monomer conversion, 

confirming a living polymerization characteristic for both PtBA and PMMA polymerizations, as shown in Figure 2.13. 

The discrepancy between the theoretical and the experimental Mn, especially for the PtBA block, could be due to an 

inaccurate comparison of the PtBA molecular weight to the PMMA calibration standards.8 Nevertheless, the weight 

fraction of the PtBA block (ϕPtBA) observed from 1H NMR (ϕPtBA = 58.9 wt%) was close to the theoretical value (ϕPtBA 

= 56.1 wt%), suggesting that the correct amount of monomer was added. The SEC trace of Case 1 shown in Figure 

2.14(a) shows a narrow Ð for both PtBA and PMMA blocks without the formation of dead polymers.  
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 In Case 7, the Mn of PMMA-b-PtBA increases while maintaining the tBA:MMA monomer ratio similar to 

Case 6, where 300 equivalents of tBA and MMA were polymerized. From the SEC trace shown in Figure 2.14(b), the 

polymerization of both PtBA and PMMA blocks showed a narrow Ð = 1.16 and 1.25. While a slight shoulder peak 

was observed after the PMMA polymerization, the amount of dead polymer was only 12%, relatively low compared 

to the homogeneous TERP polymerization in the previous section. 

PMMA-b-PtBA with the different PtBA: PMMA ratios were polymerized in Case 8-11. In all cases, the SEC 

trace shows a narrow Ð (Ð < 1.5) and a relatively small number of dead polymers, as shown in Figure 2.14(c-f), 

indicating the well-controlled polymerization of PMMA-b-PtBA. 

 

Table 2.2 Emulsion TERP polymerization of PMMA-b-PtBA under photo-irradiated conditions 

Case PtBA PMMA ϕPtBA
[a]

 

(wt%) 

Dead 

Polymer n Conv. /time Mn 

× 103 

Ð m Conv. /time Mn 

× 103 

Ð 

6 80 96%/ 14 h 15.3 1.22 80 92%/ 6 h 25.5 1.28 58.9 wt% - 

7 300 89%/ 20 h 32.8 1.16 300 88%/ 10 h 58.4 1.25 54.2 wt% 12% 

8 150 87%/ 4 h 12.8 1.32 450 92%/ 3 h 51.6 1.30 31.0 wt% 4% 

9 200 90%/ 6h 19.2 1.15 400 95%/ 4 h 54.6 1.38 34.3 wt% 8% 

10 400 90%/ 14 h 34.5 1.13 200 91%/ 10 h 49.2 1.18 72.2 wt% - 

11 450 89%/ 12 h 40.4 1.22 150 87%/ 6 h 47.3 1.25 82.8 wt% - 

[a] The weight fraction of PtBA was estimated by 1H NMR as shown in Figure 2.10(b). 

 

Figure 2.13 Molecular weight change with monomer conversion for (a) PtBA and (b) PMMA for Case 6. The dashed 

line represents the theoretical Mn vs. monomer conversion relationship. 
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Figure 2.14 SEC traces for PMMA-b-PtBMA synthesized by emulsion TERP polymerization using the photo-initiated 

conditions: (a) Case 6, (b) Case 7, (c) Case 8, (d) Case 9, (e) Case 10 and (f) Case 11 

 

 The thermal properties of PMMA-b-PtBA synthesized in Case 6-11 were investigated by DSC. The glass 

transition temperatures, Tg, of PtBA and PMMA were obtained from the 2nd heating curves shown in Figure 2.15(a).  

The results are summarized in Table 2.3. For Cases 6-10, two inflection points corresponding to PtBA and PMMA 

were observed at 41-47 °C and 92-115 °C, respectively. On the other hand, for Case 11, only one Tg was observed at 

34 °C. It is speculated that insufficient PtBA conversion may occur and some of the unreacted tBA monomers could 

be polymerized after adding MMA, as shown in Figure 2.16. As shown in Figure 2.15(b), Tg of the PMMA block 

decreases drastically with ϕPtBA, confirming that the unreacted tBA indeed polymerized with MMA. Besides the 

thermal properties, the self-assembly of PMMA-b-PtBA may be affected by PtBA. For this reason, a higher tBA 

monomer conversion was required to mitigate the issue. However, a significantly longer polymerization time was 

required to achieve a higher tBA conversion, resulting in the formation of dead polymers.  
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Figure 2.15 (a) DSC 2nd heating curves for PMMA-b-PtBA synthesized using photo-irradiated conditions. (b) 

Relationship between the PtBA weight fraction and the Tg of PMMA-b-PtBA with similar Mn (Case 7-11). 

Table 2.3 Glass transition temperatures for PMMA-b-PtBA synthesized using photo-irradiated conditions 

Case Mn × 103 ϕPtBA( wt%) Tg,PtBA (°C) Tg,PMMA (°C) 

6 25.5 58.9 45 108 

7 58.4 54.2 47 106 

8 51.6 31.0 46 113 

9 54.6 34.3 47 115 

10 49.2 72.2 41 92 

11 47.3 82.8 34 - 

 

 

Figure 2.16 Effect of the unreacted tBA monomers during the PMMA polymerization 

 

2.3.3 Emulsion TERP polymerization of PMMA-b-PtBA Under Azo-Initiated Thermal Conditions 

 As discussed in the previous section, a high tBA monomer conversion is required to reduce the unreacted 

tBA monomers during the MMA polymerization. The Azo-initiated thermal conditions were employed instead of the 

photo-irradiated conditions to increase the tBA conversion. An Azo-compound, ACVA, was added to create and 

transfer the free radicals to the CTA for polymerization. The number of free radicals in the emulsion could be adjusted 
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depending on the amount of ACVA.17 The optimal ACVA concentration was determined by polymerizing PtBA with 

600 equivalent tBA monomer to the CTA. SEC traces of PtBA, polymerized under the Azo-initiated thermal 

conditions with 0.3, 0.5, and 1 equivalent of ACVA, are summarized in Figure 2.17 and Table 2.4. For higher ACVA 

concentrations, shorter foaming times were observed to achieve more than 95% tBA conversions. However, the Ð 

increases drastically due to the number of free radicals generated during the polymerization. For this reason, ACVA 

with 0.3 equivalents was selected for the PMMA-b-PtBA polymerization under the Azo-initiated thermal conditions. 

It provides narrow Ð = 1.33 while maintaining a short polymerization time compared to photo-irradiated conditions.  

 

 

Figure 2.17 SEC traces for PtBA synthesized by emulsion TERP polymerization using Azo-initiated thermal 

conditions with (a) 0.3, (b) 0.5 and (c) 1.0 equivalent ACVA to the CTA 

Table 2.4 Emulsion TERP polymerization of PtBA with different ACVA concentrations 

ACVA (eq.) Conv. /time Mn× 103 Ð 

0.3 95%/ 8 h 73.0 1.33 

0.5 97%/ 3 h 85.3 1.61 

1.0 95%/ 1 h 73.0 1.75 

 

 PMMA-b-PtBA with 300 equivalents tBA and MMA was polymerized in Case 12 to compare the Azo-

initiated thermal and the photo-irradiated conditions. For the PtBA block, 95% tBA conversion was achieved after 4 

hours, a notably shorter polymerization time than in Case 7 (Table 2.5). The SEC trace (Figure 2.18(a)) indicated that 

the final PMMA-b-PtBA had Mn = 73800 and Ð = 1.32, and no dead polymer after the polymerization. This well-

controlled synthesis was observed even for high molecular weight PMMA-b-PtBA with Mn = 117300 and 233200, as 

shown in Figures 2.18(b) and (c), respectively.  
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Table 2.5 Emulsion TERP polymerization of PMMA-b-PtBA under the Azo-initiated thermal conditions 

Case PtBA PMMA ϕPtBA
[a]

 

(wt%) 

Dead 

Polymer n Conv. /time Mn 

× 103 

Ð m Conv. /time Mn 

× 103 

Ð 

12 300 95%/ 4 h 49.3 1.28 300 94%/ 14 h 73.8 1.32 56.6 wt% - 

13 600 95%/ 8 h 73.0 1.33 600 89%/ 11 h 117.3 1.29 55.1 wt% - 

14 1200 96%/ 23 h 152.4 1.41 1200 89%/ 28 h 233.2 1.34 56.6 wt% - 

[a] The weight fraction of PtBA was estimated by 1H NMR as shown in Figure 2.10(b). 

 

Figure 2.18 SEC traces for PMMA-b-PtBA synthesized by emulsion TERP polymerization using the Azo-initiated 

thermal conditions: (a) Case 12, (b) Case 13 and (c) Case 14 

Figure 2.19 shows the DSC 2nd heating curves for Case 12-14. Tg of PtBA and PMMA blocks were obtained 

from the curves.  As indicated in Table 2.6, Tg of PtBA block was found at 43 °C, similar to in Case 7 (Tg = 47 °C). 

However, Tg of PMMA in Cases 12-14 (Tg = 116-118 °C) were significantly higher than in Case 7 (Tg =106 °C). This 

confirms that the Azo-initiated thermal conditions with a high tBA monomer conversion were able to prevent the 

polymerization of the tBA block after the addition of the MMA monomer.  
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Figure 2.19 DSC 2nd heating curves for PMMA-b-PtBA synthesized by Azo-initiated thermal conditions. 

 

Table 2.6 Glass transition temperatures for PMMA-b-PtBA synthesized using Azo-initiated thermal conditions 

Case Mn × 103 ϕPtBA( wt%) Tg,PtBA (°C) Tg,PMMA (°C) 

12 73.8 56.6 43 117 

13 117.3 55.1 43 118 

14 233.2 56.6 43 116 

 

In order to compare the photo-irradiated conditions and the azo-initiated thermal conditions, the 

copolymerization of the unreacted tBA was calculated using Equation 2.1,23 where ftBA and fMMA are the mole fraction 

of tBA and MMA in the feed, and FtBA and FMMA are the mole fractions in the copolymer. For our process, ftBA 

expresses the unreacted tBA units and be estimated from the conversion during PtBA polymerization. The monomer 

reactivity ratios rtBA and rMMA express the preferential addition of the same monomer unit to the other monomer species. 

For tBA and MMA radical copolymerization systems, rtBA and rMMA were reported as 0.60 and 2.14, respectively.24 

This suggests that both the tBA and MMA radicals preferentially polymerize MMA monomers, and tBA is added 

gradually throughout the chain. The ratio of the tBA monomer in the PMMA chain (FtBA/FMMA) is summarized in table 

2.7. The FtBA/FMMA ranged from 1.9-16 mol% for photo-irradiated conditions, whereas the azo-initiated thermal 

conditions were approximately 1.9-2.4 mol%. These estimations are consistent with the Tg,PMMA results summarized 

in Table 2.3 and Table 2.6, and suggest that the azo-initiated thermal condition is effective in preventing the 

polymerization of unreacted tBA monomers.  

𝐹𝑡𝐵𝐴

𝐹𝑀𝑀𝐴
=

𝑓𝑡𝐵𝐴(𝑟𝑡𝐵𝐴𝑓𝑡𝐵𝐴 + 𝑓𝑀𝑀𝐴)

𝑓𝑀𝑀𝐴(𝑟𝑀𝑀𝐴𝑓𝑀𝑀𝐴 + 𝑓𝑡𝐵𝐴)
  (2.1) 
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Table 2.7 Emulsion TERP polymerization of PMMA-b-PtBA under the Azo-initiated thermal conditions 

Case Unreacted tBA 

(eq.) 

MMA 

(eq.) 

ftBA 

(%) 

fMMA 

(%) 

FtBA/FMMA 

(%) 

6 3 80 3.8 96.2 1.8 

7 33 300 9.9 90.1 5.2 

8 20 450 4.2 95.8 2.0 

9 20 400 4.7 95.3 2.3 

10 40 200 16.7 83.3 9.5 

11 50 150 24.8 75.2 16.0 

12 15 300 4.8 95.2 2.4 

13 30 600 4.8 95.2 2.4 

14 48 1200 3.8 96.1 1.9 

 

2.4 Conclusion 

 In this chapter, the polymerizations of PS-b-PtBMA and PMMA-b-PtBA by TERP were discussed. PS-b-

PtBMA was synthesized using the homogeneous TERP. Low Mn PS-b-PtBMA was synthesized using the Azo-

initiated thermal conditions, and the well-controlled polymerization with low Ð and the low dead polymer was 

achieved. However, Ð and the dead polymers increased significantly in the higher Mn PS-b-PtBMA cases. Different 

polymerization conditions, including the thermal and photo-irradiated conditions, were also tested for the synthesis, 

however many dead polymers were still formed due to the viscosity of the polymerization solution. 

 Emulsion TERP polymerization was applied to synthesize PMMA-b-PtBA instead of homogeneous TERP 

polymerization to reduce the formation of dead polymers. The photo-irradiated conditions were employed to 

successfully synthesize PMMA-b-PtBA with Mn = 25500 to 58400 with different PtBA weight fractions (ϕPtBA). 

However, the glass transition temperature of PMMA-b-PtBA, especially the PMMA block, decreases with ϕPtBA, 

indicating that the monomer conversion for tBA was insufficient, and the unreacted tBA monomer was polymerized 

along with MMA.  

