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ABSTRACT A method to fabricate highly ordered nanocellular foam by incorporating the UV-11 

induced chemical foaming technique with self-assembly of a block copolymer, poly(methyl 12 

methacrylate-block-tert-butyl acrylate) (PMMA-b-PtBA) was reported in our previous 13 

communication [Rattanakawin, P. ACS Macro Lett. 2020, 9(10), 1433-1438]. Cells with a size of 14 

a few tens of nanometers were successfully generated within the cylindrical PtBA-rich domains 15 

by heating the UV-irradiated self-assembled PMMA-b-PtBA. Here, we show how other self-16 

assembled morphologies of PMMA-b-PtBA, such as lamellae and PMMA-rich cylinders, affect 17 

the formation of nanocellular foams. It is demonstrated that cells generated from the lamella 18 

templates are largely expandable compared to those from the cylindrical templates, mainly due to 19 

the increase in gas amount produced within the PtBA-rich domains. Meanwhile, the lamellar 20 
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framework is no longer maintained and transformed into a microcellular structure when the 1 

foaming temperature is increased near the glass transition temperature of PMMA. We show that 2 

such a drastic change in cell structure may be mitigated by increasing the molecular weight of 3 

PMMA. 4 

1. Introduction 5 

 Currently, the usage of polymer foams is extremely widespread and incorporates all aspects 6 

of our daily life, including the automotive,1,2 packaging,3 consumer products4 and construction5–9 7 

sectors. Because of their technical relevance and industrial applications, much focus has been 8 

shown on developing advanced polymer foams with enhanced properties. These properties include 9 

super-insulating materials with thermal conductivities less than air or equivalent to aerogel and 10 

mechanical properties comparable to or higher than that of the non-foamed polymer.10,11 One of 11 

the major strategies to achieve this is cell size reduction to the nanometer scale. The foams with a 12 

cell size less than 100 nm and cell density 1015-1016 cells/cm3 are called nanocellular foams. By 13 

creating highly dense nanosized cells, nanocellular foams have exhibited superior mechanical 14 

strength,12–15 thermal insulation,16–19 and optical properties20,21 compared to foams with larger cell 15 

sizes.  16 

 The cell structuring and ordering of the nanocellular foams have been shown to broadly 17 

impact the mechanical,12,13,15,19 thermal,10,11,19 and optical properties20–24 of polymer foams. In 18 

order to create nanocellular foams suitable for different applications, various strategies have been 19 

developed to control the cell structure of nanocellular foams produced by conventional foaming 20 

methods, referred to as the physical foaming process. In this process, CO2 is dissolved at a high 21 

pressure into the polymer; then, by releasing the pressure quickly, numerous cells are nucleated 22 

and expanded. The cell structure formation can be controlled by two major methods: adding bubble 23 

nucleating agents or using self-assembled block copolymer templates. By adding bubble 24 

nucleating agents, such as during the foaming process, the number density of bubble (cell) formed 25 

after the depressurization process significantly increases,11,15,25–28 which will increase the cell 26 

density and decrease the cell size of the foam. Using self-assembled block copolymers with CO2-27 

philic blocks is another strategy to control the cell structure. During the gas saturation process, the 28 

gas will selectively swell the CO2-philic blocks.29–33 This property enables the nucleation to be 29 
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controlled in the CO2-philic domains and increases the number density of bubble (cells) during the 1 

depressurization process. Using this method, Li et al.34 demonstrated the production of highly 2 

dense nanocellular foams with cell sizes and densities of 15-25 nm and 6-15×1010 cells/cm3
, 3 

respectively. However, due to the structural reconstruction of the self-assembly during CO2 4 

swelling and depressurization, cell ordering was not maintained through the foaming process. The 5 

concept of selective swelling has also been applied to blends of a homopolymer and a block 6 

copolymer and those of immiscible polymers, where a unique nanoporous structure was 7 

fabricated.35–37 8 

 An alternative method to create nanocellular foam is chemical foaming. Conventionally, 9 

the chemical foaming process involves mixing a blowing agent, such as azodicarbonamide and 10 

sodium hydrogen carbonate, into a polymer matrix. The blowing agent decomposes and generates 11 

gaseous compounds upon heating at a high temperature. The gas fills and expands the space 12 

originally occupied by the blowing agent. Since the particle size of the blowing agent is typically 13 

on the order of 1−10 μm,38,39 it remains challenging to create nanocellular foams by conventional 14 

chemical foaming processes.40 15 

Recently, we demonstrated new chemical foaming processes that enable the generation of 16 

