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1. Introductory remarks 
1.1. Background 

1.1.1. Commonly Used Polymeric Materials 

In general, synthetic polymeric materials that we use in our daily life can be divided into two 

groups based on the method used for their synthesis. One group comprises methods that utilize 

linear polymers (e.g., solution and bulk polymerization), while the other group contains polymers 

formed from methods that use polymer microspheres (e.g., emulsion, mini-emulsion, or 

precipitation polymerization). Polymeric materials formed from polymer microspheres, called 

latex films,1-3 have found many every-day applications because they are able to form films in water 

systems, are easy to store, and are environmentally friendly. Latex films have found three major 

areas of applications in paints,4,5 adhesives,6,7 and paper processing,8,9 and are also used as ink10 

for posters, signboards, and road markings. Because they are water-based materials with a low 

impact on the human body, they are also used in rubber gloves and cosmetics. In columns11 and 

pressure sensors12-14 they are used for the structural color change that is produced by the 

aggregation of the microspheres. Thus, it can be concluded that in our daily life, we are surrounded 

by a variety of synthetic polymeric materials formed from polymer microspheres. 

 

1.1.2 The Disadvantages of Latex Films 

 Latex films tend to be brittle; accordingly, the polymeric materials formed from polymer 

microspheres described above require additives (impurities) and organic solvents to ensure 

sufficient strength of the films.15 Thus, fusion auxiliaries that promote the fusion of the 

microspheres, cross-linking agents that tightly bind the interface of the microspheres, anti-aging 

agents, vulcanizing agents, and others are often introduced in such films (Table 1). However, the 

impact of these additives on the environment and human health are often problematic. 
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Table 1. Classification of the additives used in the preparation of films from polymer microspheres. 

 
 

Polymer microspheres exhibit unique properties that are significantly different to those of linear 

polymers. Therefore, one of the factors that currently prevents the improvement of the mechanical 

properties of films made from polymer microspheres is the need to consider the preservation these 

unique properties. In addition to the toughness of the individual microspheres, films made from 

polymer microspheres need to take into account the deformation and bonding behavior of the 

microspheres, as well as the depth of the interpenetration of the polymer chains at the interface of 

the microspheres. Only when both factors are adequately considered can the mechanical properties 

of the film be improved. 

 

1.1.3 Toughening of Materials 

There are two main methods for toughening materials. The first method is to strengthen the 

material by forming a composit in a matrix. Important examples of this method includer reinforced 

concrete, invented in 1853, and carbon-fiber-reinforced plastics (Table 2). The secound method is 

to strengthen the material by focusing on the ‘crosslink point’ in network polymers. In recent years, 

it has been confirmed that various mechanical properties (such as high elongation, swelling, or 

elasticity), that cannot be attained by conventional cross-linking, can be importanted on a bulk 

polymer material by focusing on the ‘crosslink point’. In 2002, Haraguchi et al. reported the 

synthesis of nanocomposite hydrogels via a radical polymerization in the presence of an N-

isopropylacrylamide (NIPAm) monomer and silicate nanoplatelets.16,17 These hydrogels showed 

high fracture strain (~1000%) and it was proposed that the brush-like polymers connect several 

silicate nanoparticles by physical cross-linking that is mainly a result of hydrogen bonding. In 
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addition, silica particles,18,19 graphene oxide,20 activated carbon,21 and magnetic particles (iron 

oxide)22 have been used in lieu of the clay. In 2003, Gong et al. reported strong hydrogels generated 

by inducing a double network structure from various combinations of hydrophilic polymers.23-26 

These double network hydrogels (DN gels) consist of a primary network (PAMPS: poly(2-

acrylamido-2-methyl-propanesulfonic acid) and a secondary network (PAAm: polyacrylamides). 

When the DN gel is stressed, the primary network that is rigid and brittle breaks down. As this 

break occurs at various locations in the DN gel, the energy given to the gel by the stress is 

dissipated. Subsequently, the soft and flexible secondary network breaks down, which requires a 

certain degree of the spread of the rigid primary network. Thus, DN gels that the macroscopic 

rupture is suppressed is very tough. In 2008, Sakai et al. reported a tetra-PEG gel by combining 

two symmetric tetrahedron-like macromonomers of the same size.27 These tetra-PEG gels exhibit 

good mechanical properties and a homogeneous structure, and are thus ideally suited networks to 

apply to model systems. 28,29 

In 1999, de Gennes proposed the general idea of a polymer chain cross-linked with cyclic 

molecules.30 Such sliding gels were expected to exhibit different properties from chemically or 

physically cross-linked polymers. In fact, in 2001, Ito et al. synthesized cross-linked polymers 

wherein the polymer chain can move freely about the figure-of-eight-shaped cross-linking point.31-

35 Subsequently, Takata et al. synthesized a ‘rotaxane crosslinker’ that consists of a crown ether 

or cyclodextrin wheel and an axle that have vinyl group component.36-44 It clarified that rotaxane 

cross-linker can be easily introduced into polymer materials. Thus, since 2000, the toughening of 

bulk polymeric materials has been achieved by focusing on the cross-linking of polymer chains. 
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Table 2. Examples of toughed materials. 

 
 

1.1.4 Focusing on surface/internal cross-linking of microspheres to form strong latex films 

In recent years, much research has focused on the ‘cross-linking structure’ to toughen 

polymeric materials. To investigate whether it is possible to apply this research to microsphere 

films, which are widely used in an industrial context, we will focus on the surface and internal 

cross-linking of microspheres. 

First, the surface crosslinking of microspheres will be examined. In order to provide greater 

strength, most conventional latex films used in industry are chemically cross-linked at the 

microsphere interface.45-50 Chemical cross-linking of the surface improves the strength of the latex 

film, however, this also causes the latex film to become more hard and brittle. Therefore, this study 

focuses on the physical crosslinking at the microsphere interface via physical entanglement. 

   Next, the cross-linking structure inside the microspheres in an attempt to toughen latex films 

by applying rotaxane cross-link to the inside of the microspheres will be examined.  

The synthesis of bulk materials with rotaxane cross-linked structures with a pulley effect was 

reported by Ito et al. in 2001. This approach has some disadvantages, such as a limited number of 

polymer chains to which it can be applied and a lack of structural details. This study will thus 

concentrate on a rotaxane molecule developed as a crosslinking agent. This crosslinking agent has 

a well-defined structure (one ring is introduced for one axis) and is capable of radical 
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polymerization with various vinyl groups. This cross-linker was employed in an attempt to 

improve film properties by changing the cross-linked structure inside the particles. 

Chapter 1 focuses on the glass-transition temperature (Tg) of latex microspheres copolymerized 

with two different monomers and the minimum film-formation temperature (MFFT) of latex films. 

These parameters have emerged as key factors that microspheres deformation are controlled, and 

are expected to have strong correlation with the mechanical strength of the resulting latex films. 

In Chapter 2, the structure of the cross-links in the microspheres is examined. This is one of the 

important parameters influencing the mechanical properties of the microsphere films that was 

investigated.  
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2. Chapter Ⅰ 

" Temperature-dependent Relationship between the Structure and Mechanical Strength of 

Volatile Organic Compound-free Latex Films Prepared from Poly(butyl acrylate-co-methyl 

methacrylate) Microspheres" 
 

*Part of this work was published in "Seina Hiroshige, Haruka Minato, Yuichiro Nishizawa, Yuma 

Sasaki, Takuma Kureha, Mitsuhiro Shibayama, Kazuya Uenishi, Toshikazu Takata, and Daisuke 

Suzuki Polymer Journal, 2020, in press." Reprinted with permission from Copyright (2020). 

