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Chapter 1 
 
 

General Introduction 
 
 
1-1. Purpose of This Thesis 
  Network polymers with three-dimensionally covalently cross-linked structures consist of 
infinite polymer chains extend to 3D directions. The cross-linking in the network polymers 
brings in insolubility in any solvents and no melting point, providing difficulty in the molding 
process, such as thermoforming, rotational molding, injection, and so on, after the network 
structures are once formed. It is still not so easy to control the morphologies of the network 
polymers, in the region smaller than micrometer. As the bottom-up approaches for controlling 
shape, size, and morphology of the network polymers in this range, emulsion polymerization 
using micelles or vesicles as templates has been employed to produce spherical particles, 
layer structures, and hollow spherical particles. Thus, the bottom-up approaches have been the 
limitation of the utilizable templates and difficulty of molecular design for introduction of 
repulsive and attractive interaction between the cross-linkers in the polymerization process. 
Hence, the morphology control by the bottom-up fabrications has been limited as compared to 
the diverse morphologies achieved by top-down fabrications such as lithography with molds 
and photomasks. Therefore, development of new templates with different shape and size, or 
introduction of new concept for a polymerization process of the aggregated cross-linkers 
should accelerate for controlling morphology, shape and size of network polymers. Here, the 
main issue of this thesis is to develop design of cross-linking points for morphology control of 
some organic network polymers. 
 
 
1-2. Network Polymer 
1-2-1. Structures and Applications of Network Polymers 
  Discovery of a network polymer was vulcanization of rubber in middle in the 19th century, 
and phenol resin synthesized by Baekeland in 1907, was marked the beginning of the modern 
plastic industry. Over the one hundred of years, the network polymers have been achieved the 
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development of ion-exchange resins based on poly(sodium 4-vinylbenzenesulfonate) or 
poly[(vinylbenzyl)trimethylammonium hydroxide], superabsorbent polymers based on 
sodium polyacrylate, and contact lens based on poly(vinyl alcohol) according to individual 
demands. Also, with advancing micro-fabrication techniques, size- and shape-controlled 
network polymers composed of polydimethylsiloxane have applied in electronic and 
high-tech fields such as photoresist, printed-circuit, and semiconductor package. 
  Network polymers have mainly been prepared by (1) cross-linking of linear polymers, 
prepolymers, and reactive oligomers using multifunctional cross-linkers, (2) polymerization, 
polycondensation, or polyaddition system using monomers and cross-linkers with bi- or more 
functional groups as shown in Figure 1-1. With progressing the formation of the network 
polymers, these polymerization processes typically cause a gelation of the synthetic media or 
a deposition in the media, which induces to finally form the inhomogeneous network 
structures because of the inhomogeneous monomeric concentration and cross-linking.  
  Therefore, expansion of versatile applications of network polymers has been raised many 
demands controlling their physical properties, mechanical properties, thermal stabilities, and 
morphologies, which has been prompted to study innovative designs of cross-linking points 
for a formation of homogeneous network structure and homogeneous morphology. In the next 
section, unique designs of cross-linking points for preparations of homogeneous network 
structure are focused in relation to their properties of network polymers. 
 
 
 
 
 
 
 
 
 
 
  

Figure 1-1. Classification of preparations of covalently-network polymers. 
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1-2-2. Homogeneous Network Polymers Controlling Main Chain and Cross-Linking 
Point 
  To prepare network polymers having homogeneous network structure, researchers have 
studied to prepare rigid network polymers by molecular designs utilizing rigid cross-linkers 
with multifunctional groups and rigid cross-linking points composed of inflexible covalent 
bond. For example, Yaghi et al. reported that the rigid network polymers were fabricated by 
the reversible condensation reaction between the boronic acid groups and the diol groups 
(Figure 1-2a)1 and by the imine condensation reaction between the amino groups and the 
formyl groups (Figure 1-2b).2 Their network polymers known as covalent-organic 
frameworks (COFs)3, have been proved to form porous crystalline materials with permanent 
and homogeneous nanopores in the network structures. They have attracted considerable 
interests in their superior properties of gas adsorption and high thermal stability. 
  On the other hand, as the homogeneous network polymers composed of flexible polymer 
chains, hydrogels have been studied by the unique design of the cross-linking points, such as 
a tetra-PEG gel with ideal homogeneous network structures4 and a topological gel with sliding 
cross-linkers (Figure 1-3).5 For instance, Sakai et al. reported that the tetra-PEG gel with ideal 
homogeneous network structure synthesized from two kinds of symmetrical tetrahedral 
tetra-functional macromonomers (Figure 1-3a).4 Ito et al. reported that the slide-ring gel 
utilizing rotaxane structures consisting of poly(ethylene glycol) (PEG) chains and 
!-cyclodextrins as cross-linking structures, whose cross-linked points could slide along the 
polymer chains induce excellent mechanical performance (Figure 1-3b).5 Thus, these 
hydrogels have received great attention as soft and wet materials with superior mechanical 
strength and toughness for diverse applications for biomedical tissue engineering6 and blood 
vessel model.7 
  Therefore, these recent studies have demonstrated the preparation of homogeneous network 
polymers by controlling the cross-linking points, which indicates importance of design of 
multi-functionalized cross-linkers and their orientations in the polymerization process. 
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Figure 1-2. Examples for homogeneous network structures.1,2 