nanocellular foams from UV-induced chemical reactions.41,42 In the UV-induced chemical 17 

foaming process, which was originally proposed by Kojima et al., 43 a copolymer containing a tert-18 

butyl ester functionalized polymer such as poly(tert-butyl acrylate) (PtBA) is mixed with a small 19 

amount of photoacid generators (PAGs). By irradiating the polymer film with UV light, acids are 20 

produced from the PAG and spread throughout the film upon heating. As a result, isobutene is 21 

generated from the tert-butyl ester deprotection reaction of PtBA, as shown in Scheme 1(a). The 22 

isobutene gas expands the polymer matrix softened by heating. In the case of a random copolymer, 23 

poly(methyl methacrylate-r-tert-butyl acrylate) (PMMA-r-PtBA), nanocellular foams generated 24 

from UV-induced chemical foaming have cell sizes of 100-200 nm.41 25 

To enhance the cell ordering, we incorporated UV-induced chemical foaming with self-26 

assembly of the block copolymer.42 As shown in Scheme 1(b), this process involves two major 27 

steps: (1) creating a self-assembled block copolymer template with a periodic structure of the gas-28 

producible minor domains and (2) controlling the gas generation and expansion within the minor 29 
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domains. Using the proposed method, we generated highly ordered spherical nanocellular foams 1 

from self-assembled PMMA-b-PtBA, where the cylindrical PtBA-rich domains are hexagonally 2 

packed in a PMMA-rich matrix.42 The formation of spherical cells from the cylindrical PtBA-rich 3 

domains was speculated to be a result of the limited amount of gas produced within the cylindrical 4 

domains. 5 

In this study, we applied the UV-induced chemical foaming technique to different self-6 

assembled morphologies of PMMA-b-PtBA to elucidate their influence on the formation of 7 

nanocellular foam. By adjusting the weight fraction of the PtBA block (ϕPtBA) or the molecular 8 

weight (Mn) of PMMA-b-PtBA, we generate cylindrical and lamellar PtBA-rich domains and 9 

short-range ordered PMMA-rich domains. The cell structure created by producing gas within the 10 

PtBA-rich domains largely depends on the self-assembled morphology of PMMA-b-PtBA. The 11 

difference in cell structure is explained based on a balance between the amount of gas produced in 12 

the PtBA-rich domains and the stability of PMMA-rich domains. We also investigated the relation 13 

between the size of PtBA-rich domains and the expansion of resulting cells by using the lamellar 14 

morphology generated from symmetric PMMA-b-PtBA with different Mn values. Interestingly, 15 

even if more gas is generated within the PtBA-rich domains at higher Mn, the cell expansion may 16 

be limited due to a sharp increase in viscosity of PMMA-rich domains. The results in this study 17 

are expected to provide insight to control the size, shape, and ordering of nanocellular foams 18 

generated from the UV-induced chemical foaming process with self-assembled block copolymer 19 

templates. 20 

 21 

 22 

Scheme 1. (a) Acid-catalyzed tert-butyl ester deprotection reaction and (b) UV-induced chemical 23 
foaming of self-assembled block copolymer process flow. 24 
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 1 

2. Experimental Section 2 

2.1 Materials 3 

The specifications of PMMA-b-PtBA are summarized in Table 1, which includes two sets 4 

of samples: three different PtBA weight fractions (Samples 1-3) and four different molecular 5 

weights (Samples 4-7). Samples 1-3 were purchased and used as received from Polymer Source 6 

Inc. (Canada). Samples 4-7 were synthesized by organotellurium-mediated free radical 7 

polymerization,44–49 whose detailed procedures and results are summarized in the Supporting 8 

Information. A photoacid generator (PAG), BBI-109, was purchased from Midori Kagaku Co., 9 

Ltd. (Japan). The maximum absorption wavelength of the PAG was 254 nm. 10 

  11 
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Table 1. Specification of PMMA-b-PtBA with different molecular weights and PtBA weight 1 
fractions (ϕPtBA). 2 

Sample[a] 
Mn 

(g/mol) 

ϕPtBA  

(wt%) 
Đ Casting Conditions 

1 59000 30.5 1.20 CHCl3, room temp. for 5 days 

2 56500 52.2 1.20 THF, 40 °C for 10 days 

3 57000 66.7 1.20 THF, 40 °C for 10 days 

4 25500 58.9 1.28 CHCl3, 40 °C for 7 days 

5 73800 56.6 1.32 CHCl3, 40 °C for 7 days 

6 117300 55.1 1.29 CHCl3, 40 °C for 7 days 

7 233200 56.6 1.34 CHCl3, 40 °C for 7 days 
[a] Samples 1-3 were purchased from Polymer Source, whereas Samples 4-7 were synthesized by TERP emulsion 3 
polymerization (detailed synthesis procedures summarized in the Supporting Information). 4 