DOI: https://doi.org/10.1038/s41428-020-00406-6 

 

2.1. Introduction 

Latex consists of nano- to micrometer sized polymeric microspheres dispersed in an aqueous 

solution.1,2 Latex films can be obtained by evaporating water from dispersions of water-borne latex 

microspheres in the absence of volatile organic compounds (VOCs), which is advantageous for 

the production of eco-friendly and human-body-friendly materials.3,4 Therefore, such latex films 

are used widely not only in industrial applications, e.g., paints, 5,6 adhesives,7,8 and paper coatings, 
9,10 but also in next-generation advanced materials, e.g., strain-responsive structural colored 

elastomers,11-13 biomaterial coatings,14 porous membranes,15 and hydrogel thin films with 

structural color.16-19  

However, the mechanical strength of latex films that consist only of latex microspheres is poor 

due to their poor resistance to fracture between neighboring microspheres.20,21 Many formation 

methods to improve the mechanical strength of latex films have been reported.20 Most of these 

involve the introduction of additives. For example, neighboring latex microspheres have been 

cross-linked via post-polymerization reactions using additives such as chemical cross-linkers or 

reactive surfactants22-24 during the dispersion-drying process. A method in which soft and hard 

latex microspheres are mixed has also been reported; the deformation of the soft microspheres 

decreases the voids between the hard microspheres.25-27 Coalescing aids have also been used 

during the drying process to deform the microspheres and obtain a homogeneous nonporous latex 

film.28-30 However, phase separation between the microspheres and additives may negatively affect 

the mechanical properties of the latex films and decrease film performance (e.g., aging 

deterioration29). Although many additive-based methods to improve the mechanical properties of 
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latex films have been developed, to the best of the author knowledge, methods using additive-free 

systems have not yet been reported.  

In the present study, in order to clarify the relationship between the (nano)structure of latex films 

and their mechanical properties with the aim to obtain tougher latex films, I focused on the glass-

transition temperature (Tg) of latex microspheres with different chemical structures and the 

minimum film-formation temperature (MFFT) of latex films. These parameters have emerged as 

important factors that control the deformation of the microspheres, which is expected to be strongly 

correlated with the mechanical properties of the resulting latex films. Through careful evaluation 

of the mechanical properties and the nanostructures of latex films using microscopy and scattering, 

I have closely examined this relationship. 

 

2.2. Experimental Section 

Materials 

Methyl methacrylate (MMA, 98%), n-butyl acrylate (BA, 98%), and potassium peroxodisulfate 

(KPS, 95%) were purchased from FUJIFILM Wako Pure Chemical Corporation (Japan) and used 

as received. Sodium dodecyl benzene sulfonate (DBS, 95%) and n-hexadecane (HD, 97%) were 

purchased from Tokyo Chemical Industry Co., Ltd. (Japan) and used as received. Distilled and 

ion-exchanged water was used in all reactions, including the preparation of solutions and the 

purification of polymers (EYELA, SA-2100E1). 

 

Synthesis and Characterization of the Microspheres 

All elastomer microspheres used in this study were prepared using a mini-emulsion polymerization 

technique.31 In all cases, the initial total monomer concentration was 1.6 M; the mixing ratio of 

the monomers (i.e., BA and MMA) was adjusted to modify the glass-transition temperature (Tg; 

polyBA: -46 °C; polyMMA: 102 °C) of the microspheres. An oil mixture of the monomers (BA 

and/or MMA; cf. Table 1) and HD (0.46 g) was suspended in water (30 mL) containing the anionic 

surfactant DBS (0.1 g). The suspension was subsequently homogenized via ultrasonication (3 min, 

375 W) in an ice bath using an ultrasonic homogenizer (VC-75, SONICS). The suspension was 

then transferred into a four-necked round-bottom flask (50 mL) equipped with a mechanical stirrer, 

condenser, and nitrogen gas inlet. The solution was heated to 70 °C under a stream of nitrogen and 

constant stirring (200 rpm). After the solution had been sparged with nitrogen for at least 30 min, 
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the free-radical polymerization was initiated by adding the water-soluble anionic initiator KPS (0.1 

g) dissolved in deionized water (6 mL). The reaction was stirred for 4 h, after which the dispersion 

was cooled to room temperature to stop the polymerization. The obtained elastomer microspheres 

were purified twice by centrifugation–redispersion in deionized water using a relative centrifugal 

force (RCF) of 20,000 g to remove unreacted reagents and other impurities, followed by dialysis 

using cellulose tubing in deionized water for a week, during which the water was changed on a 

daily basis. Hereafter, the obtained poly(BA-co-MMA) microspheres are denoted as BXMY, where 

X represents the amount of BA monomer (mol %) and Y represents the amount of MMA monomer 

(mol %). 

 

Characterization of the Latex Microspheres 

The hydrodynamic diameter, Dh, of the obtained elastomer microspheres was determined using 

dynamic light scattering (DLS, Malvern Instruments Ltd., Zetasizer Nano S). The diameters of the 

microspheres were calculated based on the measured diffusion coefficients using the 

Stokes−Einstein equation (Zetasizer software v6.12). The time-average intensity correlation 

function was measured using 1 mL of a 0.001 wt% elastomer microsphere dispersion with a 

measurement time of 30 s. The zeta potential of the microspheres was calculated using a Zetasizer 

Nano ZS instrument (Malvern Instruments Ltd.) at a concentration of ~0.001 wt%. The obtained 

electrophoretic mobilities were analyzed by applying the Smoluchowski equation. Prior to the DLS 

and the zeta potential measurements, the samples were allowed to equilibrate for 10 min at 25 °C. 

In addition, the morphology of the individual latex microspheres was observed using field-

emission scanning electron microscopy (FE-SEM, S-5000, Hitachi Ltd.). To prepare the FE-SEM 

sample, a microsphere dispersion (~0.1 wt%) was dried on a polystyrene substrate at room 

temperature; the substrate was then sputtered with Pt/Pd (15 mA, 6 Pa, 80 s). The size of the 

microspheres was measured from the FE-SEM images using the software package ImageJ (version 

1.52a; Wayne Rasband, National Institutes of Health) (N = 50). 

 

Evaluation of the Tg of the Elastomer Microspheres 

The Tg of the microspheres was evaluated using differential scattering calorimetry (DSC, DSC-60, 

SHIMADZU Co. Ltd.); for that purpose, samples were heated from -60 °C to 150 °C at 10 °C/min. 

The Tg of the microspheres was determined by drawing tangents to the heat flow curve at 
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temperatures above and below Tg; the point of intersection of the bisector of the angle between the 

tangents with the measurement curve was used as the Tg. 

 

Formation of Latex Films 

Latex films were obtained by depositing an elastomer microsphere dispersion (2.4 mg 

microspheres in ~350 µL dispersion, which is enough to conduct the reliable tensile test) on a 

silicon rubber sheet (ISO 37-4 dumbbell-shaped specimen; 12 mm × 2 mm for tensile tests, 10 mm 

× 10 mm for small-angle X-ray scattering (SAXS) measurements), followed by drying at 10, 25, 

40, or 70 °C for 24 h. The obtained films were annealed at 70 °C for varying periods of time (0, 

18, 24, 72, 94 and 120 hours). Hereafter, the latex films prepared from B40M60 microsphere 

dispersions are denoted as F-B40M60-Z, whereby Z represents the FFT. 