a) 

b) 

Figure 1-3. Examples for organic homogeneous network polymers, a) a tetra-PEG gel4 and 
b) a topological gel.5 

b) 

a) 
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1-3. Fabrication of Network Polymers with Homogeneous Shape and Size 
  Network polymers applied in various fields of biomaterials and electronic materials, thus 
homogeneous morphology control such as size and shape of the network polymers is much 
significance for desirable applications. In this section, control of homogeneous shape and size 
of network polymers as bulk materials is reviewed, which has been attempted by two different 
approaches characterized as ‘‘top-down’’ and ‘‘bottom-up’’. 
 
1-3-1. Top-Down Fabrication for Network Polymers with Homogeneous Size and Shape 
  Control of homogeneous shape and size of network polymers by the top-down approaches 
mainly represents lithography techniques,8 such as nanoimprint lithography,9 
photolithography,10 and flow lithography (Figure 1-4a,c).11 For example, in imprint 
lithography, the lithographic template is a patterned mold, typically polymeric, silicon, and 
metal materials, with negative features corresponding to the structures to be synthesized and 
which is prepared from a master template. In photolithography and flow lithography, the 
template is light incident on the material to be synthesized, which has been patterned through 
various optical elements. Thus, these fabrication methodologies have been achieved control of 
the polymerization sites by using a mold, a photomask, and flow rate of monomers in ranging 
feature sizes from millimeter to hundred of nanometer, and yielded various two-dimensional 
patterns with resolution to 10 nm (Figure 1-4b). However, the minimum size applicable by 
the photolithography is limited by the wavelength of the used light due to the diffraction limit. 
Also, their approaches limit the morphology of the structures formed to two-dimensional 
extruded shapes, where the thickness of the structure is determined by the height of the fluid 
that is exposed to the patterned light. More recent researches have demonstrated fabrications 
of three-dimensional objects through photolithography by three-dimensional projection of 
patterned light with multi-photon,12 direct 3D writing,13 and interference pattern (Figure 
1-4b-g).14 They have been provided complex and unique three-dimensional structures such as 
micro-bull and rod array with sizes from a few micrometers to hundreds of nanometer.15 Thus, 
the morphology control of network polymers with these top-down approaches has been 
accomplished by controlling shape of molds and patterning of light incident. 
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c) 

b) 

e) 

f) g) 

a) 

d) 

Figure 1-4. a) Outline of imprint lithography process. b) SEM image of 20 nm lines 
pattern.9 c) Schematic illustration of imprint lithography, photolithography, and flow 
lithography.8 d) 3D particles producted by continuous-flow and stop-flow lithography. e) 
SEM image of ‘micro-bull’ fabricated by two-photon polymerization.15 f, g) Direct-write 
assembly of 3D microperiodic structure.13 
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1-3-2. Bottom-Up Fabrication for Network Polymers with Homogeneous Size and Shape 
  Fabrication of shape- and size-controlled objects with the bottom-up approaches by using 
molecular assemblies as templates mainly represents emulsion polymerization,16 
surfactant-free emulsion polymerization,17 or suspension polymerization.18 For example, in 
the emulsion polymerizations, the monomers form generally supramolecular assemblies such 
as micelles or vesicles and/or become incorporated into surfactant molecular assemblies, they 
act as templates to produce spherical structures and layer structures with reflecting the shape 
and size of the templates (Figure 1-5a,b). Surfactant-free emulsion polymerization and 
suspension polymerization without stabilizer have been also developed for the fabrication of 
monodisperse spherical network polymers. Other studies demonstrated the fabrication of 
hollow spherical particles by utilizing cross-linking of shell phase and edging of core using 
core-shell polymer micelles (Figure 1-5c),19 cross-linking of monomers assembled on 
interface between oil and water,20 and inorganic nanoparticles as ones.21 Therefore, the 
bottom-up fabrications have been achieved only in applicable to the synthesis of uniform 
monodisperse spherical objects in a range of sizes from micrometer to hundreds of 
nanometers by controlling the size and shape of the templates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 1-5. a) Schematic illustration of emulsion polymerization using inverse micelle 
and TEM image of polymer particles of polyacrylamide.16a b) emulsion polymerization 
using vesicles and SEM image of layer films.16d c) Schematic illustration for preparing 
hollow spheres and TEM image.19 