2.2 UV-induced chemical foaming of the PMMA-b-PtBA film 5 

 PMMA-b-PtBA films were prepared by solution casting [Scheme 2]. For all samples, the 6 

polymer solution was prepared by dissolving 0.20 g of PMMA-b-PtBA and 0.01 g of PAG in 20 7 

g of solvent. Different solvents and casting conditions were selected to form a homogenous film 8 

(refer to Table 1). Two types of solvents were used here: THF for Samples 2 and 3 and CHCl3 for 9 

the others. The polymer solution was cast on a 50-ml glass vial, and the solvent was removed either 10 

under ambient conditions (Sample 1) or by heating at 40 °C (Samples 2-7). For the latter samples, 11 

the speed of the solvent evaporation was slowed down by loosely covering the glass vial with a 12 

cap. After several days of solvent removal, the resulting film was further dried in vacuum for 24 13 

hours. The films were then removed from the glass vial in liquid nitrogen and then dried in a 14 

vacuum for 24 hours, resulting in PMMA-b-PtBA films with a thickness of 150 µm. 15 

  16 
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Scheme 2. PMMA-b-PtBA solution casting process. The thickness of the PMMA-b-PtBA film 1 
was estimated from the cross-sectional SEM image of the as-cast sample. 2 

 3 

 The PMMA-b-PtBA film was foamed by the UV-induced chemical foaming method as 4 

previously reported.41–43 The film was first exposed to UV light to generate acids from the PAG. 5 

UV irradiation was conducted with a UV lamp (UVGL-58, UVP, U.K.), whose wavelength, 6 

intensity, and dosage were set at 254 nm, ~1 mW/cm2 and 3600 mJ/cm2, respectively. Immediately 7 

after UV irradiation, the sample was heated on a hotplate at 80-100 °C for 5 minutes to accelerate 8 

acid diffusion. The cells were created with the isobutene gas generated from the deprotection 9 

reaction of PtBA, and they were expanded in the polymer matrix softened by heating. 10 

2.3 Characterization 11 

 The self-assembled morphology of PMMA-b-PtBA was characterized by small-angle X-12 

ray scattering (SAXS) (NANO-Viewer, Rigaku Corp., Japan) and transmission electron 13 

microscopy (TEM) (JEM-2100F, JEOL, Ltd., Japan). In the SAXS measurements, an incident X-14 

ray beam (Cu Kα, λ=0.15418 nm) was irradiated through the bulk PMMA-b-PtBA for 6 hours. 15 

The TEM samples were prepared using an ultramicrotome (Ultracut E, Reichert-Jung Inc., USA) 16 

as thin films of ~80 nm in thickness and placed on a TEM grid. TEM experiments were conducted 17 

at an acceleration voltage of 200 kV. 18 
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 The porous structure of the foamed PMMA-b-PtBA film was observed using scanning 1 

electron microscopy (SEM) (SU8000, Hitachi High Technologies Corp., Japan) with an 2 

acceleration voltage of 10 kV. The foamed samples were cut into thin slices with an 3 

ultramicrotome and placed on a silicon wafer. If the cell size was over the micrometer range, the 4 

entire sample was directly observed by SEM after removing the film surface by the ultramicrotome. 5 

Prior to the SEM observation, the sample surface was covered with ~1-nm-thick platinum by 6 

sputtering to avoid charging effects. The cell size was estimated from the SEM images using 7 

ImageJ software (National Institutes of Health, U.S.A.).50,51 8 

 The density (ρ) of the as-cast and the foamed samples were estimated by a flotation 9 

method.52  The samples were immersed in a liquid mixture of ethanol, water, and glycerol. The 10 

fraction of ethanol, water, and glycerol was adjusted to make the liquid density a value in the range 11 

of 0.79 to 1.26 g/cm3. The sample density was determined from the liquid density in which neither 12 

sinking nor floating of the sample occurred. Note that the density measurement was conducted 13 

only for the nanocellular foam samples since the density of the microcellular foam samples was 14 

lower than the density of pure ethanol. The expansion ratio (Φ) and porosity (fg) can be estimated 15 

from Equations (1) and (2), where ρs and ρf are the densities of the solid and foamed sample, 16 

respectively. 17 

Φ =
𝜌𝜌𝑠𝑠
𝜌𝜌𝑓𝑓

 (1) 