 

Characterization of the Latex Films 

The morphology of the surfaces of the latex films was observed using an atomic force microscope 

(AFM, SPM-9500J3, Hitachi Ltd.) and FE-SEM. The surface of the latex films was sputtered with 

Pt/Pd prior to the FE-SEM observation (15 mA, 6 Pa, 80 s). The microscopic structures of the latex 

films were characterized using SAXS measurements at the BL03XU beam line of SPring-8 

(Japan),33 using an X-ray wavelength of 1.0 Å and a sample-to-detector distance of 4.0 m. The 

latex films were placed in the sample holder using Kapton tape. All the tested films were irradiated 

with the X-ray beam for 30 s under vacuum. To obtain one-dimensional scattering profiles, the 

two-dimensional images were integrated circularly using the program FIT2D. Tensile tests were 

performed at 25 °C using a testing machine (tensilonRTC1250A, A&D Company) equipped with 

a 50 N load cell at an elongation rate of 10 mm/min. The fracture energy of the latex films was 

determined by integrating the stress–strain curve. 

 

2.3. Results and discussion 

Synthesis and Characterization of the Microspheres. 

First, to investigate the effect of the Tg of the microspheres on the morphology and mechanical 

properties of the latex films, a series of poly(BA-co-MMA) microspheres were synthesized using 

mini-emulsion polymerization.31 The mini-emulsion polymerization technique was selected 

because this method enables the encapsulation of water-immiscible functional molecules such as 
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rotaxane crosslinkers, 31 which will be required for the subsequent experiments. The feed ratios of 

BA and MMA are shown in Table 1. Aggregation was not observed among any of the microspheres 

after polymerization, and the Dh values measured using DLS were ~100 nm, irrespective of the 

feed ratio of BA and MMA (Table 1). This result suggests that the mini-emulsion polymerization 

proceeded successfully, i.e., the oil droplets were transformed into microspheres after the 

polymerization.34 Additionally, the zeta potential values were negative for all microspheres (Table 

1) due to the use of the initiator KPS. It should be noted here that no impurities, e.g., the DBS used 

in the polymerization, remained after careful purification of the microspheres via dialysis and 

centrifugation, as was confirmed by a previously reported X-ray photoelectron spectroscopy 

analysis.33 Moreover, the Tg of each microsphere composition was determined from the DSC 

curves shown in Figure 1. As expected, the Tg increased with increasing MMA ratio in the feed. 

 

 
Figure 1. DSC curves of the (a) B100, (b) B80M20, (c) B50M50, (d) B40M60, (e) B30M70, (f) 
B20M80, and (g) M100 microspheres.  
(a), (d), and (g) were reproduced with permission from ref 2. Copyright (2019) Journal of Society 
of Rheology, Japan. 
 

 Furthermore, the shape and size of individual microspheres were evaluated using FE-SEM in the 

dried state (Figure 2). The shapes of the B100, B80M20, B50M50, and B40M60 microspheres, 

which contain high percentages of BA, could not be observed, because the microspheres were too 

soft at the observation temperature (~25 °C). In other words, although the microspheres with Tg 
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values below room temperature can be stably dispersed in water due to their surface charge, these 

microspheres coalesce and undergo deformation in the dried state. On the other hand, the 

microspheres with high MMA contents and Tg values above room temperature are spherical with 

average diameters of 97 ± 10 nm (B30M70), 91 ± 10 nm (B20M80), and 59 ± 6 nm (M100) (Figure 

2), which are values similar to those determined by DLS. 

 

 
Figure 2. FE-SEM images of (a) B30M70, (b) B20M80, and (c) M100 microspheres. The 
dispersions (0.1 wt%) were dried at room temperature on a polystyrene substrate. 
 

 

Table 1. Chemical composition and properties of the poly(BA-co-MMA) microspheres prepared 

by mini-emulsion polymerization. 

 
 

Preparation of Latex Films Composed of Poly(BA-co-MMA) Microspheres  

Next, a series of latex films was formed via evaporation of water from the obtained dispersions. In 

my previous study, I confirmed that B40M60 microspheres can form a self-standing latex film 
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after the evaporation of water,31 while microspheres with different BA/MMA comonomer ratios 

(i.e., B100, B80M20, B50M50, B30M70, and M100) did not form self-standing films at room 

temperature. 31 Self-standing latex films can be obtained when dispersions are dried above the 

minimum film-formation temperature (MFFT), which is approximately equal to the Tg of the 

microspheres.30 Therefore, the author re-examined the film-formation ability of the microspheres 

with different comonomer ratios by changing the drying temperature systematically. Figure 4 

summarizes the latex-film-formation results using the microspheres shown in Table 1 at different 

drying temperatures. The B40M60 microspheres formed self-standing latex films at all the tested 

FFTs except for 4 °C; although the film formed at 4 °C (FFT<<Tg) was free-standing, it was brittle 

and broke (Figure 3), suggesting that the degree of microsphere deformation during the 

evaporation of the dispersion is insufficient when the FFT is much lower than the Tg of the 

microspheres. As expected, the microspheres with higher MMA ratios, i.e., B30M70, B20M80, 

and M100, did not form latex films that maintained the shape of the mold at 4 °C (Figure 3). With 

increasing MMA ratio, the minimum FFT where self-standing latex films were obtained also 

increased, and the microspheres with the highest MMA ratio (M100) failed to produce a self-

standing film at any of the measured FFTs (Figure 3, Figure 4). On the other hand, the 

microspheres with a slightly higher BA ratio than B40M60, i.e., B50M50, formed a self-standing 

latex film at 4 °C. The B80M20 and B100 microspheres formed latex films at 4 °C, but the films 

were too soft to be self-standing after being removed from the mold (Figure 3). With increasing 

BA ratio in the microspheres, the latex films were not self-standing at even lower FFT (Figure 4, 

Figure 3), suggesting that the softness of the microspheres, i.e., their deformability, is an important 

factor in the formation of self-standing latex films. These results confirm that rigid species such 

as MMA are crucial for the formation of self-standing elastomers from microspheres, as has 

previously been reported for poly(BA-co-MMA) microspheres prepared by emulsion 

polymerization.35  
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Figure 3. Photographs of latex films prepared by depositing BXMY (BA: X mol%; MMA: Y 
mol%) elastomer microsphere dispersions on a silicon rubber sheet (ISO 37-4 dumbbell-shaped 
specimen 12 mm×2 mm), followed by drying at 4 °C, 10 °C, 25 °C, 40 °C, or 70 °C. 
 