a) 

b) 

c) 
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  As mentioned above, homogeneous morphology control of the network polymers by the 
top-down and the bottom-up approaches has accomplished by utilizing various templates with 
a diversity of morphologies in a range of sizes from millimeter to nanometer. In top-down 
approaches, however, the specific equipments for preparations of exactly patterned molds and 
photomasks should be required to fabricate them, and the fabricated objects with a 
lithography are limited in small area. In bottom-up approaches, shape and size of molecular 
assemblies used as templates are limited, which becomes a limiting factor for a production of 
a variety of shapes other than spherical and layer sheet structure.  
  Therefore, as designs for preparations of network polymers having homogeneous network 
structure and morphology, the author attempted to control of the cross-linking points (1) by 
anion repulsion between the multi-functionalized anionic cross-linkers and (2) by crystalline 
state of the multi-functionalized cross-linkers in the polymerization process (Figure 1-6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1-4. Fabrication of Network Polymers Utilizing Electrostatic Interaction between 
Cross-Linkers 
  Introduction of electrostatic interaction between cross-linkers and initial polymer networks 
in a polymerization process should be induced morphology control of network polymers by 

Figure 1-6. Conceptual figures of control of the cross-linking points 1) by anion 
repulsion and aggregation between the multi-functionalized cross-linkers and 2) by 
crystalline state of the multi-functionalized cross-linkers for morphology control of 
network polymers. 

1) 

2) 
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electrostatic repulsion or attraction. Thus, the author focused on tetraalkylammonium 
tetraarylborate salts as main backbone of network polymers. Tetraarylborates are well-known 
as weakly-coordinating anion22 and have been paid attention in electrolyte in lithium ion 
batteries,23 electrochemical redox process,24 and for preparation of highly active cationic 
transition metal complexes.25 Their salts with tetraalkylammonium are soluble and dissociable 
into free ions in low polar organic solvents, and their ion association constants can be 
controlled by changing dielectric constant of media as shown in Figure 1-7a.26 Recently, Sada 
et al. demonstrated that the polymer network bearing tetraalkylammonium tetraarylborate 
salts act as polyelectrolyte gels in non-polar media such as THF and dichloromethane (Figure 
1-7b).27 Moreover, the linear polymer with tetralkylammonium tetraarylborate was confirmed 
to show the anomal behavior of the reduced viscosity in non-polar media, indicating that they 
behaved as polyelectrolytes in them.28 They also formed the thin films by layer-by-layer 
technique in acetone.29 These behaviors indicated that the modification of tetraarylborate salts 
into polymer chains and network polymwes enabled to utilize osmotic pressure and 
electrostatic interaction in non-aqueous media. Therefore, these results prompted the author to 
utilize tetraalkylammonium tetraarylborate salts as divergent and anionic cross-linkers to 
prepare the homogeneous network polymers.  
 
  
 
 
 
 
  
 
 
 
 
 
 
  

Figure 1-7. a) Ionic association constant of tetrabutylammonium tetraarylborate.26 b) 
Chemical structure of poly(octadecyl acrylate) gel bearing tetraalkylammonium 
tetraarylborate and photographs of swelling behavior in dichloromethane.27a 

a) 

b) 