PMMA-b-PtBA with the higher tBA monomer conversions were achieved under the Azo-initiated thermal 

conditions. By optimizing the amount of Azo-initiator, ACVA, well-controlled polymerization of PMMA-b-PtBA 

with high Mn was accomplished. Furthermore, the polymerization of unreacted tBA monomer was suppressed, as 

indicated by the higher PMMA Tg, when compared to PMMA-b-PtBA synthesized under the photo-irradiated 

conditions.  
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Chapter 3 Preparation of Highly-Ordered Nanocellular Foams by UV-

induced Chemical Foaming from Self-Assembled PMMA-b-PtBA 

3.1 Introduction 

 As discussed in the General Introduction in Chapter 1, a great interest in the fabrication of nanocellular foams 

has been increasing due to their superior mechanical, optical and thermal insulation properties. Through enhancing 

the ordering of the cell structures, it is expected that the properties of nanocellular foams could be further improved.1–

4 However, scarce research has been done for either fabricating or evaluating the properties of highly-ordered 

nanocellular foams because creating such materials by conventional foaming processes is difficult. In this chapter, a 

unique method to produce highly-ordered nanocellular foams is proposed by incorporating self-assembled block 

copolymer templates to a UV-induced chemical foaming process. 

 The concept of using self-assembled block copolymers as a template for creating nanocellular foams has 

been widely explored for the physical foaming process. The self-assembled block copolymers that has been tested 

were poly(perfluorooctylethyl methacrylate) (PFMA),5–8 poly(4-(perfluorooctylpropyloxy)styrene) (PFS),9 

poly(1,1,2,2-tetrahydroperfluorodecyl acrylate) (PFDA)10 and poly(ethylene glycol) (PEG)11–13, which contained a 

CO2 philic block. One of the reasons is that CO2 has been preferably used as a physical blowing agent for microcellular 

foaming. The high solubility of the physical blowing agent in the CO2-philic block and the interface between the two 

block domains promote the cell nucleation and result in the production of nanocellular foam with relatively uniform 

cell size.7–9 The cell structure of the nanocellular foams could be adjusted by the polymer specification or process 

parameters, such as the gas saturation pressure, pressure drop rate, foaming temperature, or foaming time. 

Nevertheless, it is challenging to produce nanocellular foams by physical foaming of self-assembled block copolymers 

due to the reconstruction of the self-assembled structure and plasticization effect of CO2.7–9,11,14 The reconstruction of 

the self-assembled morphology mainly occurs during the gas saturation process. As the blowing agent selectively 

dissolves in the CO2-philic domains, the effective volume fraction of the block copolymer changes. Furthermore, CO2 

may also decrease the effective segregation strength between the CO2-philic and matrix domains. Depending on the 

amount of CO2 dissolved in the domains, the self-assembled morphology might go through either a reconstruction or 

transition to a disordered state. The plasticization effect of CO2 on the block copolymer mainly affects the formation 

of the cell structure during the nanocellular foaming process. When the chain mobility was enhanced in the matrix 

domain more than the disperse domains and the viscosity of the matrix domain was reduced, the bubble nucleated in 

the disperse domain can expand, coalesce each other and result in larger cells structures that do not resemble the self-

assembled template.  

 As suggested from the physical foaming process, a stable self-assembled block copolymer template is 

required to create highly ordered nanocellular foams. To achieve this, we incorporated the UV-induced chemical 

foaming process with self-assembled poly(methyl methacrylate-b-tert-butyl acrylate) (PMMA-b-PtBA). As shown in 
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Figure 3.1(a), the process involves two major steps: (1) formation of a self-assembled block copolymer template 

consisting of the foamable PtBA domain and the PMMA matrix domain, and (2) control of the gas generation and 

expansion within the foamable domain (PtBA domain). In the first step, PMMA-b-PtBA was mixed with a small 

amount of photoacid generators and cast on a substrate, where the self-assembly was induced through solvent 

evaporation. In the second step, acids are created from the PAG upon UV irradiation. Upon heating, these acids will 

diffuse and catalyze the tert-butyl ester deprotection of PtBA creating isobutene gas (Figure 3.1(b)).15,16 By controlling 

the foaming temperature between the glass transition temperatures (Tg) of the PtBA (39 °C) and PMMA (125 °C), the 

gas generation and expansion could be controlled within the rubbery PtBA domains, while the glassy PMMA domains 

suppress cell expansion and cell coalescence. Due to the stability of the self-assembled template during the foaming 

process, highly-ordered nanocellular structures could be produced. 

 In this chapter, PMMA-b-PtBA with cylindrical self-assembled morphologies were prepared by solvent 

casting from CHCl3. The self-assembled morphology was confirmed by small-angle X-ray scattering (SAXS) and 

transmission electron microscopy (TEM). The foaming condition was determined by analyzing the Tg of PtBA and 

PMMA, as well as the gas generation behavior observed by thermogravimetric analysis (TGA). The development of 

the nanocellular structure from the self-assembled PtBA cylindrical domains was then observed by scanning electron 

microscopy (SEM) at various foaming times at 80 °C. The formation of the cell structures was then confirmed by 

comparing the cell structure observed by SEM, and changes in density and chemical structure of the samples before 

and after foaming. In the latter part of this chapter, the effects of process parameters, such as PAG concentration, 

foaming temperature, and UV-penetration on the cell structure of the resulting foams were investigated for providing 

insight on how the process could be further optimized or scaled up. 

 

Figure 3.1 (a) Process flow for the UV-induced chemical foaming of self-assembled block copolymer, and (b) acid-

catalyzed tert-butyl ester deprotection reaction. Reprinted with permission from Rattanakawin et al., ACS Macro Lett., 

2020, 9 (10), 1433-1438. DOI: 10.1021/acsmacrolett.0c00475. Copyright ©2020. American Chemical Society. 
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3.2 Methods 

3.2.1 Sample preparation 

 An asymmetric diblock copolymer, PMMA-b-PtBA, was purchased from Polymer Source Inc. (Canada). The 

number-average molecular weight (Mn) of the PMMA and PtBA blocks were 41,000 and 18,000, respectively, and 

the polydispersity index was 1.2. The volume fraction of the PtBA block was estimated at 31%. The photoacid 

generator (PAG), BBI-109, was purchased from Midori Kagaku Co., Ltd. (Japan). This photoacid generator was 

selected since it had a maximum absorption wavelength of 238 nm, close to that of the UV lamp, 254 nm. All 

purchased reagents were used as received without further purification. 

 PMMA-b-PtBA films were prepared by solution casting. The polymer solution was prepared by dissolving 

PMMA-b-PtBA (1.0 wt%) and PAG (0.05 wt%, 5 wt% polymers) in 20 ml chloroform. The polymer solution was 

then cast on a 50 ml glass vial and left under ambient conditions to slowly evaporate for several days. During this 

slow evaporation, microphase separation was induced homogeneously throughout the solution. The resulting sample 

was a transparent film with a thickness of approximately 150 µm. To ensure complete solvent removal, the film was 

further dried in a vacuum for 24 hours. The polymer film was removed from the glass vial by submerging the in liquid 

nitrogen and then dried in a vacuum for 24 hours before the foaming experiments. Polymer films with PAG 

concentrations of 0.025 and 0.10 wt% were similarly prepared to investigate the effect of the PAG concentration on 

the cell structure. 

3.2.2 Foaming of the self-assembled PMMA-b-PtBA film 

 Prior to foaming, the self-assembled PMMA-b-PtBA films were exposed to UV light to generate the acids 

from PAG. The UV irradiation was conducted with a UV lamp (UVGL-58, UVP, U.K.), with an irradiation intensity 

of 1 mW/cm2 and a dosage of 3600 mJ/cm2. Immediately after the UV irradiation, the PMMA-b-PtBA films were 

foamed by heating on a hot plate to allow the acids to diffuse and create isobutene gas from the tert-butyl ester 

deprotection of PtBA.  

3.2.3 Characterization of the self-assembled morphology  

 The self-assembled morphology of the PMMA-b-PtBA film was analyzed using small-angle x-ray scattering 

(SAXS) (NANO-Viewer, Rigaku Corp., Japan). The SAXS profiles of the as-cast PMMA-b-PtBA films, where the 

scattering intensity (I) was plotted against the scattering vector (q), were obtained by irradiation with Cu K-α 

(λ=0.15418 nm) for 3 hours. From the SAXS profile, the pitch of the self-assembly (l0) could be obtained by Equation 

(3.1), where q* is the scattering vector of the primary peak of the scattering profile. The long-range ordering of the 

self-assembly could be determined by a series of the higher-order peak position (q/q*). The hexagonally packed 

cylindrical domains show q/q* of 1,√3,2,√7, while the lamellar shows q/q* of 1,2,3,4.17,18  

 𝑙0 =
2𝜋

𝑞∗
 (3.1) 
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 A bright-field TEM (H7650, Hitachi High Tech Corp. Japan) with its acceleration voltage of 100kV was 

used to observe the self-assembled morphology. Before the TEM measurements, a thin specimen of the PMMA-b-

PtBA films was prepared by an ultramicrotome (ULTRACUT E, Reichert Jung, USA) and placed on a TEM grid. To 

compare the self-assembled morphology observed from the TEM image to the one observed at the SAXS results, a 

two-dimensional Fast-Fourier transform (2D-FFT) analysis of the TEM image was conducted using ImageJ (National 

Institutes of Health, U.S.A.) and Matlab (Mathworks, USA). A 1D-FFT profile could be produced by radial averaging 

of the 2D-FFT image, and the pitch of the self-assembly could be obtained using Equation (3.1). 

3.2.4 Thermal property measurement for determining a foaming condition 

 To determine the appropriate foaming temperature, the glass transition temperature (Tg) of PMMA-b-PtBA 

was measured by the differential scanning calorimetry (DSC) (DSC7020, Hitachi Ltd., Japan). The measurements 

were conducted between 0-160 °C with a heating and cooling rate of 10 °C/min as illustrated in Figure 3.2. The first 

heating was conducted to remove the thermal history from the polymer, and the Tg was determined from the second 

heating curve. 

 

Figure 3.2 Temperature profile for the DSC measurement with heating and cooling rate were10 °C/min. 

 The foaming temperature and time were selected based on the tert-butyl ester deprotection determined by 

thermogravimetric analysis (TGA) (DTG-60H, Shimadzu Corp., Japan). To ensure the generated isobutene gas can 

easily diffuse out of the polymer films, thin films of the samples were prepared by casting 200µl of a polymer solution, 

containing PtBA-b-PMMA (5 wt%) and PAG (0.025 wt%) in chloroform, on a 4 cm2 silicon wafer. The solvent was 

allowed to evaporate for 12 hours in ambient conditions, followed by 12 hours of vacuum drying to ensure complete 

solvent removal. Before the measurement, UV-irradiation at 254 nm with 3600 mJ/cm2 dosage was conducted to 

generate the acids. Dynamic thermogravimetry at the 10 °C/min heating rate was conducted from 40 to 120°C to 

evaluate the suitable foaming temperature, while isothermal thermogravimetry was conducted to determine the 

foaming time.  
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3.2.5 Characterization of the cell structure 

 The cell structure of the foamed PMMA-b-PtBA samples was observed using SEM (SU8000, Hitachi High 

Technologies Corp., Japan) with 10 kV. Prior to the observation, the foamed samples were sliced by the microtome 

and placed on a silicon wafer, and ∼1 nm in thickness of platinum was deposited on the surface to avoid the charging 

effect.  

Figure 3.3 shows two SEM images. A region was selected for analysis as shown in Figure 3.3 (b). The cell 

structure was determined from the SEM images by using ImageJ, where the cell size of an individual cell (di) and the 

number of cells (n) are determined within a specific area (A). The average cell size (d) and cell density (N) were 

determined and averaged from 3 SEM images using Equations (3.2) and (3.3), respectively.19 

 𝑑 =
Σ𝑑𝑖

𝑛
 (3.2) 

 𝑁 = (
𝑛

𝐴
)

3
2
 (3.3) 

 

Figure 3.3 Cell structure analysis by ImageJ: (a) original SEM image and (b) overlay of the analyzed SEM image  

3.2.6 Change of the chemical structure before and after foaming 

 The chemical structure change of the PMMA-b-PtBA films after foaming was observed by an attenuated 

total reflection Fourier-transformed infrared spectroscopy (FTIR) (Spectrum 1000, PerkinElmer Inc., U.S.A.). Each 

FTIR spectrum was acquired with a co-added scan of 20 times in the range from 100 to 7500 cm-1 with 4 cm-1 

resolutions. 

3.2.7 Evaluation of the density of the polymer foam 

 The density of the non-foamed (ρp) and foamed polymer (ρf) were measured by a pycnometer (AccuPyc II 

1340, Micrometrics Inc., U.S.A.) with a sample cell volume of 1cm3. It should be noted that the density measurement 

by pycnometer is only suitable for closed-cell foams since the specimen’s open-cell volume is excluded from the 

measurement. 
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3.2.8 Rheological properties measurement 

 The rheological properties of PMMA-b-PtBA were measured using a rheometer (ARES, TA Instrument, 

U.S.A). PMMA-b-PtBA bulk sample with 40 mm × 10 mm × 0.3 mm in dimension was prepared by compression 

molding at 170 °C under ~20-30 MPa mechanical pressure. The complex viscosity (η*) was measured in torsion mode 

at the strain of 0.3 % and the frequency of 0.63 rad/s. 