 

 
Figure 4. Phase diagram of films formed using aqueous dispersions of the various poly(BA-co-

MMA) microspheres at different drying temperatures. Circles (〇) indicate that a free-standing 

latex film was formed. Triangles (△) indicate that a film was formed that was not self-standing 

after removal from the mold. Crosses (×) indicate that a film was not formed. Photographs of each 

film are shown in Figure 3. 
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Characterization of the Latex Films Prepared from Poly(BA-co-MMA) Microspheres 

To characterize the morphology of all the evaporated microsphere dispersions, even those that did 

not form self-standing latex films, droplets containing the microspheres were dried, and the 

resulting structures were observed using FE-SEM (Figure 5), as previously reported by Suzuki’s 

group.16-19, 36 In the case of the B100, B80M20, B50M50, and B40M60 microspheres, whose Tg 

values were below room temperature, it was difficult to observe individual microspheres (Figure 

5), probably due to the coalescence of the microspheres when they are completely dried.37 On the 

other hand, for B30M70, B20M80, and M100 microspheres, cracks were observed in the 

microsphere aggregates formed at the edges of the droplets (Figure 5). In general, cracks in latex 

films negatively affect their mechanical properties.32 In this study, these cracks were believed to 

inhibit latex film formation (Figure 3, Figure 4) and lead to weak mechanical properties in the 

films (vide infra).  

 

 
Figure 5. (a) Schematic illustration of the drying phenomenon of BXMY microsphere droplets. 

(b)-(h) FE-SEM images showing the post-drying structure of droplets of poly(BA-co-MMA).  

 

Next, the surfaces of latex films prepared by injecting the B40M60 dispersion into a mold and 

drying it at different FFTs were observed using AFM (Figure 6) in order to discuss the effect of 

the FFT on the nanostructure of the film surface. The microsphere morphology could still be 

observed in the film dried at 10 °C and 25 °C, unlike in the latex films prepared at temperatures 

greater than the Tg (24 °C), i.e., 40 °C (Figure 6). The author hypothesized that the spherical 
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morphology of the microspheres was retained not only on the film surface, but also within the film. 

These results confirm that the FFT affected the deformability of the microspheres, and thus the 

nanostructure of the latex films.  

 

 
Figure 6. AFM image of the surface of (a) F-B40M60-10, (b) F-B40M60-25, and (c) F-B40M60-

40 at room temperature.  

 

Subsequently, the latex films were quantitatively evaluated in terms of the interpenetration 

between the microspheres, i.e., the characteristic interfacial thickness (tinter) was calculated based 

on the SAXS data using Porod’s law. 33 Figure 7 (a) shows the SAXS profiles of the latex films F-

B40M60-Z (Z = 10, 25, and 40), which were prepared by drying B40M60 at 10 °C, 25 °C, and 

40 °C. The SAXS intensity peaks were broad and did not show significant change at different 

drying temperatures. Furthermore, the sharpness of the peak depends on the polydispersity of the 

microspheres and their arrangement, making it thus difficult to discuss its significance. In a 

previous study, these peaks were attributed to the ordered structure of microspheres in the latex 

film, with the Bragg peaks originating from face-centered cubic (fcc) colloidal crystals.26 The 

Bragg peaks, e.g., q111, also shifted to higher scattering vector (q) values upon annealing due to 

the decrease in the center-to-center distance between the B40M60 microspheres (Figure 8). The 

tinter value, which is an indicator of the degree of interdiffusion of polymer chains between 

neighboring microspheres, was calculated. The calculated tinter values of the unannealed films 

decreased in the order F-B40M60-40 (3.4 nm) > F-B40M60-25 (3.3 nm) > F-B40M60-10 (2.9 nm) 

(Table 2; annealing time: 0 h). Then, the author investigated the effect of annealing on the tinter 

values of the latex films. Figure 7 (b) shows the tinter values of F-B40M60-Z as a function of the 

annealing time at 70 °C. For all the films, the calculated tinter value initially increased with 

increasing annealing time before it reached an equilibrium value (Figure 7 (b); F-B40M60-10: 

~3.2 nm, F-B40M60-25: ~3.6 nm, F-B40M60-40: ~3.6 nm), indicating that the temperature 
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dependence of the polymer chain diffusivity is also inherited by the polymer chain diffusivity at 

the interface of the microsphere surface. 33 

 

 
Figure 7. (a) SAXS intensities of F-B40M60-10, F-B40M60-25, and F-B40M60-40. The peaks 

indicated by arrows correspond to q111. (b) Interfacial thickness (tinter) of F-B40M60-10 (triangles), 

F-B40M60-25 (diamonds), and F-B40M60-40 (circles) as a function of the annealing time. The 

tinter value of F-B40M60-25 was reproduced with permission from reference 33. Copyright (2020) 

American Chemical Society. 
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Figure 8. SAXS intensities of latex films of (a) F-B40M60-10 (FTT < Tg), (b) F-B40M60-25 
(FTT > Tg), and (c) F-B40M60-40 (FTT > Tg). 
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Table 2. Characterization of F-B40M60-10, F-B40M60-25, and F-B40M60-40 latex films. 

Data for F-B40M60-25 were reproduced with permission from ref 1. Copyright (2020) American 
Chemical Society. 
 

 

Mechanical Properties of Latex Films  

After evaluating the structures of the latex films of poly(BA-co-MMA) as discussed above, the 

author investigated the mechanical properties or toughness of the self-standing latex films. First, 

the latex films were evaluated by hand-stretching. The latex films of B50M50 (FFT: 4 °C) and 

B40M60 (FFT: 25 °C) could be stretched by hand. In contrast, the latex films of B30M70 (FFT: 

40 °C) and B20M80 (FFT: 70 °C) were hard and brittle and broke immediately. Next, mechanical 

properties of the latex films were evaluated by tensile tests. The stress of the B50M50 latex film 

did not rise, and necking was observed (Figure 9 (a)). The Young’s modulus, which is an indicator 

of the stiffness of a solid material, was obtained from the stress–strain curves for a series of latex 

films (Figure 9, Table 3). The Young’s moduli of the B40M60 latex films were lower than those 

of B20M80 (105 MPa at FFT 70 °C) and B30M70 (86 MPa at FFT 40 °C, 106 MPa at FFT 70 °C), 

indicating that the degree of microsphere deformation decreases with increasing MMA content in 

the microspheres. These data clearly show that slight differences in the BA:MMA ratio of the 

microspheres greatly affect the mechanical properties of the latex films. In the case of the B40M60 

latex films, the Young’s modulus increased with the FFT (3.1, 3.1, 8.2, and 13.1 MPa at FFT 10, 
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25, 40, and 70 °C, respectively; Table 3), indicating that the FFT did affect the mechanical 

properties of the latex films. It is widely accepted that non-uniform structures such as cracks or 

voids, the crucial factors affecting mechanical properties of latex films, disappeared with 

increasing FFT due to the softening of the microspheres,38 which would affect the result of the 

present study.  

 

 
Figure 9. Stress–strain curves for latex films of (a) F-B50M50-10, (b) F-B40M60-10, 25, 40, 70 
(c) F-B30M70-40, 70, and (d) F-B20M80-70 microspheres.  
 

 

Table 3. Characterization of the BXMY latex films. 
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Figure 10 (a)(b) show the stress–strain curves of F-B40M60-10 and F-B40M60-40 films prepared 

using different annealing times. The effect of the annealing time on the mechanical properties was 

evaluated by calculating the fracture energy (Figure 10 (c)). The annealing of latex films has 

previously been reported to increase their fracture energy, making the films mechanically tougher. 