𝑓𝑓g = 1 −
𝜌𝜌𝑓𝑓
𝜌𝜌𝑠𝑠

× 100% 
(2) 

 

 The thermal decomposition of PMMA-b-PtBA was measured by isothermal 18 

thermogravimetric analysis (TGA) (DTG-60H, Shimadzu Corp., Japan) at 80-100 °C. The TGA 19 

samples were prepared by casting 200 µl of a polymer solution containing PMMA-b-PtBA (5 20 

wt%) and PAG (0.025 wt%) in chloroform on a 4-cm2 silicon wafer. The solvent was allowed to 21 

evaporate for 12 hours under ambient conditions, followed by vacuum drying for 12 hours to 22 

ensure complete solvent removal. Prior to the TGA measurements, acids were generated within 23 

the PMMA-b-PtBA films by UV irradiation at 254 nm and a dosage of 3600 mJ/cm2. 24 

 25 
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3. Results and discussion 1 

3.1 Effect of self-assembled morphology on the cell structure 2 

 The PMMA-b-PtBA film containing a small amount of PAG was prepared by solution 3 

casting, where the solvent was gradually removed by evaporation. Figures 1(a-c) show the TEM 4 

images of the PMMA-b-PtBA films obtained from the solvent casting of Samples 1-3. All samples 5 

have similar Mn of 56500-59000 g/mol but different weight fractions of PtBA (ϕPtBA), i.e., 31, 52, 6 

and 67 wt%. At ϕPtBA = 31 wt%, stripe patterns coexist with hexagonally packed darker dots [Figure 7 

1(a)]. PtBA is the minor domain here, and the darker color corresponds to the PtBA-rich phase. 8 

The SAXS profile exhibits the first Bragg peak at a scattering vector (q*) of 0.19 nm-1 and the 9 

second and third peaks at scattering vectors (q) of 0.38 nm-1 (q/q* = 2.00) and 0.50 nm-1 (q/q* = 10 

2.63), respectively [Figure 1(d)], which is essentially consistent with the theoretical profile of 11 

hexagonally packed cylindrical morphology, i.e., q/q* = 1: √3: 2: √7. 53,54 The peaks missed at 12 

q/q* = √3 and weakened at q/q* = 2 can be due to the domain form-factor of the self-assembled 13 

structure.53,54 At ϕPtBA = 52 wt%, only stripe patterns are observed [Figure 1(b)], and the SAXS 14 

profile is composed of the peaks appearing at q/q* = 1:2:3 with q* of 0.219 nm-1 [Figure 1(d)]. 15 

The weak peak at q/q* = 2 may indicate that the thickness of PtBA-rich domains is almost equal 16 

to that of PMMA-rich domains.55,56 These observations show that symmetric PMMA-b-PtBA 17 

forms a lamellar morphology with an l0 of 29 nm. At ϕPtBA = 67 wt%, short segments of phase-18 

separated domains are observed [Figure 1(c)]. Since the brighter domains cover ~39% of the total 19 

area in Figure 1(c), they may correspond to PMMA-rich domains. The SAXS profile shows peaks 20 

at q/q* = 1: 1.76 (√3): 2.66 (√7) with q* of 0.170 nm-1 [Figure 1(d)], which indicates the 21 

formation of cylindrical PMMA-rich domains with l0 of 37 nm. It is speculated that the self-22 

assembled structure may be kinetically trapped during solvent evaporation57,58, so the ordering of 23 

cylindrical PMMA-rich domains may be limited to a short range. 24 
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 1 

Figure 1. Self-assembled morphology of PMMA-b-PtBA at different PtBA weight fractions 2 

(ϕPtBA). (a-c) TEM images of PMMA-b-PtBA at ϕPtBA = (a) 31, (b) 52, and (c) 67 wt%. (d) SAXS 3 

profile of the self-assembled PMMA-b-PtBA. The bright and dark domains in the TEM image 4 

correspond to the PMMA- and PtBA-rich domains, respectively. In the SAXS profile, the 5 

scattering intensity (I) is plotted against the scattering vector (q), and the positions of scattering 6 

peaks are marked by black triangles. The scattering vectors of the first peak (q*) are 0.190, 0.219, 7 

and 0.170 nm-1 at ϕPtBA = 31, 52, and 67 wt%, respectively. 8 

Figure 2 illustrates the cell structures obtained by foaming the self-assembled PMMA-b-9 