3.2.9 UV penetration depth measurement 

 For UV penetration measurements, PMMA-b-PtBA films approximately 450 µm in thickness were prepared 

by casting PMMA-b-PtBA (2.0 wt%) and PAG (0.10 wt%, 5 wt% polymers) in 20 ml chloroform. The sample was 

irradiated by the UV light with an irradiation intensity of 1 mW/cm2 and a dosage of 3600 mJ/cm2 and foamed at 

80 °C for 5 minutes. The foamed sample was then cryofractured in liquid N2 and the cross-section was observed by 

SEM. The UV-penetration depth was then estimated as the minimal distance between the location of the SEM image 

where a foamed and non-foamed interface was observed and the UV-irradiation surface. The effect of the cell 

expansion on the UV-penetration depth was then corrected using the expansion ratio obtained from the pycnometer. 

3.3 Results and Discussion 

3.3.1 Self-assembly of PMMA-b-PtBA by solution casting 

 The SAXS profile of the self-assembled morphology of PMMA-b-PtBA prepared by solution casting is 

shown in Figure 3.4. From the scattering vector of the primary peak q* = 0.192 nm-1, the minimum pitch of the self-

assembly was 33 nm. The ratio of the subsequent peak positions to q* were 2.0 and 2.7 (∼√7). It indicated the 

formation of hexagonally packed cylindrical domains, which theoretically have the scattering peaks at q/q* =1: √3:2: 

√7.17,18 It should be noted that the missing peak at q/q* = √3 and the weak peak at q/q* = 2 could be the result of the 

domain factors. 17,18  
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Figure 3.4 SAXS profile of as-cast PMMA-b-PtBA films. The black triangles indicate the scattering peaks at q/q* = 

1, 2 and √7, where the first peak (q*) is 0.190 nm-1. The insert shows a schematic of hexagonally packed cylinders. 

Reprinted with permission from Rattanakawin et al., ACS Macro Lett., 2020, 9 (10), 1433-1438. DOI: 

10.1021/acsmacrolett.0c00475. Copyright ©2020. American Chemical Society. 

 Figure 3.5(a) shows the TEM image of the self-assembled PMMA-b-PtBA sample, where the brighter and 

the darker regions respectively correspond to the PtBA-rich and PMMA-rich domains. Long-range ordering of striped 

and hexagonally packed PtBA domains was observed, confirming the formation of the hexagonally packed cylindrical 

self-assembled morphology. To determine the pitch of the self-assembly, 2D-FFT and 1D-FFT analyses were 

conducted using the TEM images and the results were shown in Figure 3.5(b) and Figure 3.5(c). From the 1D-FFT 

profile, the primary peak location was found at q* = 0.196 nm-1, which corresponds to a pitch of 32 nm. This is a good 

agreement with the value obtained from the SAXS analysis. From both the SAXS and TEM results, the formation of 

hexagonally packed cylindrical domains was confirmed. 
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Figure 3.5 Characterization of the self-assembled PMMA-b-PtBA morphology by TEM: (a)TEM image, (b) 2D-FFT 

image, and (c) 1D-FFT profile. The darker and brighter domains in the TEM corresponds to the PtBA and PMMA 

rich domains, respectively. The 1D-FFT profile (c) was obtained by radial averaging the 2D-FFT profile (b), and the 

black triangle in (c) indicates the peak where q*
 = 0.196 nm-1. Reprinted with permission from Rattanakawin et al., 

ACS Macro Lett., 2020, 9 (10), 1433-1438. DOI: 10.1021/acsmacrolett.0c00475. Copyright ©2020. American 

Chemical Society. 

3.3.2 Suitable foaming conditions 

 The foaming condition is crucial to creating highly-ordered nanocellular foams. A suitable foaming 

temperature and time should be determined to allow sufficient gas generation and cell growth in the PtBA domains 

while maintaining a stable PMMA matrix to control the cell structure and ordering.  

Figure 3.6 shows the 2nd DSC heating curve of PMMA-b-PtBA. The DSC measurement was conducted in 

the temperature range from 0 to 160 °C at 10 °C/min heating and cooling rates.  Two inflection points were observed 

at 39 and 125 °C, which correspond to the Tg of PtBA and PMMA, respectively. As a reference temperature condition, 

the foaming temperature was selected to be 80 °C, between the Tg of both polymers, expecting to foam the PtBA 

selectively. At this foaming temperature, the PtBA domains are in a rubbery state, which is suitable for acid diffusion, 

gas generation, and cell expansion. On the other hand, the PMMA domains will remain in a glassy state enabling good 

cell structure control and preventing cell coalescence. 
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Figure 3.6 DSC 2nd heating curve of PMMA-b-PtBA without PAG. Reprinted with permission from Rattanakawin et 

al., ACS Macro Lett., 2020, 9 (10), 1433-1438. DOI: 10.1021/acsmacrolett.0c00475. Copyright ©2020. American 

Chemical Society. 

 Figure 3.7 shows the TGA thermographs of PMMA-b-PtBA films with 5wt% PAG. The measurement was 

conducted after 3600 mJ/cm2 UV-irradiation. This UV irradiation dosage was selected to ensure the complete 

activation of the photoacid generators. Dynamic TGA measurements, where the weight loss was plotted with 

increasing heating temperature between 40 to 120 °C at a constant heating rate of 10 °C/min (Figure 3.7(a)). 

Approximately 1.5 % weight loss was observed at 80 °C. This indicates gas generation occurred at this foaming 

temperature. Isothermal TGA measurements where the weight loss was plotted against the heating time at 80 °C were 

conducted to determine the appropriate foaming time (Figure 3.7(b)).  From the measurement, most of the weight loss 

was observed within 10 minutes of the heating at 80 °C, resulting in approximately 7 % weight loss. In contrast, only 

2 % weight loss was observed between 10 to 60 minutes of the heating. This suggests that the majority of the gas 

generation occurred within 10 minutes. From the DSC and TGA results, the foaming temperature of 80 °C and foaming 

time of 0-10 minutes were selected.  
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Figure 3.7 TGA thermograph of PMMA-b-PtBA films after 3600 mJ/cm2 UV-irradiation: (a) dynamic 

thermogravimetry from 40 to 120 °C, and (b) isothermal thermogravimetry at 80 °C. Reprinted with permission from 

Rattanakawin et al., ACS Macro Lett., 2020, 9 (10), 1433-1438. DOI: 10.1021/acsmacrolett.0c00475. Copyright 

©2020. American Chemical Society. 

 

3.3.3 Formation of the PMMA-b-PtBA nanocellular foams 

 The formation of PMMA-b-PtBA nanocellular foams was studied by irradiating the films with UV light at 

254 nm and dosage of 3600 mJ/cm2, followed by heating at 80 °C for 0, 1, 5, and 10 minutes. Optical microscope 

images of PMMA-b-PtBA films after the solvent casting and foaming at 80 °C for 10 minutes are shown in Figures 

3.8(a) and (b), respectively. Interestingly, the PMMA-b-PtBA film remained transparent after foaming which indicates 

that the cell size is much smaller than the wavelength of visible light (400-700 nm).  

 

Figure 3.8 Optical microscope images of PMMA-b-PtBA films: (a) as-cast and (b) foamed at 80 °C for 10 minutes. 

(The size of the films is 7 × 7 × 0.15 mm.) Reprinted with permission from Rattanakawin et al., ACS Macro Lett., 

2020, 9 (10), 1433-1438. DOI: 10.1021/acsmacrolett.0c00475. Copyright ©2020. American Chemical Society. 
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 SEM observations were conducted to investigate the change in cell structure against heating time at a foaming 

temperature of 80 °C. Figure 3.9 shows the SEM images of non-foamed PMMA-b-PtBA film and those foamed at 

80 °C for different foaming times. The cell size and cell densities of those films are summarized in Figure 3.10. Before 

the foaming, stripe patterns of the self-assembled domains were observed from the SEM image illustrated in Figure 

3.9(a). The observed pitch of self-assembly was 35 nm, which was close to those estimated from the SAXS and TEM 

measurements. After foaming at 80°C for 1 minute, highly ordered nano-sized pores with cell size and density of 18.1 

nm and 7.82 × 1015 cells/cm3 were produced along the self-assembled domains, as shown in Figure 3.9(b). It is 

speculated that the formation of the spherical cells from the cylindrical self-assembled morphology is due to the limited 

amount of gas generation in the PtBA domains and the presence of the rigid PMMA matrix domains. Increasing the 

foaming time to 5 minutes, the cell density significantly increased to 1.42 × 1016 cells/cm3 as shown in Figure 3.9(c). 

A slight decrease in cell size to 17 nm was observed. However, the cell structure became more homogeneous. This is 

most likely due to the increase of the isobutene (gas) generation and diffusivity in the PtBA domains. Only a minor 

change in the cell structure was observed at the samples foamed at 80 °C for 10 minutes, where the cell size and 

density were 16.1 nm and 1.53 × 1015 cells/cm3. This is the result of the decrease in gas generation with longer foaming 

times as previously observed from the TGA measurements (Figure 3.7(b)).  

 

Figure 3.9 SEM images of PMMA-b-PtBA films foamed at 80 °C for (a) 0, (b) 1, (c) 5 and (d) 10 minutes. Reprinted 

with permission from Rattanakawin et al., ACS Macro Lett., 2020, 9 (10), 1433-1438. DOI: 

10.1021/acsmacrolett.0c00475. Copyright ©2020. American Chemical Society. 
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Figure 3.10 Effects of the foaming time at 80 °C on cell size (grey) and cell density (red). Reprinted with permission 

from Rattanakawin et al., ACS Macro Lett., 2020, 9 (10), 1433-1438. DOI: 10.1021/acsmacrolett.0c00475. Copyright 

©2020. American Chemical Society. 

To confirm the formation of the pores, the density of the PMMA-b-PtBA films foamed at 80 °C were 

measured by a gas pycnometer. The results were illustrated in Figure 3.11. The density of the as-cast PMMA-b-PtBA 

film was 1.25 g/cm3.  The density gradually decreased by foaming, for example, the density of the samples foamed at 

80°C for 10 minutes was 1.20 g/cm3 reducing 0.05 g/cm3. This corresponds to an expansion of 1.04 from the bulk 

PMMA-b-PtBA. This expansion is relatively low when compared to the physical foaming methods, which could 

achieve an expansion of 2.5 with similar cell size.20 However it should be noted that for our method, only the PtBA 

domain which consists of 30% of the total domains were expanded. Furthermore, the expansion was constricted by 

the PMMA domains. A higher expansion could be achieved by changing the ratio of the PtBA block or foaming 

conditions and will be discussed in Chapter 4. 

 Using the cell size and the cell density from the SEM observations and the density of the non-foamed 

polymer (ρp), the density of the foam (ρf) was evaluated. This was done by determining the specific volume of the gas 

phase (Vg) and the expansion ratio (Φ) using Equations (3.4) and (3.5).21 From Figure 3.11, the density estimated from 

the SEM shows good agreement with the results of pycnometry, giving the density of 1.21 g/cm3 for the sample 

foamed at 80 °C for 10 minutes. 

 𝑉𝑔 = 𝑁 ×
𝜋

6
× 𝑑3 (3.4) 

 Φ = 1 + 𝑉𝑔 =
𝜌𝑝

𝜌𝑓

 (3.5) 
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Figure 3.11 Density of PMMA-b-PtBA films foamed at 80 °C for 1-10 minutes. The orange bar and green bars 

respectively represent the density obtained from pycnometry and one estimated from the SEM observations. Reprinted 

with permission from Rattanakawin et al., ACS Macro Lett., 2020, 9 (10), 1433-1438. DOI: 

10.1021/acsmacrolett.0c00475. Copyright ©2020. American Chemical Society. 

To ensure that the cells were formed from the tert-butyl ester deprotection reaction, the change in a chemical 

structure during the foaming process was measured by FTIR spectroscopy. Figure 3.12 shows a result of FTIR 

spectrums of the PMMA-b-PtBA films foamed at 80 °C for different foaming times.  In particular, the absorption 

peaks at approximately 1390 and 1366 cm-1 was studied since it corresponds to the CH3 bond in the tert-butyl group 

of PtBA.22 From Figure 3.12(b), it can be observed that the peaks decreased with the increase of the foaming time, 

which indicates that the tert-butyl ester protection reaction progresses and isobutene gas generates. Interestingly, only 

a small decrease in the absorption peak was observed between 5 to 10 minutes of foaming. This suggests that most of 

the foaming reaction occurred within 5 minutes of foaming time, which is consistent with the SEM results in Figure 

3.10 where the cell density almost reaches the peak value at the 5 minutes of heating time. As the rate of isobutene 

production decreases, the gas concentration in the PtBA domains decreases, and fewer cells are formed. 
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Figure 3.12 FTIR spectrums of the PMMA-b-PtBA films foamed at 80 °C for 0-10 minutes: (a) full FTIR spectra 

between 1000 – 3500 cm-1 and (b) FTIR spectra of CH3 bond of the tert-butyl ester group in PtBA. Reprinted with 

permission from Rattanakawin et al., ACS Macro Lett., 2020, 9 (10), 1433-1438. DOI: 10.1021/acsmacrolett.0c00475. 