32, 35 As expected, the fracture energy of these latex films increased with increasing annealing time; 

this effect was stronger for F-B40M60-40 than for F-B40M60-10 and F-B40M60-25 (Figure 10 

(c)). The fracture energies reached equilibrium values after long annealing times (Figure 10 (c): 

F-B40M60-10: ~13.4 MJ/m3, F-B40M60-25: ~15.0 MJ/m3, F-B40M60-40: ~26.1 MJ/m3). At this 

point, the author believes that the neighboring microspheres in latex films were sufficiently 

coalesced and that the surface polymer chains were mixed after annealing the films above the Tg 

of the microspheres. In this study, the coalescence of the microspheres was found to be strongly 

promoted during drying of the dispersion when the latex films were prepared by evaporation at 

40 °C, which is a crucial factor in producing tough latex films. Film formation at 40 °C greatly 

enhanced the interdiffusion between the microspheres, as can be seen in Figure 7 (b). The film 

formed at 25 °C (F-B40M60-25) showed a similar tendency (Figure 7 (b)) to that formed at 40 °C 

(F-B40M60-40); however, the microspheres in F-B40M60-25 remained spherical (Figure 6 (b)), 

which should affect its fracture energy (Figure 10 (c)). In conclusion, breakage at the interface of 

neighboring microspheres is inhibited by both increasing the contact area between the microsphere 

interfaces and increasing interfacial thickness. For these reasons, the fracture energy of the fully 

annealed F-B40M60-40 was higher than that of F-B40M60-10 and F-B40M60-25. 
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Figure 10. Stress–strain curves of (a) F-B40M60-10 (FFT < Tg) and (b) F-B40M60-40 (FFT > Tg) 

for different annealing times. (c) Fracture energy values as a function of the square root of the 

annealing time for F-B40M60-10 (triangles), F-B40M60-25 (diamonds), and F-B40M60-40 

(circles). 
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2.4. Conclusions 

The author have investigated the relationship between the (nano)structures and mechanical 

properties of the latex films formed at different film-formation temperatures (FFT) using a series 

of poly(BA-co-MMA) microspheres above and below the glass-transition temperature (Tg) of the 

microspheres. The Tg of the microspheres could be tuned simply by changing the BA/MMA 

monomer ratio during the mini-emulsion polymerization. A series of films were prepared by 

drying dispersions of the various poly(BA-co-MMA) microspheres at different FFTs. An analysis 

of the resulting films revealed that the formation of self-standing latex films depends on the 

deformability of the microspheres (FFT > Tg). Specifically, self-standing and stretchable latex 

films are obtained for a narrow composition window, i.e., microspheres prepared using a B40M60. 

The toughness or fracture energy of the films was strongly correlated to the interfacial diffusion 

between microspheres, which increases when the films are prepared at higher temperatures and 

after annealing. Most notably, the FFT is crucial to obtaining tough latex films, since films 

obtained using a suitably high FFT are highly coalescent, and their surface polymer chains are 

highly interdiffused after annealing.  
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3. Chapter Ⅱ 

" Formation of Tough Films by Evaporation of Water from Dispersions of 

Elastomer Microspheres Crosslinked with Rotaxane Supramolecules" 

 
*Part of this work was published in " Seina Hiroshige, Takuma Kureha, Daichi Aoki, Jun Sawada, 

Daisuke Aoki, Toshikazu Takata, Daisuke Suzuki Chemistry-A Europrean Journal 2017, 23, 8405 

–8408, DOI: https://doi.org/10.1002/chem.201702077" Reprinted with permission from Copyright 

(2017) Wiley-VCH. 

*Part of this work was published in " Seina Hiroshige, Jun Sawada, Daisuke Aoki, Toshikazu 

Takata, Daisuke Suzuki, Nihon Reoroji Gakkaishi, 2019, 47, 227-231, DOI: 

10.1678/rheology.47.51" Reprinted with permission from Copyright (2019) The Society of 

Rheology, Japan. 

 

 
3.1. Introduction  

Downsizing polymer materials to the colloidal scale can lead to stable dispersions of polymer 

microspheres that exhibit distinctly different behavior from the corresponding bulk materials. 

Hence, their use in unconventional applications such as drug-delivery vehicles that aim to control 

the point of drug delivery in the human body becomes feasible.[1] In reverse, the corresponding 

bulk materials can be obtained upon evaporating the solvent from dispersions of colloidal 

microspheres. One of the most prominent advantages of colloidal dispersions is that they are 

injectable, which significantly simplifies the manufacturing of bulk materials. In contrast to rigid 

microspheres based on polystyrene or silica, soft and deformable elastomer microspheres have 

been used to create colorless transparent films through solvent evaporation, which can be 

rationalized in the context of the Routh–Russel model.[2] So far, various applications including 

coatings,[3] inkjet printing,[4] and adhesives[5] have been developed using this method. However, 

to obtain films with outstanding mechanical properties, chemical crosslinking among the 

microspheres is required.[6] Such crosslinking reactions are complex and require the presence of 

additives during the removal of the solvent from the dispersions. Because unreacted additives 

usually remain in the resulting bulk films, this film-formation technology cannot be used for 
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applications that do not tolerate impurities, for example, biomaterials that attach to the human body. 

In contrast to colloidal microspheres, bulk materials of rotaxane-crosslinked polymer networks 

exhibit unique properties that are not observed in conventional chemically crosslinked polymer 

networks.[7] Specifically, it is possible to obtain mechanically tough bulk elastomers/hydrogels 

by crosslinking polymers with rotaxanes. However, to the best of my knowledge, such networks 

with flexible crosslinks have not yet been applied to colloidal microspheres. In the present study, 

the author introduce for the first time such flexibly crosslinked structures into colloidal polymer 

microspheres (Scheme 1A) and investigate the properties of the resulting bulk elastomer films 

formed upon evaporating water from microsphere dispersions. To my surprise, the resulting films 

are mechanically tough, even though post-polymerization crosslinking reactions between the 

microspheres were not performed. 

 

 
Scheme 1. (A) Schematic illustration of rotaxane-crosslinked elastomer microspheres. (B) 

Chemical structure of the rotaxane crosslinker (RC) used in this study. 

  



 

 35 

3.2. Experimental Section 

1. Materials 

Methyl methacrylate (MMA, 98%), n-butyl acrylate (BA, 98%), divinylbenzene (DVB, 93%), 

potassium peroxodisulfate (KPS, 95%), n-hexadecane (HD, 97%), and N,N-dimethylformamide 

(DMF, 99%) were purchased from Wako Pure Chemical Industries (Japan) and used as received. 

Sodium dodecyl benzene sulfonate (DBS, 95%) and 1,6-hexanediol dimethacrylate (HDD, 98%) 

were purchased from Tokyo Chemical Industry Co., Ltd. (Japan) and used as received. Water for 

all reactions, including the preparation of solutions and the purification of polymers, was distilled 

and ion-exchanged (EYELA, SA-2100E1). 