PtBA films at 80-100 °C for 5 minutes. From the cylindrical PtBA-rich domains, highly ordered 10 

spherical cells are formed [Figures 2(a-c)], similar to those reported in our previous work.42 The 11 

resulting cell sizes are 17, 25, and 26 nm at foaming temperatures of 80, 90, and 100 °C, 12 

respectively. In the case of the lamellar morphology, many small cells are formed in the PtBA-rich 13 

domains by foaming at 80 °C [Figure 2(d)]. These cells merged along the PtBA-rich domains and 14 

expanded against the PMMA-rich domains at 90 °C [Figure 2(e)]. The width of the PMMA-rich 15 

domains remains almost unchanged, i.e., ~35-40 nm. At 100 °C, the cell size abruptly expands to 16 

hundreds of micrometers, which results in the formation of a microcellular structure [Figure 2(f)]. 17 
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Table 2 lists the expansion ratio of the foamed films calculated with Equation (1). The 1 

densities of the as-cast and the foamed samples were measured with floatation method. The 2 

PMMA-b-PtBA at ϕPtBA = 31 wt.% exhibits a limited expansion ratio in the range from 1.01 (80 °C) 3 

to 1.10 (100 °C), whereas that at ϕPtBA = 52 wt.% shows a larger expansion ratio, i.e., 1.21 (80 °C) 4 

and 1.48 (90 °C). Note that the expansion ratio of the sample of ϕPtBA = 52 wt.% foamed at 100 °C 5 

could not be accurately determined with the floatation method because the density of the 6 

microcellular foam [Figure 2(f)] was much lower than the density of pure ethanol.  7 

There are two major factors for a significant increase of expansion ratio and a drastic 8 

change of cell morphology observed at the film of ϕPtBA 52 wt.%. First, increasing the ratio of the 9 

PtBA-rich domains produces more amount of isobutene gas. According to the isothermal TGA 10 

measurements of PtBA-b-PMMA samples [Figure 3], the gas amount produced by heating the 11 

sample of ϕPtBA = 52 wt.% for 5 minutes is 11, 13, and 15 wt.% at 80, 90, and 100 °C, respectively. 12 

These values are approximately 37-50% higher than those generated from the sample of ϕPtBA = 13 

31 wt.%, i.e., 8, 9, and 10 wt.% at 80, 90, and 100 °C, respectively.  The second factor influencing 14 

the cell structure and the expansion ratio is the mechanical stability of PMMA-rich domains.  At 15 

ϕPtBA = 31 wt.%, the cylindrical PtBA-rich domains are surrounded by the PMMA-rich matrix. On 16 

the other hand, at ϕPtBA = 52 wt.%, the planar PtBA-rich domains are sandwiched between the thin 17 

PMMA-rich layers. The latter case is mechanically less stable than the cylindrical domain case. It 18 

is speculated that the softened PMMA-rich lamellar domains may be collapsed at 100 °C with the 19 

increased amount of gas. 20 

For the short-range-ordered cylindrical PMMA morphology, microcellular foams have 21 

been created at 80 °C [Figure 2(g)], and their size is further increased at higher temperatures 22 

[Figure 2(h,i)]. Therefore, to maintain the framework of self-assembled morphology during the 23 

foaming process, it is essential that a continuous matrix is made of the PMMA-rich phase and 24 

foamable domains are sufficiently isolated from one another. 25 
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 1 
Figure 2. SEM images of foamed PMMA-b-PtBA with different PtBA weight fractions (ϕPtBA): 2 

(a-c) 31 wt% (Sample 1), (d-f) 52 wt% (Sample 2) and (g-i) 66 wt% (Sample 3). Foaming was 3 

conducted at (a, d, g) 80, (b, e, h) 90 and (c, f, i) 100 °C for 5 minutes. 4 

Table 2. Change in density, expansion ratio, and porosities of PMMA-b-PtBA with ϕPtBA = 31 5 
and 52 wt.% foamed at 80-100 °C for 5 minutes. The density measurements were only conducted 6 
for the as-cast and the nanocellular foams. 7 

ϕPtBA 
(wt%) Conditions Density 

(g/cm3) 
Expansion 

Ratio 
Porosity  

(%) 

31 

As-Cast 1.26 - - 

80 ºC 5 min 1.25 1.01 1.0 

90 ºC 5 min 1.17 1.08 7.4 

100 ºC 5 min 1.14 1.10 9.1 

52 
As-Cast 1.26 - - 

80 ºC 5 min 1.04 1.21 17.3 

90 ºC 5 min 1.03 1.48 32.4 
 8 
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 1 

Figure 3. Isothermal TGA thermographs of PMMA-b-PtBA after UV irradiation of PMMA-b-2 