Copyright ©2020. American Chemical Society. 

3.2.4 Effect of PAG concentration on the cell structure 

 To investigate the effect of the PAG concentration on the cell structure, PMMA-b-PtBA films with three 

different PAG concentrations, i.e., 2.5, 5, and 10 wt% to polymer were prepared. The UV irradiation and the foaming 

were performed in the same way as described in the previous section, where the foaming was conducted at 80 °C for 

5 minutes. The SEM images of the foamed PMMA-b-PtBA films are shown in Figure 3.13, and the cell size and the 

cell density of the foamed films are summarized in Figure 3.14. It can be observed that the cell density is highly 

dependent on the PAG concentration. It increases from 9.05 × 1015 to 1.83 × 1016 cells/cm3 with the increase of PAG 

from 2.5 to 10 wt%. However, no clear correlation between the cell size and PAG concentration was observed, where 

the cell size was in a range from 17.0 to 19.9 nm. This is because, with higher PAG concentrations, more acids are 

created during the UV irradiation process. Because of this, more isobutene is generated and leads to a higher cell 

density. However, due to the limited amount of generated isobutene in the PtBA domains and the presence of the 

PMMA domains neighboring the PtBA domains, the cells produced in PtBA domains could not be fully expanded and 

no significant change in cell size was observed. 
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Figure 3.13 SEM images of PMMA-b-PtBA films with PAG concentration of (a) 2.5, (b) 5 and (c) 10 wt% polymer, 

foamed at 80 °C for 5 minutes. Reprinted with permission from Rattanakawin et al., ACS Macro Lett., 2020, 9 (10), 

1433-1438. DOI: 10.1021/acsmacrolett.0c00475. Copyright ©2020. American Chemical Society. 

 

 

Figure 3.14 Effects of the PAG concertation on the cell size (grey) and cell density (red) of PMMA-b-PtBA foamed 

at 80 °C for 5 minutes. The cell size and densities were obtained by analyzing the SEM images shown in Figure 3.13. 

3.2.5 Effect of foaming temperature on the cell structure 

 Figure 3.15 illustrates the cell structure obtained by foaming the self-assembled PMMA-b-PtBA films at 70-

120 °C for 5 minutes. At 70 °C, stripe-like patterns representing the self-assembled cylindrical domains were observed 

as shown in Figure 3.15(a), similarly to the as-cast SEM image shown in Figure 3.9(a). This indicates that the foaming 

at 70 °C for 5 minutes was insufficient to accelerate acid diffusion within the PtBA domains and it could not generate 
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a sufficient amount of isobutene for creating cells. Indeed, the dynamic TGA measurement showed almost no weight 

loss at 70 °C (Figure 3.7(a)). From 80-120 °C, highly ordered spherical cells were formed as shown in Figure 3.15(b-

f). The cell size and the densities were estimated from the SEM images in Figure 3.15. The results of the cell size and 

the density of the films foamed at different foaming temperatures are summarized in Figure 3.16. A noticeable change 

in the cell structure occurred when the foaming temperature was increased from 80 to 90 °C, where the cell size and 

density increased from 17.0 to 25.0 nm and 1.42 × 1016 to 1.71 × 1016 cells/cm3, respectively. At the higher foaming 

temperatures, higher than 90°C, no significant change in the cell size was observed, while the cell density showed a 

gradual trend of increase from 1.71 × 1016 to 1.88 × 1016 cells/cm3.  Interestingly, despite the cell expansion, only 

spherical cells were formed from the cylindrical PtBA domains, suggesting that insufficient isobutene gas was 

generated to fully expand the cells throughout the PtBA-rich domain.  

 The relationship between the cell structure and the foaming temperature could be explained by the isobutene 

gas generation rate and the viscoelasticity of the PMMA matrix. At 80 °C, the gas is gradually generated as shown in 

the isothermal TGA of Figure 3.16 and the gas nucleated the cells in the PtBA domains. However, due to the high 

rigidity of the PMMA matrix that exists in the vicinity of the PtBA domains, the nucleated cells could not be expanded 

to be the size larger than the thickness of PtBA domains. The increase in cell size to 25 nm for PMMA-b-PtBA foamed 

at 90 °C is most likely due to the reduction of the rigidity of the PMMA domains. Figure 3.17 shows the complex 

viscosity of bulk PMMA-b-PtBA film measured in a temperature scan mode.  It can be found that the complex 

viscosity was decreased from 6.4 × 108 to 5.2 × 108 Pa∙s by increasing temperature from 80 to 90 °C. In the temperature 

range from 100 to 120 °C, while the complex viscosity of PMMA-b-PtBA continuously decreased, there was no 

significant change in the cell size as shown in Figure 3.16. It can be speculated that, at high foaming temperatures, the 

isobutene gas could be instantaneously generated within a short time frame (Figure 3.18), where most of the tert-butyl 

ester group is deprotected by the time that the temperature inside the polymer film is equilibrated. Because of this, 

most of the gas generated would diffuse out from the film before the PMMA-rich domains were softened, resulting in 

the formation of a stable cell structure. This is demonstrated in Figure 3.19, where no change in the cell size was 

observed for PMMA-b-PtBA samples foamed at 110 and 120 °C for 1, 2, and 5 minutes.  

 Figure 3.20 shows an optical microscope image of PMMA-b-PtBA foamed at 130 °C for 5 minutes, where 

microcellular foams were formed. When the foaming was conducted above the glass transition temperature of PMMA, 

the matrix domain softens and allows the cells to expand in the micrometer range. Indeed, the viscosity of the polymer 

decreases drastically to 4.5 × 107 Pa∙s at 130°C when compared to 1.6 × 108 Pa∙s at 120°C. Thus, maintaining a stable 

PMMA matrix domain is required to limit the cell expansion to the nanometer scale. 
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Figure 3.15 SEM images of PMMA-b-PtBA films foamed at (a) 70, (b) 80, (c) 90, (d) 100, (e) 110 and (f) 120 °C for 

5 minutes. Reprinted with permission from Rattanakawin et al., ACS Macro Lett., 2020, 9 (10), 1433-1438. DOI: 

10.1021/acsmacrolett.0c00475. Copyright ©2020. American Chemical Society. 

 

 

Figure 3.16 Effects of the foaming temperature on the cell size (grey) and cell density (red) of PMMA-b-PtBA foamed 

at a temperature in the range of 80-120 °C for 5 minutes.  
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Figure 3.17 Temperature scan of the complex viscosity (η*) of PMMA-b-PtBA without PAG. (Torsion-mode 

experiments with strain of 0.3 % at frequency of 0.63 rad/s). Reprinted with permission from Rattanakawin et al., ACS 

Macro Lett., 2020, 9 (10), 1433-1438. DOI: 10.1021/acsmacrolett.0c00475. Copyright ©2020. American Chemical 

Society.  

 

 

Figure 3.18 Isothermal TGA thermographs of PMMA-b-PtBA at 80-100°C for 60 minutes. (The insert shows the 

decomposition behavior of PMMA-b-PtBA at shorter heating time.) 

 



60 

 

 

Figure 3.19 SEM images of PMMA-b-PtBA films foamed at (a,c,e) 110, and (b,d,f) 120 °C for (a,b) 1, (c,d) 2 and 

(e,f) 5 minutes. 

 

Figure 3.20 Optical microscope images of PMMA-b-PtBA foamed at 130 °C for 5 minutes. (The size of the films is 

5 × 8 × 0.15 mm.) 
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3.2.5 Estimation of the UV penetration depth 

 The UV penetration depth is an important process parameter for scaling up the UV-induced chemical foaming 

process since it limits the maximum thickness of the polymer foam. In this study, we evaluated the cross-section SEM 

of PMMA-b-PtBA films with a thickness of 450 µm foamed at 80 °C for 5 minutes. The UV penetration depth is 

defined as the distance between the UV irradiation surface to the foam/non-foamed interface as shown in Figure 3.21. 

The cross-section SEM of the as-cast PMMA-b-PtBA film is shown in Figure 3.22, where no cellular structure is 

observed throughout the film. Figure 3.23 shows the cell structure at different locations for the PMMA-b-PtBA film 

after UV-irradiation with an irradiation intensity of 1 mW/cm2 and a dosage of 3600 mJ/cm2 and foamed at 80°C for 

5 minutes. The SEM images, which were taken near the UV-irradiation surface, at the middle of the foamed layer, 

and the interface between the foam/non-foamed layer, are shown in Figure 3.23(b-d), where the ordered nanocellular 

structure could be observed. At a location near the UV-irradiation surface, relatively smaller cells were created 

compared to cells observed at the middle of the foamed layer. Most likely this is due to isobutene diffusing out of the 

film. With sufficient PAG activation and less gas diffusion through the surface, as shown in Figure 3.23(c), the 

majority of the film shows a cell structure. At the interface of the foamed/non-foamed regions, it is expected that only 

a small amount of PAG was activated. As a result, smaller cells were produced. Considering the facts that the interface 

appears around 345 µm in depth from the UV-irradiated surface and the expansion ratio at 80 °C for 5 minutes was 

1.03, the UV-penetration depth for this experimental setup is approximately 330 µm. By conducting the UV-irradiation 

on both sides of the film, the maximum thickness of the PMMA-b-PtBA foam by UV-induced chemical foaming is 

660 µm. This thickness may be improved by using longer wavelength UV or visible light irradiation with the suitable 

PAG or using thermally liable functional groups instead of the UV process, and will be further discussed in Chapter 

5. 

 

Figure 3.21 Schematic image of the UV penetration depth evaluation based on the foamed/non-foamed interface 
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Figure 3.22 Cross-section SEM images of as-cast PMMA-b-PtBA film with thickness of 450 µm: (a) low 

magnification and (b-d) high magnification. (a): the observation location of the higher magnification SEM images, 

(b): top, (c): center and (d): bottom of the film. 
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Figure 3.23 Cross-section SEM images of PMMA-b-PtBA film with a thickness of 450 µm foamed at 80°C for 5 

minutes: (a) low magnification and (b-f) high magnification. (a): the observation location of the higher magnification 

SEM images, (b): UV-irradiation surface, (c): middle of the foamed layer and (d): foamed/non-foamed interface, (e) 

non-foamed layer and (e) bottom of the film. 

3.4 Conclusion 

 In this chapter, we have proposed a chemical foaming method to produce highly-ordered nanocellular foams, 

which uses self-assembled block copolymer templates consisting of foamable PtBA-rich cylindrical domain and a 

PMMA-rich matrix domain. This approach includes two major steps, 1) prefabricating the self-assembled template 

including a small amount of the PAG molecules, and 2) exposing the sample with UV light before the heating. By 

carefully setting the heating temperature between Tg of the foamable PtBA-rich domain and that of the matrix, 

isobutene is generated and expands the PtBA-rich domains while the glassy PMMA domains control the cell expansion 

in the nanometer scale. As a result, highly ordered nanocellular foams with cell size and density of ∼16−25 nm and 



64 

 

∼0.8−1.9 × 1016 cells/cm3
 were created. Notably, the nanocellular foams were transparent, since the cell size is 

significantly smaller than the wavelength of visible light.  

 The development of the cell structure was observed by changing the foaming time at 80 °C. In the initial 

stage of the foaming, nanocellular foams were sparsely created along with the self-assembled domain. As the foaming 

time increases, the cell density increases, while the cell size slightly decreases but becomes more uniform as a result 

of the isobutene gas diffusing within the PtBA domains. Within 10 minutes of foaming, no further change in the cell 

structure was observed as a result of the majority of the isobutene gas being generated.  

 The effect of the process parameters, including the PAG concentration, and foaming temperature on the cell 

structure of the nanocellular foam was also investigated. It was found that the PAG concentration mainly affects the 

cell density of the foam. By increasing the PAG concentration, the amount of the generated photo acids are increased, 

increasing cell nucleation sites and isobutene gas generation. The effect of the foaming temperature on the cell 

structure is relatively complex. As the foaming temperature increases in the range of 80-90 °C, the generation of 

isobutene gas increases, and the softening PMMA domain progressed. As a result, the cells are gradually formed and 

expanded, and both cell size and cell density are increased. However, above 100 °C, the isobutene gas is rapidly 

generated and diffused out while the PMMA domain is not fully softened. Then, the cell structure is stabilized within 

a short time frame and the cell expansion is limited. Due to the limited amount of gas generated from cylindrical PtBA 

domains, the self-assembled morphology with a higher PtBA ratio is necessary to create nanocellular foams with 

higher degrees of expansion, which is discussed in Chapter 4.    
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Chapter 4 Effects of Self-Assembled Block Copolymer Morphology on 

Nanocellular Foams Prepared by UV-induced Chemical Foaming 

4.1 Introduction 

  In Chapter 3, a process to produce highly-ordered nanocellular foams using self-assembled PMMA-b-PtBA 

morphology as a template for UV-induced chemical foaming was proposed. The process mainly involves two steps: 

(1) creation of a self-assembled morphology to be used as a template, which consists of a gas-producing PtBA-rich 

domain and PMMA-rich domain, (2) control of the gas generation and expansion within the PtBA domain. Using this 

process, we have demonstrated the preparation of highly-ordered nanometer-scale size spherical cells from a self-

assembled PMMA-b-PtBA morphology with hexagonally packed cylindrical PtBA domains, and the effect of the 

processing parameters on the cell formation was extensively investigated. In this chapter, we focus on the effect of 

morphological geometry and elucidate how different cellular structures could be prepared from several types of self-

assembled morphologies of PMMA-b-PtBA block copolymer. 