 

2. Synthesis and characterization of the [2]rotaxane cross-linker (RC). 

The details of the synthesis and characterization of RC are described elsewhere.1 

 

3. Synthesis of poly(BA-co-MMA) microspheres 

Elastomer microspheres were prepared by a miniemulsion polymerization technique, using the 

water-soluble anionic initiator KPS. The initial total monomer concentration was held constant at 

1.6 M. An oil mixture of the monomer (BA and/or MMA; cf. Tables 1 and 2), crosslinker (DVB, 

HDD, or RC), and HD (0.46 g) were suspended in water (30 mL) containing DBS (0.1 g). The 

suspension was subsequently exposed to ultrasonication (3 min; 375 W) from an ultrasonic 

homogenizer (VC-75, SONICS). Then, the suspension was transferred into a 50 mL four-necked 

round-bottom flask equipped with a mechanical stirrer, condenser, and nitrogen gas inlet. The 

solution was heated to 70 C under a stream of nitrogen and constant stirring (200 rpm). The 

solution was allowed to stabilize over a period of at least 30 min before the free-radical 

polymerization was initiated by adding KPS (0.1 g) in water (6 mL). The stirred solution was 

allowed to react for a period of 4 h, before being allowed to cool to room temperature. The 

elastomer microspheres were purified twice by centrifugation–redispersion with water (RCF = 

20000 g; 60 min), followed by dialysis for a week, whereby the water was changed daily.  
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4. Characterization of the elastomer microspheres  

The hydrodynamic diameter of the elastomer microspheres was determined by dynamic light 

scattering (DLS, Malvern Instruments Ltd., Zetasizer NanoS). Data were averaged over three 

measurements with a 30 s acquisition time using the intensity autocorrelation. DLS experiments 

were conducted with an elastomer microsphere concentration of 0.001 wt%. The electrophoretic 

mobility was measured using a Zetasizer Nano ZS (Malvern Instruments). The optical 

transmittance of the films was measured on a UV−vis spectrophotometer (JASCO, V-630iRM) 

using pMMA disposable cells (AS ONE, 2-5719-01). Films were immobilized on the wall of the 

cell at a distance of 10 mm to the bottom. The measurement wavelength was 600 nm. Microspheres 

were used at a concentration of ~0.0002 wt%, and the ionic strength was adjusted to 1 mM with a 

NaCl solution. Before the measurement, the sample was allowed to equilibrate for 10 min at 25 °C. 

The electrophoretic mobility results represent the average of three measurements. The elastomer 

microspheres were analyzed by applying the Smoluchowski equation to the electrophoretic 

mobility. Individual microspheres were examined by atomic force microscopy (AFM, SPM-

9500J3, Corporation). For the sample preparation, a microsphere dispersion (~0.008 wt%) was 

deposited onto a glass substrate and dried at room temperature. Tensile tests (tensilonRTC1250A, 

A&D Company) were performed at 25 °C using a graph equipped with a 50 N load cell at an 

elongation rate of 10 mm/min. The microsphere conversion was measured using a dry weight 

method. The dispersion of the elastomer microspheres, followed by drying at 70 °C, was calculated 

according to the following equation: 

conversion (%) = 
ｗ2

ｗ1
×

M1

M2
×100, 

wherein W1 refers to the weight of the microsphere dispersion, and W2 to the weight of the solid 

content (after drying at 70 °C). M1 is the weight of the total nonvolatile components in the system, 

while M2 is the weight of the microspheres for the complete conversion of monomers into polymers. 

 

5. Synthesis of microsphere films 

Films were generated by depositing an elastomer microsphere dispersion (8.0 wt%, 300 µL) on 

a silicon rubber sheet (ISO 37-4 dumbbell-shaped specimen; 12 × 2 mm2), followed by drying at 

room temperature for 24 h. 
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3.3. Results and discussion 

3.3.1. Adsorption behavior of halogen compounds on pMEA microspheres 

To obtain colloidal microspheres with flexible crosslinkers, a rotaxane crosslinker (RC) 

based on a [2]rotaxane, consisting of a crown ether wheel and an axle with one vinyl group per 

component, was prepared according to a previously reported method (Scheme 1B).7g The author 

selected miniemulsion polymerization8, where an oil monomer droplet will be polymerized to be 

a polymer microsphere, to trap the RC within the microspheres sufficiently because the RC is 

hardly dissolved in water, but that can be dissolved in organic solvents or oil-monomers. Indeed, 

conventional emulsion polymerization could not be applied to synthesize the colloidal 

microspheres crosslinked with the RC due to their high water-immiscible property (Figure 1). 

 

 

Figure 1. (A) Photograph of the reaction vessel after a conventional emulsion polymerization of 

BA (39.9 mol%) and MMA (59.9 mol%) in the presence of RC (0.2 mol%). Almost all the RC 

reagent (brown solid) was deposited in the flask, which suggests that the resulting microspheres 

contain very little RC. For the formation of poly(BA-co-MMA) microsphere dispersions, a 

mixture of BA (1.3 g, 39.9 mol%), MMA (1.5 g, 59.9 mol%), and RC (0.06 g, 0.2 mol%) in 200 

mL of water was poured into a 200 mL four-necked, round-bottom flask equipped with a condenser 

and a mechanical stirrer. The mixture was heated to 70 °C while being stirred at 300 rpm. The 

polymerization was initiated by addition of KPS (0.0271 g) in water (5 mL), and allowed to 

proceed for 24 h. (B) Photograph of RC. 
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Butyl acrylate (BA) and methyl methacrylate (MMA) were chosen as monomers, which 

resulted in the formation of colorless transparent films after of evaporation of the solvent from the 

thus obtained dispersions. As demonstrated in a previous report,9 the copolymerization of MMA 

was necessary to obtain self-standing films after evaporation of the solvent, as bulk films of 

microspheres composed of only poly-BA or poly-MMA were not self-standing. The evaporation 

of the solvent from a dispersion containing microspheres of a copolymer of ~40 mol% BA and 

~60 mol% MMA afforded the best results (Table 1 and Figure 2). Prior to any characterization of 

the microspheres (vide infra), impurities such as the surfactant sodium dodecyl benzene sulfonate 

were removed via dialysis and centrifugation.  

 

 

Table 1. Composition, hydrodynamic diameters (Dh), conversion, and polydispersity indexes of 

several copolymer microspheres obtained from mini-emulsion polymerizations in the absence of 

any crosslinkers.  

 

Monomer 
Dh 

PDI 
Conversion 

BA MMA 

[mol%] [mol%] [nm] [%] 

BA 100 
(7.4 g) 

0 
(0 g) 131 ± 1.2 0.054 99 

BA80-MMA20 80 
(5.9 g) 

20 
(1.2 g) 112 ± 0.6 0.030 96 

BA60-MMA40 60 
(4.4 g) 

40 
(2.3 g) 101 ± 0.2 0.042 95 

BA50-MMA50 50 
(3.7 g) 

50 
(2.9 g) 108 ± 1.0 0.044 87 

BA40-MMA60 40 
(3.0 g) 

60 
(3.5 g) 95 ± 1.0 0.041 83 

BA30-MMA70 30 
(2.2 g) 

70 
(4.6 g) 93 ± 0.2 0.043 90 

MMA 0 
(0 g) 

100 
(5.8 g) 87 ± 0.5 0.038 75 
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Figure 2. Photographs of films formed upon evaporating water from dispersions containing 

various microspheres copolymerized in the absence of RC (for sample codes, see Table 1). Films 

were obtained from depositing dispersions (8.0 wt%, 300 μL) in a mold (ISO 37-4 dumbbell-

shaped specimens, 12 × 2 mm2), followed by drying at room temperature for 24 h, before the films 

were removed from the mold. The results show that only copolymerizations of BA and MMA 

afford colorless, transparent, and self-standing films. 