PtBA with (a) ϕPtBA = 31 wt.%, (b) ϕPtBA = 51 wt.% and (a) ϕPtBA = 67 wt.% at 80-100 °C. The 3 

measurements were conducted at three different temperatures: 80 °C (black line), 90 °C (red), and 4 

100 °C (blue) 5 

3.2 Effect of the molecular weight on the cell structure 6 

The self-assembled morphology of symmetric PMMA-b-PtBA is shown in Figure 4, where 7 

the molecular weight is varied from 25500 to 233200. No self-assembled morphology is observed 8 

at Mn = 25500 g/mol [Figure 4(a)], whereas a lamellar structure is formed at a larger Mn [Figures 9 

4(b-d)]. A transition from disorder to an ordered phase is expected to occur at χN = 10.5 59,60, where 10 

χ and N denote the Flory-Huggins interactive parameter and degree of polymerization, respectively. 11 

For PMMA-b-PtBA, the estimated value of χN is ~18 at Mn = 25500 g/mol (see Supporting 12 

Information for the detailed calculations), which is larger than the theoretical limit. It is speculated 13 

that such a discrepancy may be caused by an overestimation of Flory-Huggins parameter for 14 

solvent annealing 61,62 and by no consideration of thermal fluctuation effects on phase 15 

separation.63,64 16 

At Mn > 25500 g/mol, the size of lamellae becomes larger with increasing Mn [Figures 5(b-17 

d)]. The minimum periodicity of lamellae (l0), which is estimated from the first peak of the SAXS 18 

profile [Figure 5(a)], is 44, 70, and 130 nm at Mn = 73800, 117300, and 233200 g/mol, respectively. 19 

This result yields a power law relationship, i.e., 𝑙𝑙0 ∝ 𝑀𝑀𝑛𝑛
𝛼𝛼 , with an exponent 𝛼𝛼 of 0.92 [Figure 5(b)]. 20 

The resulting value of 𝛼𝛼 largely deviates from the theoretical prediction, i.e., 2/3,55,65,66 which 21 

indicates a potential for insufficient equilibration of the self-assembled morphology. Indeed, the 22 

width of lamellae varies within the TEM images at larger Mn [Figures 5(c,d)]. Nonetheless, the 23 
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three lamellae morphologies are sufficiently distinct to investigate the effects of the lamella size 1 

on cell expansion. 2 

 3 
Figure 4. TEM images of the self-assembled morphology of symmetric PMMA-b-PtBA with Mn 4 

of (a) 25500, (b) 73800, (c) 117300, and (d) 233200 g/mol. The bright and dark domains in the 5 

TEM image correspond to the PMMA and PtBA-rich domains, respectively. 6 

 7 

 8 
Figure 5. Characterization of the lamella morphology. (a) SAXS profiles of symmetric PMMA-9 

b-PtBA with four different Mn values: 25500, 73800, 117300, and 233200 g/mol. The scattering 10 

vectors of the first peak (q*) are 0.259, 0.142, 0.090, and 0.048 nm-1 at Mn = 25500, 73800, 117300, 11 

and 233200 g/mol, respectively. (b) Estimated lamella l0 from the SAXS profile as a function of 12 

Mn. 13 
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 UV-induced chemical foaming experiments were conducted at three different 1 

temperatures: 80, 90, and 100 °C for the four templates shown in Figure 4. The resulting cell 2 

structures are summarized in Figure 6. From the disordered template (Mn = 25500 g/mol), cells are 3 

sparsely generated with a size of a few tens of nanometers at 80 °C [Figure 6(a)]. It is speculated 4 

that the cell nucleation and the cell expansion were not promoted with the disordered template 5 

because the cells were created within homogeneous PtBA and PMMA phases, rather than the 6 

PtBA-rich domain. As a result, the cells were relatively small and sparse, the density of the sample 7 

foamed at 80 °C remained unchanged when compared to the as-cast sample [Table 3]. On the other 8 

hand, at higher foaming temperatures, the homogeneous PtBA and PMMA phases became soft 9 

enough to allow further cell expansion, resulting in microcellular foams [Figures 6(b,c)]. 10 

In contrast, the lamellar templates (Mn > 25500 g/mol) effectively control the location and 11 

size of cells. Figure 6 shows that darker stripes widen when the foaming temperature is increased 12 

from 80 °C to 90 °C. These darker stripes correspond to trenches observed in the cross-sectional 13 