 Self-assembly of block copolymer has been widely studied in nanomanufacturing applications, such as the 

photolithography processes for semiconductor manufacturing,1–5 a framework for mesoporous material fabrication. 6–

10 To this extent, the self-assembled morphology of block copolymers has been extensively studied from both 

theoretical and experimental perspectives. In regards to the block copolymer specification, the self-assembled 

morphology is dependent on the volume fraction (fA) and segregation strength (χN) between the two blocks, where χ 

and N denote the Flory-Huggins interactive parameter and the degree of polymerization, respectively.11–13 By adjusting 

the fA of one block, self-assembled spheres, cylinders, gyroids, and lamella morphologies could be produced. Whether 

or not these self-assembled morphologies are formed is mainly determined by the segregation strength (χN). The 

segregation strength of the block copolymers could be improved by using highly dissimilar block copolymer to 

increase χ, or increasing the degree of polymerization (N). Theoretically, microphase separation can occur when χN 

exceeds a critical value for the order-disorder transition (χNODT = 10.5).11–13 However, annealing conditions such as  

solvent and thermal fluctuation effects may influence this order-disorder transition. Apart from the self-assembled 

morphology, the pitch of the self-assembly is also determined by the molecular weight of the block copolymers, and 

is commonly represented by a power-law relationship, i.e., 𝑙0 ∝ 𝑀𝑛
2/3 

.14–16 For self-assembled morphologies prepared 

by solvent casting, the morphology could be also largely affected by the casting process. This includes the selectivity 

of the solvent to one block,17–19 and the solvent evaporation rate,20,21 which may affect the effective volume fraction 

(fA), Flory-Huggins parameter (χ), morphology, and long-range ordering of the self-assembly.  

 The objective of this chapter is to elucidate the influence of the PMMA-b-PtBA self-assembled morphology 

on the formation of nanocellular foams produced by UV-induced chemical foaming. For this study, the self-assembled 

morphology is mainly controlled by the block copolymer specification, and the solvent casting was conducted with 

relatively neutral solvent and casting time. The chapter consists of two parts. In the first part, nanocellular foams were 

prepared from self-assembled cylindrical and lamella morphology, where PtBA domains show either cylindrical or 
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lamella morphologies and short-ranged ordered PMMA domains. Solvent casting PMMA-b-PtBA was conducted to 

prepare the self-assembled morphology from the block polymers with different PtBA weight fractions (ϕPtBA), which 

directly relates to the volume fraction of the PtBA block (fPtBA). Nanocellular foams were then created from the 

resulting self-assembled PMMA-b-PtBA morphologies, and the resulting cell structures were analyzed in relation to 

the amount of gas generated in the PtBA domains and the stability (rigidity or viscoelasticity) of the PMMA domains. 

In the latter part, the self-assembled lamella morphology was prepared using different PMMA-b-PtBA molecular 

weights (Mn) of block copolymers. The changes in the cell size and cell expansion through the different Mn were then 

investigated and explained in relation to the increasing pitch of the self-assembly (l0) and the viscosity of the PMMA-

rich matrix domain (η0). The effects of the foaming process parameters discussed in this chapter are expected to 

provide an insight for controllability of the cell size, shape, expansion ratio, and the order of the cell structure of the 

nanocellular foams prepared from UV-induced chemical foaming of self-assembled block copolymer templates.  

4.2 Methods 

4.2.1 Materials 

 The specifications of the PMMA-b-PtBA block copolymer used in this study are summarized in Table 4-1. 

The samples of PMMA-b-PtBA are prepared and these are categorized into two groups: (Group 1): three kinds of the 

samples with different PtBA weight fractions (ϕPtBA) (Samples 1-3), and (Group 2): four kinds of the samples with 

different molecular weights (Mn) (Samples 4-7). The PMMA-b-PtBA block copolymers of Samples 1-3 were 

purchased from Polymer Souce Inc. (Canada) and used as received, while The PMMA-b-PtBA block copolymer of 

Samples 4-7 were synthesized in house by TERP polymerization as described in Chapter 2. An iodonium salt 

photoacid generator (PAG), BBI-109 (Midori Kagaku, Japan), with a maximum absorption wavelength of 238 nm 

was used as received. 

 

Table 4.1 Specification of PtBA-b-PMMA with different molecular weights and PtBA weight fraction (ϕPtBA). 

Sample[a] Mn ϕPtBA (wt%) Đ Tg,PtBA 

(°C) [b] 

Tg,PMMA 

(°C) [b]
 

Casting Conditions 

1 59,000 30.5 1.20 39 125 CHCl3, room temp. for 5 days 

2 56,500 52.2 1.20 39 123 THF, 40 °C for 10 days 

3 57,000 66.7 1.20 40 127 THF, 40 °C for 10 days 

4 25,500 58.9 1.28 45 108 CHCl3, 40 °C for 7 days 

5 73,800 56.6 1.32 43 116 CHCl3, 40 °C for 7 days 

6 117,300 55.1 1.29 43 117 CHCl3, 40 °C for 7 days 

7 233,200 56.6 1.34 43 118 CHCl3, 40 °C for 7 days 

[a] Samples 1-3 were purchased from Polymer Source, whereas Samples 4-7 were synthesized by TERP emulsion 

polymerization (detailed synthesis procedures shown in Chapter 2). 

[b] Tg of PMMA-b-PtBA was measured by DSC thermography (a detailed procedure shown in Chapter 2 and 3) 
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4.2.2 Foaming of the self-assembled PMMA-b-PtBA film 

 Self-assembled block copolymer thin films were prepared by solution casting 20 g of a polymer solution of 

0.20 g of PMMA-b-PtBA and 0.01 g of PAG onto a 50-ml glass vial. Table 4.1 summarizes the used solvents and the 

casting conditions to form the polymer film. The solvents were either removed under ambient conditions (Sample 1) 

or by heating at 40 °C (Sample 2-4). For the samples cast at 40 °C, the solvent evaporation rate was slowed down by 

loosely covering the glass vial. After the solvent removal, the resulting film was further dried in a vacuum for 24 hours 

to ensure no solvents remained in the film.  The polymer film was removed from the glass vial by submerging the in 

liquid nitrogen and then dried for 24 hours in a vacuum drier. 

The UV-induced chemical foaming was conducted using the prepared films in the same procedure described 

in Chapter 3: the films were first irradiated with UV light at a wavelength of 254 nm, irradiation intensity of 1 mW/cm2, 

and dosage of 3600 mJ/cm2 to completely generate the acids from PAG. After the UV irradiation, the PMMA-b-PtBA 

films were foamed by heating on a hot plate at 80-100 °C for 5 minutes. 

 

4.2.3 Characterization of the self-assembled morphology  

 The self-assembled PMMA-b-PtBA morphology was observed using a bright-field TEM (H7650, Hitachi 

High Tech Corp. Japan) with an acceleration voltage of 200kV. The TEM samples were prepared by an ultramicrotome 

(Ultracut E, Reichert-Jung Inc., USA), where thin ~80 nm PMMA-b-PtBA films were sliced and placed on a TEM 

grid. The ratio of the dark PtBA-rich domains and the bright PMMA-rich domains were analyzed from the TEM 

images using ImageJ software (National Institutes of Health, U.S.A.). An 800 × 800 nm area in the middle of the TEM 

image was cropped and binarized by the automatic threshold function in ImageJ. Figure 4.1 (a) shows a TEM image 

and (b) shows a binarized TEM image. The ratio between the black and white pixels was used to estimate the fraction 

of the PtBA domains. 

 

 

Figure 4.1 Evaluation of the observed PtBA-rich domain fraction: (a) original TEM image and (b) cropped and 

binarized TEM image used for the analysis. 
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The self-assembled morphology of the PMMA-b-PtBA film was also analyzed using a small angle x-ray 

scattering (SAXS) (NanoViewer, Rigaku Corp., Japan). The incident X-ray beams (Cu K-α, λ=0.15418 nm) were 

irradiated through the as-cast PMMA-b-PtBA samples for 6 hours and the scattering profiles were obtained by radially 

averaging the 2D scattering image. The pitch of the self-assembly was estimated from the primary Bragg peak (q*) 

and the higher-order peak positions (q/q*) as described in Chapter 3. 

 

4.2.4 Characterization of the cell structure 

 The cell structure of the PMMA-b-PtBA nanocellular foams was observed by SEM (SU8000, Hitachi High 

Technologies Corp., Japan) with 10 kV. The SEM specimen was prepared by a microtome and placed on a silicon 

wafer. 1 nm thick platinum was deposited on the surface of the specimen before the SEM observation. In this chapter, 

two types of nanocellular foams were obtained, spherical shape cells and tubes shape cells. For spherical structure, 

the cell size was calculated using the method described in Chapter 3. In the case of nanocellular tubes, the structure 

was represented by the average width of the tubes, which was obtained by using ImageJ as shown in Figure 4.2.  

 

 

Figure 4.2 Analysis of the cell structure of nanocellular PMMA-b-PtBA tubes: (a) original SEM image and (b) overlay 

of the analyzed SEM image  

 

4.2.5 Isobutene gas generation  

 Isothermal TGA measurements at 100 °C were used to estimate the amounts of isobutene gas generated from 

the different PMMA-b-PtBA self-assembled morphologies. The thin films of PMMA-b-PtBA were prepared by the 

same procedure described in Chapter 3. Before the TGA measurements, UV irradiation was conducted at a dosage of 

3600 mJ/cm2 to create the acids from the PAG. 

 

4.2.6 Density and expansion ratio evaluation 

 The density (ρ) of the as-cast and the foamed PMMA-b-PtBA films were determined by a floatation method.22 

The density of the sample was compared to that of a liquid mixture made from ethanol, water, and glycerol, with the 

density ranging from 0.789 – 1.26 g/cm3. The sample density was estimated by the density of the liquid solution in 
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which the sample was suspended, as shown in Figure 4.3. The density measurements were only conducted for 

nanocellular foams because the density of the microcellular foams was too low to be measured by the density of pure 

ethanol. The expansion ratio of the foamed films was then calculated using Equation 3.5, as a ratio between the density 

of the non-foamed polymer to the density of the foam. 

 

Figure 4.3 Estimation of the sample density by a flotation method. 

 

4.3 Results and Discussion 

4.3.1 Effect of the self-assembled morphology on the cell structure 

 PMMA-b-PtBA films with different self-assembled morphologies were prepared by casting the solution of 

samples 1-3, which have PtBA the weight fractions (ϕPtBA) of 31, 52, and 67 wt%, respectively. The self-assembled 

morphologies were observed by TEM and the obtained images were shown in Figure 4.4. The TEM images of PMMA-

b-PtBA with ϕPtBA = 31 wt% show a stripe pattern with the hexagonally packed darker dots as shown in Figure 4.4(a). 

Because the darker domains of the binarized image occupy approximately 38% of the total area as shown in Figure 

4.4(a), the domains most likely represent the PtBA-rich domains. Figure 4.5 shows a SAXS profile for ϕPtBA = 31 wt% 

and exhibits the first-order Bragg peaks at the scattering vector (q*) of 0.19 nm-1, which indicates that the pitch (l0) of 

self-assembly is 33 nm. The subsequent peaks were observed at the scattering vectors of 0.38 nm-1 (q/q* = 2) and 0.50 

nm-1 (q/q* = 2.63). These peaks correspond to the hexagonally-packed cylindrical morphologies with theoretical q/q* 

= 1: √3: 2: √7.23,24 The missing peaks at q/q* = √3 and q/q* = 2  are most likely the result of the domain form-factor. 

23,24 For ϕPtBA = 52 wt%, a long-ranged ordered stripe pattern was observed from the TEM image shown in Figure 

4.4(b), while the SAXS profile shows the peaks at q/q* = 1: 2 :3 with q* of 0.219 nm-1 as shown in Figure 4.5, which 

indicates that the lamella self-assembled morphology with l0 = 29 nm was formed. The weak SAXS peak at q/q* = 2, 

suggests that the thickness of the PtBA and that of the PMMA lamella domains are almost equal.15,25 In the case of 

ϕPtBA = 67 wt%, the short-ranged ordered phase-separated domains are observed from the TEM image shown in Figure 

4.4(c). The short segments of the brighter domains cover approximately 39% of the total area of Figure 4.4(c). Thus, 

it should correspond to the PMMA-rich domains. The SAXS profile shows q* at 0.170 nm-1 and the higher-order 
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Bragg peaks at q/q* = 1: 1.76 (√3): 2.66 (√7) as illustrated in Figure 4.5. This implies that the cylindrical PMMA 

domains with l0 = 37 nm were formed. It is speculated that the cylindrical PMMA-rich domains may be kinetically 

trapped during the solvent evaporation process,17,26 resulting in a short-ranged ordered self-assembled morphology.  