 

 

Figure 3A shows a representative atomic force microscopy (AFM) image of poly(BA-co-

MMA) microspheres crosslinked with 0.05 mol% RC (denoted as BM-RX; B = ~40 mol% BA; M 

= ~60 mol% MMA; R = RC; X = mol% RC; cf. Table 2). From this image, the size of the 

microspheres (~170 nm) and their uniformity (CV = 14 %, N = 50) were determined. Dynamic 

light scattering (DLS) was used to evaluate the hydrodynamic diameter of these microspheres (Dh 

= ~97 nm; PDI = 0.02), which indicates that the microspheres were deformed on the glass substrate 

(Figure 1A). The AFM image was also used to estimate the height and uniformity of these 

microspheres (h = ~54 nm; CV = 17%, N = 50), which supports the aforementioned results. Other 

microspheres, crosslinked with the conventional chemical crosslinker divinylbenzene (DVB, 

0.05~3 mol%) or different amounts of RC (0.03~0.5 mol%), revealed similar properties for the 

microspheres shown in Figure 1A, i.e., Dh ~ 100 nm and deformation on the solid substrates upon 

drying. These results indicate that these microspheres possess elastic properties (cf. Table 2 and 

Figure 4).  
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Figure 3. (A) Representative AFM image of RC-crosslinked microspheres BM-R0.05 (mol% 

BA:MMA = 40:60; RC = 0.05 mol%). (B) The degree of swelling, α, for RC-crosslinked 

microspheres (0.03 ~ 0.5 mol%); α = Dh
3 (DMF) / Dh

3 (water). (C) Photographs of the film 

formation upon evaporating water from the microsphere dispersions at room temperature.  
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Table 2. Composition, hydrodynamic diameters (Dh), polydispersity indexes (PDI), zeta potentials, 

conversion rates, and degree of swelling for a series of copolymerized microspheres prepared by 

mini-emulsion polymerizations in the presence of DVB or RC. 

 

Monomer Cross-linker 
Dh 

PDI 

Zeta 
potential Conversion 

Degree of 
swelling, 

[a] BA MMA RC DVB 

[mol%] [mol%] [mol%] [mol%] [nm] [mV] [%] [%] 

BM 40 
(2.9 g) 

60 
(3.5 g) 0 0 95 ± 1.0 0.041 −46.1 83 NA 

BM-D0.05 39.98 
(2.9 g) 

59.97 
(3.5 g) 0 0.05 

(0.004 g) 115 ± 1.1 0.057 −48.3 85 12.8 

BM-D0.2 39.92 
(2.9 g) 

59.88 
(3.5 g) 0 0.20 

(0.015 g) 95 ± 0.2 0.036 −48.0 83 8.4 

BM-D0.45 39.98 
(2.9 g) 

59.73 
(3.5 g) 0 0.45 

(0.036 g) 123 ± 0.6 0.054 −52.9 81 4.5 

BM-D1.3 39.48 
(2.9 g) 

59.22 
(3.5 g) 0 1.3 

(0.10 g) 108 ± 0.8 0.036 −45.2 91 2.6 

BM-D3.0 38.8 
(2.9 g) 

58.2 
(3.5 g) 0 3.0 

(0.23 g) 97 ± 0.6 0.046 −54.7 81 2.7 

BM-R0.03 39.99 
(2.9 g) 

59.98 
(3.5 g) 

0.03 
(0.02 g) 0 106 ± 0.8 0.038 −50.3 97 17.5 

BM-R0.05 39.98 
(2.9 g) 

59.97 
(3.5 g) 

0.05 
(0.034 g) 0 96 ± 1.5 0.020 −40.2 89 16.3 

BM-R0.07 39.97 
(2.9 g) 

59.96 
(3.5 g) 

0.07 
(0.047 g) 0 92 ±0.1 0.028 -47.4 87 14.8 

BM-R0.1 39.96 
(2.9 g) 

59.94 
(3.5 g) 

0.1 
(0.068 g) 0 101 ± 0.2 0.043 −43.2 94 11.9 

BM-R0.2 39.92 
(2.9 g) 

59.88 
(3.5 g) 

0.2 
(0.13 g) 0 104 ± 0.6 0.063 −58.3 90 6.0 

BM-R0.5 39.8 
(2.9 g) 

59.7 
(3.5 g) 

0.5 
(0.34 g) 0 104 ± 0.5 0.052 −43.1 92 5.4 
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Figure 4. AFM images of DVB- or RC-crosslinked elastomer microspheres. The BA:MMA 

monomer ratio kept constant at 40:60 (mol%) during the mini-emulsion polymerization (for 

sample codes, see Table 2). The size (D) and height (h) of each set of microspheres is given below 

the individual images (N = 50). 
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Subsequently, a swelling test was carried out in order to verify whether RC was 

successfully introduced in the microspheres. Figure 1B shows the degree of swelling, α, which is 

defined as the ratio between Dh
3 (DMF) and Dh

3 (water); the microspheres show high and low 

solubility in DMF and water, respectively). Microspheres obtained from mini-emulsion 

polymerizations in the absence of any crosslinkers dissolved completely in DMF. In contrast, 

microspheres prepared in the presence of RC (0.03~0.5 mol%) swelled, but did not dissolve 

completely in DMF, suggesting that RC was introduced in the microspheres during the 

polymerization. Increasing the amount of RC during the polymerization led to decreased α values, 

which supports the successful incorporation of RC as crosslinkers (Figure 1B). DVB-crosslinked 

microspheres exhibited similar behavior, i.e., increasing the amount of DVB during the 

polymerization resulted in lower degrees of swelling of the microspheres (cf. Figure 5), indicating 

that mini-emulsion polymerization effectively introduces water-immiscible crosslinkers into the 

resulting microspheres. Dispersions of these microspheres were subsequently used to generate thin 

films upon evaporating water at room temperature. Irrespective of the relative amount of RC, 

flexible thin films were obtained from all RC-crosslinked microspheres (Figures 3C and 6).  

 

 

 
Figure 5. The degree of swelling, α, for DVB-crosslinked microspheres (0.05~3.0 mol%); α = Dh

3 

(DMF) / Dh
3 (H2O). 

 

 



 

 44 

Figure 6. Photographs of films examined by tensile tests. All films, except BM-D1.3 and BM-

D3.0, were flexible, and the transmittance of the films was measured by UV-vis spectroscopy at 

600 nm. 

 

 

Then, the author investigated the toughness of the thin films with tensile tests. Initially, the 

effect of the amount of RC in each microsphere on the toughness of the resulting films was 

examined (Figure 7A), which revealed a higher fracture strain for the BM-R0.05 film (885%) 

relative to a film of BM-R0.03 (572%). However, the fracture strain and stress values for films of 

BM-R0.1 (360%; 2.7 MPa) and BM-R0.5 (350%; 3.0 MPa) are substantially lower than those of 

BM-R0.05 (885%; 4.5 MPa). This may be due to the increasing number of crosslinking points in 

both films, which should suppress the deformation of the individual microspheres (Figure 7B). 