SEM image of the foamed sample at 90 °C [Figure 7]. Table 3 summarizes the cell widths 14 

estimated from the SEM images in Figure 6, together with the density, expansion ratio, and 15 

porosity measured by the flotation method. Based on the density reduction of the foamed samples 16 

shown in Table 3, it is confirmed that the nano-sized hollow structures were indeed formed within 17 

the lamellar PtBA-rich domain foamed at 80 °C. As the foaming temperature increases to 90 °C 18 

further decrease in the material density indicates that the gas in the hollow expands and pushes off 19 

the surrounding polymers. Since the cells are created directly from the PtBA-rich domains, the 20 

larger self-assembled domains in higher molecular weight PMMA-b-PtBA results in larger cell 21 

sizes [Table 3]. 22 

From Table 3, a decreasing trend of the expansion ratio with the increase of molecular 23 

weight of symmetric PMMA-b-PtBA was observed regardless of the foaming temperature. For 24 

instance, in the case of PMMA-b-PtBA foamed at 90 °C, the expansion ratios were 1.41, 1.38, and 25 

1.22 for Mn = 73800, 117300, and 233200 g/mol, respectively. This trend and the observation that 26 

the lamellar morphology is maintained at 100 °C only for the largest Mn, may stem from the 27 

viscosity of the PMMA-rich matrix. The zero-shear viscosity (η0) of PMMA with different Mn can 28 

be estimated by Flory-Fox equation, where 𝜂𝜂0 ∝ 𝑀𝑀𝑛𝑛
3.4.67 Indeed, η0 for PMMA-b-PtBA at Mn = 29 

117300 and 233200 g/mol is expected to be approximately 5 and 50 times that of Mn = 73800 30 
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g/mol, which suggests that the viscosity may be a major factor that controls the cell expansion. A 1 

similar relationship between the viscosity and the nanocellular foam formation was previously 2 

reported for the nanocellular foams created by physical foaming.68–70  3 

 4 
Figure 6. SEM images of foamed PMMA-b-PtBA with different Mn: (a-c) 25500 (Sample 4), (d-5 

f) 73800 (Sample 5), (g-i) 117300 (Sample 6) and (j-l) 233200. Foaming was conducted at (a, d, 6 

g, j) 80, (b, e, h, k) 90 and (c, f, i, l) 100 °C for 5 minutes. 7 

  8 
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 1 

Figure 7. (a) SEM images of the cell morphology at the edge of the microtome sample for PMMA-2 

b-PtBA with Mn = 117300 g/mol foamed at 90 °C for 5 minutes; (b) Schematic image of SEM 3 

observation. 4 

Table 3. Change in cell width, density, expansion ratio and porosity of PMMA-b-PtBA with 5 

various Mn foamed at a temperature in the range of 80-100 °C for 5 minutes.  6 

Mn 
(g/mol) Conditions Cell width 

(nm) 
Density 
(g/cm3) 

Expansion 
Ratio 

Porosity 
(%) 

25500 

As-cast - 1.23 - - 

80 ºC 5 min - 1.23 1 0.0 

90 ºC 5 min Microcellular - -. - 

100 ºC 5 min Microcellular - - - 

73800 

As-cast - 1.25 - - 

80 ºC 5 min 17 ± 3 1.06 1.17 14.5 

90 ºC 5 min 43± 13 0.88 1.41 29.1 

100 ºC 5 min Microcellular - - - 

117300 

As-cast - 1.26 - - 

80 ºC 5 min 29 ± 4 1.10 1.14 12.2 

90 ºC 5 min 61 ± 20 0.91 1.38 27.5 

100 ºC 5 min Microcellular - - - 

233200 

As-cast - 1.26 - - 

80 ºC 5 min 42 ± 7 1.12 1.13 11.5 

90 ºC 5 min 76 ± 21 1.04 1.22 18.0 

100 ºC 5 min 109 ± 15 0.92 1.36 26.5 
  7 
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3.3 Comparison to nanocellular foams produced by physical foaming with self-assembled 1 

block copolymers 2 

The use of self-assembled block copolymers as a template in creating nanocellular foams 3 

has been studied extensively for physical foaming. In physical foaming, one side of the block 4 

copolymer chain is designed to be CO2-philic, e.g., poly(perfluorooctylethyl 5 

methacrylate),30,32,34,71,72 poly(1,1,2,2-tetrahydroperfluorodecyl acrylate)73 and poly(ethylene 6 

glycol).33,74,75 During the foaming process, supercritical CO2 is selectively dissolved into the self-7 

assembled CO2-philic domains under a high temperature and a high pressure, and it is expanded 8 

by releasing the physical constraints. The cell size can be controlled by adjusting some process 9 

parameters, such as gas saturation pressure and foaming temperature. However, during the gas 10 

saturation and foaming processes, the self-assembled morphology may be reconstructed and/or 11 

significantly softened due to the supercritical CO2.29,32,33,72 Therefore, it remains challenging to 12 

maintain the framework of a self-assembled template and enhance the ordering of cells through 13 

the physical foaming process. 14 

 In contrast to physical foaming, UV-induced chemical foaming techniques do not require 15 

harsh process conditions or large-scale equipment. Similar to the conventional chemical foaming 16 

process, one can generate cells and expand them by heating the self-assembled PMMA-b-PtBA. 17 