 

 

Figure 4.4 TEM images of as-cast PMMA-b-PtBA with ϕPtBA = (a) 31, (b) 52, and (c) 67 wt%. The bright and dark 

domains in the TEM image corresponds to the PMMA and PtBA rich domains, respectively.   

 

 

 

Figure 4.5 SAXS profile of as-cast PMMA-b-PtBA films with ϕPtBA = 31, 52, and 67 wt%. The positions of scattering 

peaks are marked by black triangles, where the scattering vectors of the first-order Bragg peak (q*) are 0.190, 0.219, 

and 0.170 nm-1 for ϕPtBA = 31, 52, and 67 wt%, respectively. 

 

 The cell structures of the PMMA-b-PtBA nanocellular foams prepared from the different self-assembled 

morphologies were observed by SEM. As a reference, the SEM images of the as-cast films of different ϕPtBA are shown 

in Figure 4.6. A long-range ordered stripe pattern was observed in Figures 4.5 (a) and (b), which could represent the 

self-assembled PtBA cylinders (ϕPtBA = 31 wt%) and lamella morphologies (ϕPtBA = 52 wt%), respectively. A short-

range pattern was observed in Figure 4.6 (c), which is consistent with the PMMA cylindrical morphology (ϕPtBA = 67 

wt%) observed by the TEM image of Figure 4.4(c). In all cases, the SEM images mainly represent the self-assembled 

morphologies, and no cellular structure was observed.  
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 Figure 4.7 illustrates the cell structure formed by foaming the self-assembled films at 80-100 °C for 5 minutes. 

From the cylindrical PtBA-rich domains, highly ordered spherical domains are formed as shown in Figure 4.7(a-c), 

where the cell sizes were 17, 25, and 26 nm in the PMMA-b-PtBA films foamed at 80, 90, and 100 °C. The density 

and expansion ratio of the as-cast and nanocellular foams are summarized in Table 4.2. The expansion ratios of 

PMMA-b-PtBA foamed at 80, 90, and 100 °C, were 1.01, 1.08, and 1.10, respectively. As discussed in Chapter 3, at 

the given temperature range, the gas generated in the PtBA-rich domains is insufficient to fully expand the cells 

throughout the cylindrical domains and only spherical cells are created. 

 In the case of the lamella morphology, many small cells were observed in the PtBA-rich domains after being 

foamed at 80 °C for 5 minutes (Figure 4.7(d)). While some cells coalesced with each other and formed slightly 

elongated cells at 80 °C, the cells were fully merged and expanded in the PtBA-rich domains at 90 °C (Figure 4.7(e)). 

The width of the PtBA-rich domain increased from 16 to 43 nm with the increase of foaming temperature from 80 to 

90 °C. It should be noted that the width of the PMMA-rich domains remained unchanged at c.a. 35-40 nm, suggesting 

that no cell was formed in the PMMA-rich domains. At the foaming temperature, 100 °C, the cell size changed 

abruptly to hundreds of micrometers and a microcellular foam was formed (Figure 4.7(f)). The drastic change in the 

cell structure at 100 °C could be caused by a sharp increase in the amount of gas generated in the PtBA-rich domains. 

According to the isothermal TGA measurements at 100 °C (Figure 4.8), the amount of gas (i.e. TGA weight loss) 

generated by the 5 minutes heating was increased from 10 wt% for the cylindrical PtBA-rich morphology to 15 wt% 

for the lamella PtBA-rich morphology. Thus, it is speculated that the increase of the amount of generated gas can 

freely expand along with the interface between the PtBA and PMMA-rich lamella domains whilst pushing off the 

PMMA-rich matrix domains. The stability (rigidity) of the PMMA matrix domain is another factor that significantly 

influences cell expansion. As shown in Table 4.1, Tg of PMMA in PMMA-b-PtBA with ϕPtBA of 31 and 52 wt% are 

125 and 123°C, respectively. The Tg measurements suggest that the PMMA-rich domains were in a glassy state during 

the foaming. However, some of the past studies have shown that Tg of the PMMA domains could significantly decrease 

near the vicinity of low-Tg polymers in nanometer-scale morphology, which could move the domains in the order of 

10 to 100 nm.27–31 For this reason, it is expected that the rigidity of the PMMA-rich domains in the lamella morphology 

would decrease and allow cells to expand larger with the increase of PtBA-rich domain fraction. As listed in Table 2, 

the maximum expansion was 1.10 for PMMA-b-PtBA with ϕPtBA = 31 wt%. The expansion ratios of PMMA-b-PtBA 

with ϕPtBA = 52 wt% foamed at 80 and 90 °C were 1.21 and 1.48, respectively. This is a significant increase compared 

to the expansion ratio of ϕPtBA = 31 wt%.  

 For short-range ordered cylindrical PMMA morphology, microcellular foams were created at 80 °C (Figure 

4.7(g)), and the cell size further increases at higher foaming temperatures (Figure 4.7(h,i)). When compared to 

previous self-assembled morphologies which have minor PtBA domains, the polymer matrix for PtBA-b-PMMA with 

ϕPtBA to 67% consists of the PtBA-rich domains. Due to this, the isobutene gas created in the PtBA-rich domains can 

freely expand creating microcellular foams. Therefore, in order to control the cell ordering at the nano-scale, a 

continuous PMMA-rich matrix is required to maintain the framework of the self-assembled morphology during the 

foaming process. 



74 

 

 

 

Figure 4.6 SEM images of as-cast PMMA-b-PtBA with ϕPtBA = (a) 31, (b) 52, and (c) 67 wt%. 

 

 

Figure 4.7 SEM images of foamed PtBA-b-PMMA with different PtBA weight fractions (ϕPtBA): (a-c) 31 wt%, (d-f) 

52 wt% and (g-i) 66 wt%. ((a, d, g) foamed at 80, (b, e, h) at 90 and (c, f, i) at 100 °C, foaming time = 5 minutes.)  
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Table 4.2 Change in density, expansion ratio, and void fraction of PMMA-b-PtBA with ϕPtBA = 31 and 52 wt% foamed 

at 80-100 °C for 5 minutes. The density measurements were only conducted for as-cast and nanocellular foams. 

ϕPtBA 

(wt%) 
Conditions 

Density 

(g/cm3) 

Expansion 

Ratio 

30.5 

As-Cast 1.26 - 

80 ºC 5 min 1.25 1.01 

90 ºC 5 min 1.17 1.08 

100 ºC 5 min 1.14 1.10 

52.2 

As-Cast 1.26 - 

80 ºC 5 min 1.04 1.21 

90 ºC 5 min 1.03 1.48 

 

 

Figure 4.8 Isothermal TGA thermographs of PMMA-b-PtBA after UV-irradiation for PMMA-b-PtBA with ϕPtBA = 31, 

51 and 67 wt% at 100°C. 

 

4.3.2 Effect of the molecular weight on the cell structure 

Self-assemblies of block copolymer were prepared from symmetric PMMA-b-PtBA with different Mn 

ranging from 25,500 to 233,200 to study the effect of the molecular weight on the cell structure. The self-assembled 

morphology was observed by the TEM. The obtained TEM images are shown in Figure 4.9. For PMMA-b-PtBA with 

Mn = 25,500, no self-assembled morphology was observed, whereas a lamella morphology was formed at larger Mn. 

The transition between the ordered and disorder phase separation for the lamella morphology is expected to occur at 

χN = 10.5 11,32. Using Equation (4.1), the Flory-Huggins interaction parameter between PMMA and PtBA was 

estimated to be χ = 0.08 at room temperature, where the molar volume (V) is 100 cm3/mol, 33 and the solubility 

parameter for PMMA and PtBA are 19.88 and 18.46 MPa1/2, respectively.7 χN for PMMA-b-PtBA with different Mn 

are summarized in Table 4.3. For PMMA-b-PtBA block copolymer with Mn = 25,500, the segregation strength was 
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estimated as χN = 18, which was higher than the order-disorder χN value. It is speculated that the disordered state for 

Mn = 25,500 is mainly due to the overestimation of the Flory-Huggins parameter for the solvent annealing 20,34 and no 

consideration of thermal fluctuation effects on the phase separation.5,35 As the Mn increases, the χN value could be 

high enough to compensate for the solvent and thermal fluctuation effects to allow lamella morphologies to be formed. 

 

 

Figure 4.9 TEM images of self-assembled morphology of symmetric PtBA-b-PMMA with different Mn of (a) 25,500, 

(b) 73,800, (c) 117,300, and (d) 233,200. The bright and dark domains correspond to the PMMA and PtBA rich 

domains, respectively.   

 

𝜒 =
𝑉

𝑅𝑇
 (𝛿𝑃𝑡𝐵𝐴 − 𝛿𝑃𝑀𝑀𝐴 )2 (4.1) 

 

Table 4.3 χN for PtBA-b-PMMA with Mn = 25,500, 73,800, 117,300 and 233,200 estimated using Equation (4.1). 

Sample Mn ϕPtBA (wt%) χN 

4 25,500 58.9 18 

5 73,800 56.6 52 

6 117,300 55.1 84 

7 233,200 56.6 166 
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For the copolymer whose Mn is larger than 25,500, self-assembly of large lamella morphologies was formed 

as shown in Figures 4.9(b-d). The minimum pitch of the lamellae (l0) was estimated from the first-order Bragg peak 

of the SAXS profile (Figure 4.10(a)) using Equation (2.1). The l0 for PMMA-b-PtBA of Mn = 73,800, 117,300, and 

233,200 were 44, 70, and 130 nm, respectively. From the pitch data, a power-law relationship, i.e., 𝑙0 ∝ 𝑀𝑛
𝛼, with the 

exponent 𝛼 of 0.92 was derived as illustrated in Figure 4.10(b). The deviation of α from the theoretical value, i.e., 

2/3,14–16 indicates that the lamella morphology did not reach an equilibrium state. The insufficient equilibration was 

observed from the TEM images, where the width of the lamella morphology largely varied as shown in Figure 4.9 (b-

d). It is expected that longer solvent casting or additional solvent annealing could improve the equilibration of the 

self-assembled domains. Nevertheless, the current self-assembled lamella morphologies are already distinct enough 

to investigate the effect of the Mn on the cell expansion. 

 

 

Figure 4.10 (a) SAXS profiles of the symmetric PtBA-b-PMMA with Mn = 25,500, 73,800, 117,300, and 233,200. 

The black triangle: scattering peaks, where the first-order Bragg peak (q*) was 0.259, 0.142, 0.090, and 0.048 nm-1 at 

Mn = 25,500, 73,800, 117,300, and 233,200, respectively. (b) The lamella l0 estimated from the SAXS profile as a 

function of Mn. 

 

 The formation and cell expansion of PMMA-b-PtBA nanocellular foams with different Mn were observed by 

SEM. As a reference, the SEM images of the as-cast films was shown in Figure 4.11. For Mn = 25,500, no self-

assembled morphology was observed by the SEM observation shown in Figure 4.11(a), similarly to the TEM images 

illustrated in Figure 4.9(a). On the other hand, the stripe-like patterns corresponding to self-assembled lamella 

morphologies were observed for PMMA-b-PtBA with Mn = 73,800, 11,7300, and 233,200.  
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Figure 4.11 SEM images of as-cast PMMA-b-PtBA with Mn = (a) 25,500, (b) 73,800, (c) 117,300 and (d) 233,200. 

 

 The PMMA-b-PtBA films were foamed using their self-assembled morphology as the templates of foaming 

at 80-100 °C for 5 minutes. The obtained cellular structures are summarized in Figure 4.12. From the disordered 

template (Mn = 25,500), cells with a few tens of nanometer sizes were sparsely formed at 80 °C foaming temperature. 

At higher foaming temperatures, these nanocellular foams completely expanded to the micrometer scale cells. Due to 

the homogeneous PMMA and PtBA phase for Mn = 25,500, the glass transient temperature was estimated by Fox-

Equation to be Tg = 68 °C.36 Considering the viscosity and the diffusivity of the acids estimated by Vogel–Tamman–

Fulcher (VTF) equation,37–39 it can be said that the transition from nanocellular to microcellular foams occurs between 

80 and 90  °C because the foaming temperature was much higher than the Tg estimated by Fox-Equation. At 90 °C a 

much higher acid diffusion and lower polymer viscosity are expected, resulting in a microcellular cell expansion.  