Consequently, an optimal chemical composition of the microspheres should exist that affords 

tough films. Subsequently, the toughness of films prepared from microspheres crosslinked with 

DVB or in the absence of RC was compared to the values shown in Figure 7B. Keeping the molar 

ratio of the crosslinkers (RC or DVB) in the microspheres constant (0.05 mol%) revealed a higher 

toughness for the film of RC-crosslinked microspheres (Figure 7A). As previously demonstrated, 

films obtained from microspheres crosslinked with the conventional crosslinker DVB (BM-D0.05) 

or in the absence of a crosslinker (BM) were brittle.10 It should be noted that the distribution of 

crosslinking points in the microspheres should be different for acrylate-based crosslinker DVB 

and the methacrylate-based crosslinker RC, due to the different reactivity of the monomers. 

However, DVB-crosslinked microspheres should represent suitable controls, as films obtained 

from microspheres crosslinked with the methacrylate-based crosslinker 1,6-hexanediol 

dimethacrylate (HDD) are also brittle (Figure 7B). Films prepared from microspheres crosslinked 

with a higher amount of DVB exhibited increased strength, but decreased fracture strain. 
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Accordingly, the fracture energy, which is used as an indicator for toughness, should also be 

decreased (Figure 8).  

 

 

 
Figure 7. Stress–strain curves for films prepared from RC-crosslinked microspheres (BM-RX) 

(A); stress–strain curves for films prepared from microspheres without a crosslinker (blue), for 

films using 0.05 mol% DVB as a crosslinker (black), for films using 0.05 mol% HDD (green), or 

for films using 0.05 mol% RC (B). The film thickness was ~0.16 mm in all cases. 

 

 



 

 46 

 
Figure 8. Stress–strain curves for films (thickness: ~0.16 mm) prepared from DVB-crosslinked 

microspheres (BM-DX). 

 

 

Based on the aforementioned results in their entirety, the author would like to propose a 

plausible mechanism for the high toughness of the films prepared from RC-crosslinked 

microspheres (Scheme 2). It is widely accepted that the toughness of films prepared from 

microspheres should be attributed to the interdiffusion process, i.e., the entanglement between the 

polymers on each microsphere interface after removing the water.10 The BM and BM-D films, 

wherein the microspheres are crosslinked only physically, are therefore brittle, as the chain 

entanglement between the microspheres can easily slip upon elongation (Scheme 2A), and the 

fracture energies of these films are < 10 MJ/m3 (Table 3). Thus, highly-crosslinked microspheres, 

wherein the average chain length for the microspheres is short, should be easily fractured. This 

notion is supported by the low fracture strain of e.g. BM-D1.3 (~86%) (cf. Table 3).  
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Scheme 2. Illustration of thin films generated from (A) DVB-crosslinked microspheres (BM-

D0.05), and (B) RC-crosslinked microspheres (BM-R0.05). 

 

 

Table 3. Characterization of all BM-RX and BM-DX films investigated in this study. 

 
Crosslinker Young’s 

modulus 
Fracture 

strain 
Fracture 
stress 

Fracture 
energy 

[mol%] [%] [%] [MPa] [MJ/m3] 

BM 0 0.031 489 1.2 4.0 

BM-D0.05 0.05 0.075 425 2.8 7.1 

BM-D0.45 0.45 0.066 369 4.0 10 

BM-D1.3 1.30 0.12 86 2.2 1.5 

BM-R0.03 0.03 0.064 572 4.1 13.5 

BM-R0.05 0.05 0.043 885 4.5 19.6 

BM-R0.07 0.07 0.032 622 2.7 10.5 

BM-R0.1 0.1 0.09 360 2.7 7.9 

BM-R0.5 0.5 0.048 350 3.0 6.0 

 

 

In contrast, microspheres with low levels of crosslinking by RC, such as BM-R0.05, reveal 

increased strength and fracture strain (Scheme 2B). This result should be interpreted under 
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consideration of two points: i) the surface structures, i.e., microspheres with lower degrees of 

crosslinking should be strongly entangled with adjacent microspheres (Scheme 2A); ii) the effect 

of stress relaxation in each microsphere that originates from the flexibility of the crosslinking 

points, which is well known for bulk materials.7 This effect also affects the fracture energy of the 

resulting films. Indeed, the fracture energy of films of RC-crosslinked microspheres is higher than 

those of BM and BM-D films (BM-R0.05: ~19.6 MJ/m3; BM-D0.05: ~7.1 MJ/m3), even though 

the mol% of crosslinker is identical in both cases. 

To obtain tougher latex films, the author focused on the effect of annealing on the films. Figure 

9(A)(B) show fracture energy of the BM-HX (denoted as BM-HX; B = ~40 mol% BA; M = ~60 

mol% MMA; H = HDD; X = mol% HDD) and BM-RX latex films as a function of the annealing 

time. All of the annealing latex films showed increased the fracture energy, and the effects of 

thermal annealing was more effective for latex films prepared from particles crosslinked with RC 

than for latex films prepared from particles crosslinked with HDD and without crosslinkers.  

 

 
Figure 9. Fracture energy versus the square root of the annealing time. (A) BM-HX films (B) BM-

RX films. The film thickness was ~0.20 mm in all cases. 

 

Although there are still several unresolved issues, including irreversible elastic deformation 

and surface modification, that need to be addressed for the further development of elastomer 

microspheres as functional materials, the present results offer access to tough bulk films of 
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crosslinked microspheres, which represents an important first step towards the next generation of 

such advanced materials.  

 

 

3.4. Conclusions 

In conclusion, rotaxane-crosslinked elastomer microspheres afford mechanically strong and 

flexible films by simply evaporating water from their dispersions, even though these microspheres 

are not crosslinked with supramolecules between the microspheres. The results of this study should 

find new applications for such films as coatings and adhesives, as well as in the areas of medicine 

and cosmetics, where the minimization of impurities is desirable. 
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4. Summary 
 In this thesis, the mechanical properties of latex films prepared from elastomer 

microspheres were investigated and the correlation between their nanostructures and mechanical 

properties was examined. Firstly, the relationship between the nanostructure of the latex films and 

their mechanical properties was investigated using various latex microspheres with different glass-

transition temperatures (Tg); the latter can be tuned by changing the mixing ratio of butyl acrylate 

and methyl methacrylate monomers during the preparation of the microspheres. These latex 

microspheres exhibited different minimum film-formation temperatures (MFFTs) during the 

preparation of the latex films. This parameter is one of the key factors that controls the degree of 

latex-microsphere deformation, which is strongly correlated to the macroscopic mechanical 

strength of the latex films. The results of this investigation into the (nano)structures of latex films 

by microscopy and scattering techniques as well as by an examination of their mechanical strength 

revealed that the toughness of such latex films is intimately correlated to the interfacial thickness 

between microspheres. Secondly, it was revealed that rotaxane-crosslinked elastomer 

microspheres allow the production of latex films, obtained from the evaporation of microsphere 

dispersions, with desirable mechanical and elongation properties, in spite of fact that these 

microspheres are not crosslinked with any crosslinker between neighboring microspheres. 

 Latex films are well-established materials that are already industrially mass-produced 

and have found numerous applications in every-day life. On the other hand, latex films obtained 

from aqueous synthetic latex solutions exhibit significantly lower mechanical strength than films 

obtained from organic solutions. In order to increase the mechanical properties of such latex films 

obtained from aqueous synthetic latex solutions, additives such as photo-polymerization initiators 

have been introduced during the film formation, which is based on the concept that impurities need 

to be introduced to improve the strength of the latex films. The findings of this thesis can thus be 

expected to promote the development of safer manufacturing methods for tougher latex films in 

the near future. 
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