As shown in this study, the cell size and the expansion ratio of our nanocellular foams ranged from 18 

17-109 nm and 1.01-1.48, respectively. These are comparable to the nanocellular foams produced 19 

by the physical foaming of the self-assembled block copolymers. 11,30,34,71,76  One of the benefits 20 

of the proposed chemical foaming method is the capability of preparing a micrometer order thin 21 

nanocellular foamed film.  The physical foaming with N2 and CO2 cannot prepare the thin foamed 22 

film because of the formation of non-foamed layers (skin layers) 50 – 200 µm in thickness on the 23 

foam surface.  However, this would become a disadvantage of the proposed method. It would not 24 

be easy to make thick nanocellular foam. The UV penetration depth limits the maximum thickness 25 

of the preparable nanocellular foams. By conducting UV-penetration experiments with a thicker 26 

PMMA-b-PtBA sample 450 µm in thickness, the UV-penetration depth was approximately 345 27 

µm [Supporting Information Figures S6 and S7]. By conducting the UV-irradiation from both 28 

sides of the as-cast film, the maximum thickness of the nanocellular foam was approximately 790 29 

µm.  30 
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Using the UV-Vis spectroscopy ((V-730, Jasco Corp, Japan), the attenuation coefficients of the polymer 1 

films [Supporting Information Figure S8]. Interestingly, the PMMA-b-PtBA film with 5wt.% PAG 2 

has higher UV light attenuation while the PMMA-b-PtBA film with 0 wt.% PAG has a lower light 3 

attenuation. PAG in film significantly absorbs the UV light. PAG was converted to acids in the 4 

proposed chemical foaming method by reacting to the UV light, and UV light penetrated further 5 

in the polymer film. Namely, the absorption coefficient of the polymer film with PAG would 6 

dynamically change during the reaction process, which causes the discrepancy between the 7 

attenuation coefficient measured by UV-Vis spectroscopy and UV-penetration depth observed by 8 

SEM.  Further investigation is needed to control the penetration depth of UV in the film with PAG. 9 

Besides the UV-penetration depth control, the thickness of the foam can be tuned by the process 10 

parameters such as PAG concentration and UV dosage41, or by direct gas generation from 11 

thermally liable functional groups, such as tert-butoxycarbonyloxy77–79, 2-hydroxyethyl acrylate80 12 

and p-toluenesulfonylhydrazide81.  13 

Apart from the physical and chemical foaming processes, nanosized cells in the thin film 14 

can also be created from self-assembled block copolymer templates through selective etching, 15 

where one of the blocks is decomposed and removed by either a wet or dry etching process.82–86 16 

The cell structure and size in the process are predetermined from the original self-assembled 17 

morphology of the block copolymer, and they are hardly changed by further processing. 18 

4. Conclusions 19 

 In this study, we investigated the effects of the self-assembled PMMA-b-PtBA morphology 20 

on the cell structure generated from UV-induced chemical foaming. Highly ordered spherical cells 21 

were created from the hexagonally packed cylindrical morphology, whereas nanocellular trenches 22 

were generated within the PtBA-rich domains in the lamellar morphology. In the latter case, a 23 

sufficient amount of gas was contained within the lamellar PtBA-rich domains; the cells were 24 

widened as the foaming temperature was raised. In the case of Mn = 73800 g/mol, the cell width 25 

was increased from 16.7 nm to 42.8 nm with increasing foaming temperature from 80 °C to 90 °C. 26 

The cell expansion was found to decrease with increasing Mn, which may result from a sharp 27 

increase in viscosity. The importance of the stiffness of the PMMA-rich matrix was signified at 28 

100 °C. The lamellar framework with smaller Mn, i.e., 73800 and 117300 g/mol, was not 29 
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sufficiently stiff to keep the gas within the PtBA-rich domains, and they were transformed into 1 

microcellular foams. These fundamental relationships between the self-assembled PMMA-b-PtBA 2 

morphology and the cell structure generated from UV-induced chemical foaming are expected to 3 

provide useful guidelines to control the size, shape, and ordering of nanocellular foams. 4 
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