 In the case of PMMA-b-PtBA lamella morphologies (Mn > 25,500), the cell size and the cell locations were 

effectively controlled by the self-assembled morphology at 80 °C, as shown in Figure 4.12(d,g,j). As shown in Figure 

4.12(e,h,k), the width of the darker stripes, representing the nanoscale-size groove, becomes larger as the foaming 

temperature increases to 90 °C. Figure 4.13 shows the cross-section of the foamed film, where nano-sized hollow 

tubes were formed in the film. It is speculated that at 80 °C nano-sized hollow tubes were formed along with the PtBA-

rich lamella domains, which undergoes further gas expansion across the surrounding polymer matrix when the 

foaming temperature was set at 90 °C or above. The width of the grooves or the diameter of the hollow tube can be 

estimated from the SEM images shown in Figure 4.12, and the results are summarized in Table 4.4. The densities of 

the as-cast and the PMMA-b-PtBA foams were also determined by a flotation method. The expansion ratios were 

calculated from these densities using Equation 3.5.and are shown in Table 4.4. Nanocellular foams with wider hollow 

tubes were prepared from PMMA-b-PtBA films with higher Mn, due to the larger self-assembled PtBA-rich domains 

in higher Mn PMMA-b-PtBA. 
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Interestingly, the opposite trend was observed at the expansion ratios, where the foams with higher expansion 

were created from PMMA-b-PtBA with higher Mn. For nanocellular foams produced at 90 °C, the expansion ratio 

decreased from 1.41, 1.38, and 1.22 for PMMA-b-PtBA with Mn = 73800, 117300, and 233200. This trend was 

similarly observed at 100°C, where the lamella morphology was only maintained at the film of Mn = 233,200 with the 

expansion ratio of 1.36. In contrast, the tubes of the other Mn films freely expanded and formed a microcellular foam. 

The decrease in expansion ratio may be due to the sharp increase in viscosity (η0) of the PMMA-rich domains with 

higher Mn, commonly expressed by the Flory-Fox equation as 𝜂0 ∝ 𝑀𝑛
3.4.40 The η0 for PtBA-b-PMMA with Mn = 

117,300 and 233,200 are expected to be approximately 5 and  50 times that of Mn = 73,800. This suggests that the 

matrix domain viscosity is a major factor for controlling the cell expansion, especially at high foaming temperatures. 

 

Figure 4.12 SEM images of foamed PtBA-b-PMMA with different Mn: (a-c) 25,500, (d-f) 73,800, (g-i) 117,300 and 

(j-l) 233,200. ((a, d, g, j) foamed at 80, (b, e, h, k) at 90 and (c, f, i, l) at 100 °C, foaming time = 5 minutes.) 
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Figure 4.13 Cell structure at the edge of a microtome sample of PMMA-b-PtBA with Mn = 117,300: (a) SEM image 

and (b) a schematic image of the SEM observation 

 

Table 4.4 Change in  cell width, density, and expansion ratio of PMMA-b-PtBA with different Mn foamed at 80-100 °C 

for 5 minutes. 

Mn 

(g/mol) 
Conditions 

Cell width 

(nm) 

Density 

(g/cm3) 

Expansion 

Ratio 

73800 

As-cast - 1.25 - 

80 ºC 5 min 17 ± 3 1.06 1.17 

90 ºC 5 min 43± 13 0.88 1.41 

100 ºC 5 min Microcellular - - 

117300 

As-cast - 1.26 - 

80 ºC 5 min 29 ± 4 1.10 1.14 

90 ºC 5 min 61 ± 20 0.91 1.38 

100 ºC 5 min Microcellular - - 

233200 

As-cast - 1.26 - 

80 ºC 5 min 42 ± 7 1.12 1.13 

90 ºC 5 min 76 ± 21 1.04 1.22 

100 ºC 5 min 109 ± 15 0.92 1.36 

 

4.4 Conclusion 

 In this chapter, the effect of the PMMA-b-PtBA self-assembled morphology on the cell structure generated 

from UV-induced chemical foaming was studied. Self-assembled cylindrical and lamella PtBA-rich morphologies, as 

well as short-ranged ordered cylindrical PMMA morphologies, were created by changing the weight fraction of the 

PtBA block. These different self-assembled morphologies were shown to largely influence the cellular structure and 

the expansion ratio of the nanocellular foams. By increasing the amount of the foamable domain (PtBA-rich domain), 
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more isobutene gas can be generated from the PtBA-rich domains, while a less stable PMMA-rich matrix is formed, 

resulting in a highly expanded cellular structure. This is demonstrated by the highly-ordered spherical cells created 

from PtBA-rich cylindrical domains compared to the nano-sized hollow tubes created from the lamella morphology. 

Furthermore, the microcellular foams created from cylindrical PMMA morphologies also emphasize the importance 

of maintaining a stable PMMA-matrix domain to control the cell expansion within the nanometer scale. 

 The molecular weight of PMMA-b-PtBA was shown to largely influence the cell size and expansion ratio of 

the nanocellular foams produced from lamella self-assembled morphology, affecting the pitch of the lamella self-

assembly and the viscosity of the PMMA-rich matrix domain. We have demonstrated that the cell size of the 

nanocellular foam increased from 16 to 43 nm for Mn = 73,800 and 233,200 foamed at 80 °C, due to the larger self-

assembled lamellar morphology. On the other hand, the higher PMMA-rich domain viscosity suppresses the cell 

expansion, while allowing the nanocellular foams to be created at higher foaming temperatures. 
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Chapter 5 General Conclusion 

5.1 Summary of Chapters 

The thesis proposes a novel foaming process that addresses two major issues in the production of nanocellular 

foams as discussed in Chapter 1: (1) the harsh processing conditions and (2) the difficulty in controlling the cell size 

and cell ordering of nanocellular foams. Due to the harsh processing requirements of conventional foaming processes, 

the production of nanocellular foams is currently limited to the lab scale. To solve this issue, I proposed a foaming 

process that utilizes a UV-induced chemical foaming of tert-butyl ester functionalized polymers, such as PtBA and 

PtBMA. By creating the gas through an acid-catalyzed deprotection of the polymer’s functional group, the process 

allows nanocellular foams to be produced at ambient pressures, relatively low temperatures, and a short foaming time. 

The cell size and cell order of the nanocellular foams are controlled by utilizing self-assembled block copolymers, 

consisting of a foamable block and a matrix block, as a template for the foaming. By optimizing the block copolymer 

specifications and foaming conditions, the gas can be generated and expanded within the foamable domains, resulting 

in highly-ordered nanocellular foams with controllable cell size and density. 

In Chapter 2, block copolymers containing tert-butyl ester functionalized blocks, PS-b-PtBMA and PMMA-

b-PtBA, were synthesized by organotellurium-mediated living radical polymerization (TERP). For PS-b-PtBMA, the 

TERP polymerization was conducted in a homogeneous solution under Azo-initiated thermal, thermal, and photo 

irradiated conditions. The monomer conversion, Mn, dispersity (Ð), polymer weight fraction (ϕA), and the number of 

dead polymers were carefully monitored during the polymerization to evaluate the controllability of the process. For 

low molecular weight PS-b-PtBMA, with Mn = 23,300, well-controlled polymerization was achieved. However, in the 

case of PS-b-PtBMA with higher molecular weights, the CTA deactivation occurred due to the high viscosity of the 

polymerization solution, resulting in a relatively large amount of dead polymers (30-60%). To mitigate the effect of 

the viscosity of the polymerization solution on the formation of dead polymers, PMMA-b-PtBA was synthesized by 

TERP in an emulsion system. PMMA-b-PtBA with Mn = 25,500 to 58,400 with different PtBA weight fractions (ϕPtBA) 

were polymerized under the photo-irradiated conditions, with relatively low Ð and the less amount of dead polymer 

when compared to TERP in homogeneous solutions. However, a significant shift in the glass transition temperature 

of PMMA-b-PtBA was observed where the Tg decreased from 115 to 92 °C for ϕPtBA = 34.3 and 72.2 wt%. The shift 

of grass transition temperature indicated that some unreacted tBA monomers were polymerized along with MMA, and 

higher tBA monomer conversion was required. Under the Azo-initiated thermal conditions, the tBA monomer could 

be increased from 90% to 95% without increasing the number of dead polymers. At this condition, high molecular 

weight PMMA-b-PtBA with Mn = 73,800-233,200 and a well-controlled structure was created and used in Chapter 4. 

In Chapter 3, highly-ordered nanocellular foams were successfully produced from PMMA-b-PtBA with 

PtBA-rich cylindrical self-assembled morphology by UV-induced chemical foaming. The foaming was conducted by 

heating at 80-120 °C for 0-10 minutes, based on the glass transition temperature of PtBA (Tg = 39 °C) and PMMA (Tg 

= 125 °C), as well as the decomposition of the tert-butyl ester group. As a result, highly-ordered nano-sized spherical 
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cells with the size and density of ∼16−25 nm and ∼0.8−1.9 × 1016 cells/cm3
 were created. Interestingly, the 

nanocellular foams produced from ∼150 µm PMMA-b-PtBA films remained transparent because the cell size was 

significantly smaller than the wavelength of light. The effects of the process parameters, such as PAG concentration 

and foaming temperature, on the cell structure were also investigated. The PAG concentration was shown to mainly 

affect the cell density of the foam as a result of the increased isobutene gas generation and nucleation sites. The 

foaming temperature affected the cell size and cell density of the nanocellular foam by increasing the isobutene gas 

generation and decreasing polymer viscosity. However, the cell expansion at higher foaming temperatures was limited 

by the amount of gas generated from self-assembled cylindrical morphology with ϕPtBA = 30.5 wt%. Because of this, 

only spherical cells are produced instead of fully expanding throughout the PtBA-rich domains. UV-penetration 

experiments were conducted to examine the scalability of the UV-induced chemical foaming process for thicker 

nanocellular foam samples. Under the current experimental conditions, the maximum thickness of the nanocellular 

foam sample created by this process is 660 µm.  

In Chapter 4, the effect of the self-assembled morphology and Mn on the cell structure was investigated. The 

self-assembled morphology was shown to largely influence the structure and the expansion ratio of the nanocellular 

foams. The change in cell structure and expansion was mainly due to the amount of gas generated from the PtBA-rich 

domains and the stability of the PMMA-rich matrix. This expansion is observed in the transition from spherical cells 

from cylindrical PtBA morphology to nanocellular channels from lamella PtBA morphology which has higher ϕPtBA. 

Nevertheless, a structurally stable PMMA-matrix domain is required to restrict the cell coalescence and expansion to 

the micrometer scale, as clearly observed for short-ranged ordered PMMA cylindrical morphologies. On the other 

hand, the Mn influenced the cell size and expansion of the nanocellular foam. By increasing the Mn, the pitch of the 

self-assembled domains increases, nanocellular foams with larger cell sizes are created. However, the increase in 

polymer viscosity with Mn results in nanocellular foams with less expansion at high foaming temperatures. At 

sufficiently high Mn, the increase in polymer viscosity allows a wider foaming temperature window for nanocellular 

foam preparation, as demonstrated in lamella PtBA morphology with Mn = 233,200 compared to Mn = 73,800 and 

117,300. 

5.2 Future Prospects  

The production of nanocellular foams by UV-induced chemical foaming from self-assembled block 

copolymers has been discussed in this thesis, covering the block copolymer synthesis (Chapter 2) by TERP. It also 

elucidates the fundamental relationships between the process parameters (Chapter 3) and the self-assembled 

morphology (Chapter 4) on the cell size, shape, ordering, and expansion of the nanocellular foam. 

 The proposed UV-induced chemical foaming process has some advantages when compared to conventional 

physical foaming processes. As previously discussed, generating the gas through a chemical reaction allows the 

foaming process to be conducted at relatively low pressures, mild temperature conditions, and short foaming times. 

Apart from the mild foaming conditions, the stable self-assembled template allows control over the cell 

structure and ordering. To the author’s knowledge, this is the first demonstration of the production of highly-ordered 
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nanocellular foams with controllable cell structures. This could potentially enable the adjustment of the polymer 

properties for different applications. For instance, by creating highly ordered spherical cells with approximately 17 

nm cell size (Chapter 3), highly transparent nanocellular foams could be created with transmittance comparable to the 

neat material as shown in Figure 5.1. Further optimizing the thermal insulation with respect to the optical properties 

could allow the material to be used as transparent thermal insulating films for energy-efficient buildings. By improving 

the long-range ordering and connectivity of the nano-size hollow tubes created from lamella PtBA morphologies in 

Chapter 4, the nanocellular foams could be utilized in membrane filter applications.  

 

 

Figure 5.1 Transmittance of nanocellular foams created from cylindrical PMMA-b-PtBA self-assembled template with 

Mn = 59000 and ϕPtBA = 31 wt%. The foaming was conducted at 80 °C for 1-10 minutes. 

 

 While the UV-induced chemical foaming process of self-assembled block copolymers is a promising method 

to produce highly-ordered nanocellular foams, the process could be further improved in terms of the block copolymer, 

self-assembly, and scaling-up the foaming process. 

 As discussed in Chapter 4, the cell structure of the nanocellular foam produced from the chemical foaming 

process is highly dependent on the block copolymer specification. By selecting block copolymers with higher glass 

transition temperatures than PMMA, the stability of the matrix block could be significantly improved. This could 

allow nanocellular foams to be produced at a larger processing temperature window while maintaining smaller cell 

sizes. Furthermore, matrix blocks with enhanced properties could be selected, such as using polyimides (Tg > 300 °C) 

for their thermal stability and high mechanical strength.1,2 Another area that could be improved is the gas generation 

from the foamable block. In this thesis, PtBA which produced 1 molecule of isobutene gas per PtBA repeating unit 

was used to demonstrate the foaming process. However, the gas generation could be by selecting foamable blocks 

with different functional groups. For instance, tert-butoxycarbonyloxy (TBOC) groups could generate isobutene and 

CO2 from acid-catalyzed decomposition, and could potentially allow the production of polymer foams with higher 

expansion.3–5 
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The self-assembly of the block copolymer template could be improved by utilizing directed self-assembly 

techniques, such as graphoepitaxy6–8 and chemoepitaxy,6–8 or controlled solvent vapor annealing methods,9 to create 

well-aligned self-assembled templates towards a particular direction. Due to the structural stability of the self-

assembled template during the chemical foaming process, the well-aligned structure would also be transferred to the 

nanocellular foam. Such structural anisotropy could potentially improve the thermal, optical, and mechanical 

properties of the nanocellular foam. 

While the UV-induced chemical foaming process of block copolymers was successful on the laboratory scale, 

there are two major challenges in scaling up the process. The first challenge is that the thickness of the nanocellular 

foams produced is limited by the UV irradiation step. As discussed in Chapter 3, the UV-penetration for this 

experimental setup, at a UV wavelength of 254 nm and intensity of 1 mW/cm2, was approximately 330 µm. By 

irradiating both sides of the film, the maximum sample thickness is approximately 660 µm. Thicker films could 

potentially be created by using longer wavelength irradiation or higher irradiation intensity. For instance, LED light 

could be paired with visible light PAG,10,11 to allow acids to be created in thicker films. To prevent the heating up of 

the film, which may cause isobutene to be generated prematurely, highly intense light could be repeatedly flashed 

instead of using a longer exposure time.  Another method to allow thicker nanocellular foams to be created is to modify 

the gas generation method, as shown in Figure 5.2. Thermally liable functional groups, such as p-

toluenesulfonylhydrazides (TSH)12,13 or 2-hydroxyethyl acrylate groups,14 can generate gas directly through thermal 

decomposition. In some cases, an additional catalyst functional group can be embedded in the polymer backbone to 

facilitate the gas generation, such as the case of amides groups catalyzing the TBOC decomposition. Since no UV-

irradiation is required, the process is not limited by the UV penetration depth, and thick polymer foams can be created. 

 

 

 

Figure 5.2 Schematic for chemical foaming of self-assembled block copolymers with thermally liable functional 

groups 
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 The second challenge in scaling up the process is the material cost. In order to create the self-assembled 

template for the foaming process, the block copolymer should have well-controlled Mn and PDI, as discussed in 

Chapter 2. Apart from that, large-scale polymer purification processes could be required to remove the contaminants 

from the polymer. For example, instead of using the preparative GPC, as discussed in Chapter 2, liquid-liquid 

extraction or adsorption processes15 may be used to remove the surfactant in large-scale production. For these reasons, 

the material cost for the proposed UV-induced chemical foaming process is considerably higher than the physical 

foaming process. Due to this reason, improvement in large-scale block copolymer synthesis and purification is 

required for the proposed process to be utilized. While unsuitable for general-purpose materials, the UV-induced 

chemical foaming of block copolymers could be used to create materials that require the production of thin-film 

polymer foam with high thermal insulation or transparency for specific applications. 
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Appendix: Supporting Information 

A.1 Matlab Codes for the SEC peak normalization 

clear  

clc 

%% Import data 

fileloc="C:\Users\MPE6\Desktop\Podchara Rattanakawin\2020 synthesis\pr149"; 

filename="pr149"; 

file=fileloc+"\"+filename+".xlsx"; 

sheet="ptba3h"; 

x=[linspace(0,30,18001)]'; 

yraw=xlsread(file,sheet,'b1:b54001'); 

 

%% baseline settings 

xstart=13; 

xend=19; 

 

%% Convert y to same x 

y=zeros(18001,1); 

for i=1:18001 

    y(i)=yraw((i-1)*3+1); 

end 

 

%% baseline correction (1 point) 

xendloc=find(x==xend); 

xstartloc=find(x==xstart); 

ystart=y(xstartloc); 

yblcor=y-ystart; 

 

%% normalization find peak between start and end of baseline 

yfindpeak=zeros(xendloc:1); 

for j=1:xendloc 

    yfindpeak(j)=yblcor(j); 

end 
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ymax=max(yfindpeak); 

ynorm=yblcor/ymax; 

 

% plot(x,ynorm) 

%% write to excel 

xlswrite(file,y,sheet,"c1:c18001") 

xlswrite(file,x,sheet,"e1:e18001") 

xlswrite(file,ynorm,sheet,"f1:f18001") 

 

A.2 Matlab Codes for the TEM image FFT analysis  

clear 

clc 

 

%% import rgb image(use imagej to convert resize image) 

image1= "ps-50-chcl340cslo-80c5min_i029-rgb-1008nmpix"; 

imagename=image1+".jpg"; 

sem1 =imread(imagename); 

scale=1.008 %scale of image pix/nm 

 

%% convert image to gray image + reconfig  

semgs=rgb2gray(sem1); 

sem2= double(semgs)/256; 

image(semgs) 

 

%% perform FFT transform on image 

fft=fft2(sem2); 

fft=abs(fftshift(fft));%format so that the image is according to the pixel 

coordinate 

for fftx1= 348:353 % reduce effect of center pixel on brightness  

    for ffty1= 348:353 

        fft(fftx1,ffty1)=1; 

    end 

end 
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%% Plot and save 

fftcopy=fft(251:450,251:450);% copy only data at the center 

fftcopy2=fftcopy.^1; 

figure(1) 

imagesc(fftcopy2); 

x0=0; 

y0=0; 

width=20; 

height=20; 

set(gcf,'units','centimeters','position',[x0,y0,width,height]) 

savename1=image1+".png"; 

saveas(gcf,savename1) 

 

%% radial average function 

function profile = radialAverage(IMG, cx, cy, w) 

    % computes the radial average of the image IMG around the cx,cy point 

    % w is the vector of radii starting from zero 

    [a,b] = size(IMG); 

    [X, Y] = meshgrid( (1:a)-cx, (1:b)-cy); 

    R = sqrt(X.^2 + Y.^2); 

    profile = []; 

    for i = w % radius of the circle 

        mask = (i-1<R & R<i+1); % smooth 1 px around the radius 

        values = (1-abs(R(mask)-i)) .* double(IMG(mask)); % smooth based on 

distance to ring 

        % values = IMG(mask); % without smooth 

        profile(end+1) = mean( values(:) ); 

    end 

end 

   

%% radial average 

prof=zeros(1010,2); 

for fftx= 1:1010 

    prof(fftx,1)=fftx/10; 

    if fftx<10 

        prof(fftx,2)=0; 
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    else 

        prof(fftx,2)=log10(radialAverage(fftcopy2,101,101,fftx/10)); 

    end 

end 

 

%% 1D profile smoothing 

order1 = 3; 

framelen1= 21; 

profsg= sgolayfilt(prof(:,2),order1,framelen1); 

  

%% plot profile 

figure(2) 

plot(prof(:,1),profsg) 

x0=0; 

y0=0; 

width=15; 

height=10; 

set(gcf,'units','centimeters','position',[x0,y0,width,height]) 

savename2=image1+"-profile.png"; 

saveas(gcf,savename2) 

 

%% plot profile i-q 

figure(3) 

profq=prof(:,1).*2*pi().*scale/length(fft); 

plot(profq,profsg) 

x0=0; 

y0=0; 

width=15; 

height=10; 

xlabel('{\itq} [nm^-^1]') 

ylabel('{\itI} [-]') 

xlim([0.05 profq(length(profq))]) 

ylim([profsg(length(profsg))-.1 max(profsg)+0.1]) 

set(gcf,'units','centimeters','position',[x0,y0,width,height]) 

savename2=image1+"-profile-iq.png"; 

saveas(gcf,savename2) 
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A.3 Estimation of the gas pressure inside the cells  

The pressure of the gas inside the cells created in Chapter 3 were determined based on 2 major assumptions: 

the isobutene behaves as an ideal gas, and the gas is completely converted into the cells. The gas pressure inside the 

cells (Pg) could be estimated from Equation A.1, where ng, Vg, T and R are the amount of gas, total volume of the cells, 

foaming temperature and gas constant.1 The total volume of the gas could be estimated from the cell size and cell 

density as previously discussed in Chapter 3 using Equation 3.4 and Equation 3.5. The amount of gas could be estimate 

from the weight loss (Δm) measured by isothermal at different temperatures and time using Equation A.2, where the 

polymer density (ρp) is 1.25 g/cm3 and the isobutene molecular weight (Mw,isobutene) is 56 g/mol.  

The pressure of the gas is summarized in Table A.1. At 80 °C for 1-10 minutes foaming, Pg increased from 

411.7 to 2266.6 MPa. These values are higher than the elastic modulus (G’) at 80 °C, G’ = 385.2 MPa, and indicates 

that further expansion is expected to increase with time. While this expansion was observed initially from 1 to 5 

minutes with Vg of 2.4 ×10-2 to 3.7 × 10-2 cm3
gas/cm3

polym, the expansion decreased to 3.3 × 10-2 cm3
gas/cm3

polym after 

10 minutes foaming. This indicates that the isobutene does not completely convert to the cells, and some portion of 

the gas diffused out.  

For nanocellular foams created at 90 and 100 °C for 5 minutes, the pressure significantly decreased when 

compared to 80 °C. This is most likely due to easier cell expansion due to the softening of the polymer matrix at higher 

foaming temperatures. As previously discussed in Chapter 3, due to the limited amount of isobutene gas that can be 

created from PtBA cylindrical morphologies, no significant change in the gas volume was observed for 90 and 100 °C 

foamed samples. 

𝑃𝑔 =
𝑛𝑔𝑅𝑇

𝑉𝑔

 
(A.1) 

𝑛𝑔 =
𝛥𝑚 𝜌𝑝

𝑀𝑤,𝑖𝑠𝑜𝑏𝑢𝑡𝑒𝑛𝑒

 (A.2) 

 

 

Table A.0.1 Gas pressure inside the cell estimation for nanocellular foams created from PMMA-b-PtBA with Mn = 

59000 and ϕPtBA = 31 wt%. 

Condition d [a]  

(nm) 

N [a] 

 (cell/cm3) 

Vg 

(cm3
gas/cm3

polym) 

Δm [b] 

(ggas/gpolym) 

ng 

(molgas/cm3
polym) 

Pg 

(MPa) 

80°C 1 min 18.0 0.78×1016 2.4×10-2 0.015 3.4×10-4 411.7 

80°C 5 min 17.0 1.43×1016 3.7×10-2 0.078 17.3×10-4 1358.0 

80°C 10 min 16.1 1.54×1016 3.3×10-2 0.117 26.1×10-4 2266.6 

90°C 5 min 25.0 1.71×1016 14.0×10-2 0.093 20.1×10-4 440.9 

100°C 5 min 25.9 1.69×1016 15.4×10-2 0.107 24.0×10-4 478.0 

[a] Cell size and cell densities estimate from SEM images in Figure 3.9 and Figure 3.15 (c-d) 

[b]
 TGA weight loss measurements from Figure 3.18 
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Figure A.0.1 Temperature scan of the elastic modulus (g’) of PMMA-b-PtBA without PAG. (Torsion-mode 

experiments with strain of 0.3 % at frequency of 0.63 rad/s) 

 

 Using the gas pressure inside the cells, the growth rate of the bubbles could also be estimated using Equation 

A.3, where R is the bubble radius, η* is the complex viscosity of the polymer, Pg and Pf are the pressure inside the cell 

and the foaming pressure (Pf = 100325 Pa) and γp is the surface tension of the polymer.1 The rate of bubble growth 

(dR/dt) is summarized in Table A.2, where bubble growth is expected for these foaming conditions since dR/dt > 0. 

As previously discussed, this indicates that some isobutene gas diffused out of the foams during the foaming process. 

 

𝑑𝑅

𝑑𝑡
=

1

4𝜂∗
[(𝑃𝑔 − 𝑃𝑓)𝑅 − 2𝛾𝑝] (A.3) 

 

Table A.0.2 Cell growth rate (dR/dt) estimation for nanocellular foams created from PMMA-b-PtBA with Mn = 59000 

and ϕPtBA = 31 wt%. 

Condition Pg 

(MPa) 

η* [a] 

(Pa/s) 

γp
[b] 

(mN/m) 

dR/dt 

(nm/s) 

80°C 1 min 411.7 6.50×108 23.73 0.13 

80°C 5 min 1358.0 6.50×108 23.73 0.43 

80°C 10 min 2266.6 6.50×108 23.73 0.69 

90°C 5 min 440.9 5.21×108 23.22 0.25 

100°C 5 min 478.0 4.13×108 22.71 0.35 

[a]
 Complex viscosity from torsion-mode rheometer measurements in Figure 3.18 

[b]
 Surface tension estimated from γp,PMMA and γp,PnBA at different temperatures2 
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