Solvent ε KA α (%)*

THF 7.58 23100 6

o-Dichlorobenzene 9.93 8300 10

Acetonitrile:CCl4 = 24:76 13.92 133 57

Acetonitrile:CCl4 = 32:68 17.18 45 75

i-Butyronitrile 20.4 18.4 86

Acetonitrile 36.01 6 95
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1-5. Metal-Organic Frameworks and Postsynthetic Modification 
  It is difficult to introduce interaction between cross-linkers and control size and shape of 
templates in solution polymerization, needing designs of new polymerization sites for 
preparations of network polymers forming homogeneous shape and size. The author focused 
on metal-organic frameworks (MOFs)30 having polyhedral shape and periodic arrangement of 
monomers for new polymerization sites utilizing as templates. MOFs are crystalline materials 
comprising of metal ions or metal ion clusters and bridging organic ligands and intriguing 
properties of gas sorption,31 separation,32 catalysis,33 sensor,34 and so on (Figure 1-8a). The 
diverse combination of the organic ligands and the metal ions can provide to design 
controllable channel size, shape, and one- or three-dimension of nanopores, which can be 
utilized for precision polymer synthesis and polymerization in confinement space.35 More 
recently, new chemical modifications into the organic ligands of MOF without decomposition 
of the crystal structure, called postsynthetic modifications, have proven to be a general and 
practical approach for the functionalization of MOFs.36 For instance, Cohen et al. reported 
that postsynthetic modification to amino groups including organic ligands of MOFs by using 
amide coupling and isocyanate condensations.37 Sada et al. reported that postsynthetic 
modification using ‘click’ chemistry between the azide groups in the reticular network of 
MOFs and external alkynes with various functional groups as guest molecules (Figure 1-8b).38 
Moreover, downsizing and morphological control of MOF crystals has been enabled by 
dissecting different kinetic processes such as secondary building unit, nucleation and crystal 
deposition.39 For instance, control of the crystal growth of MOFs demonstrated downsizing by 
addition of surfactant as a stabilizing agent to slow the crystal nucleation40 and the 
morphological transition with various expositions of crystal facets, 
octahedron-cuboctahedron-cube, by coordination modulation method (Figure 1-8c).41 
Therefore, these results prompted the author to fabricate shape- and size-controlled network 
polymers by utilizing MOFs as templates for polymerization sites, which suggested internal 
cross-linking of organic linkers in MOF nanopores. 
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Figure 1-8. a) Examples of organic ligands and metal ions formed MOF.36d b) 
Postsynthetic modification of MOFs utilizing click chemistry reported by Sada et al.44 c) 
Morphology control of MOF by coordination modulation reported by Kitagawa et al.47 

b) 

c) 

a) 
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1-6. Survey of This Thesis 
  As reviewed in the previous sections, homogeneous control of morphology, shape, and size 
of network polymers has been attempted by the top-down and the bottom-up approaches. 
However, because of the limitation of utilizable molecular assemblies as templates, traditional 
bottom-up fabrications of network polymers as mentioned above has been generally produced 
uniform spherical structures, layer structures, and structures assembling them. Therefore, the 
main issue of this thesis is to attempt to prepare network polymers controlling the 
cross-linking points (1) by utilizing electrostatic repulsions between the cross-linkers in 
solution and (2) by cross-linking of the cross-linkers fixed as frameworks of MOFs and 
external cross-linkers, for development of better method to produce network polymers having 
homogeneous network structure and morphology. 
 
  As the first approach for a formation of homogeneous network polymer, the author 
designed tetra-functionalized tetraphenylborates as divergent, rigid, and ionic cross-linkers, 
and attempted to utilize electrostatic interaction between the cross-linkers and the initial 
network polymers for the morphology control of network polymers. Secondly, MOFs with 
polyhedral structures and sizes ranging from millimeter to nanometer were utilized as 
templates for cross-linking of the cross-linkers fixed as their frameworks to prepare shape- 
and size-controlled network polymers. This fabrication methodology was conducted through 
internal cross-linking reaction between the multi-functionalized cross-linkers formed MOFs 
and external bi-functional cross-linkers and subsequently removal of coordinated metal ions, 
which fabricated cubic gel particles (CGPs) with reflecting shape and size of MOF crystals. 
Finally, though the resulting CGPs were modified ionic groups such as ammonium or 
sulfonate groups onto the surface, the author attempted electrostatic self-assembly composing 
of homothetic charged CGPs with various sizes in a range from millimeter to nanometer in 
length. 
 
This thesis is composed of 5 chapters in total including general introduction and concluding 
remarks. 
 
In Chapter 1, the purpose and the composition of this thesis were described from morphology 
control of network polymer. 
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Chapter 2 demonstrated trials for the preparation of homogeneous network structure and their 
morphology control by utilizing electrostatic interaction and osmotic pressure between the 
charged cross-linkers and the initial network polymers in the polymerization process. 
Tetrabutylammonium tetraphenylborate salt designed as the ionic, rigid, and 
tetra-functionalized cross-linker modified formyl group to each phenyl group, which could 
prepare lipophilic anionic polymer networks (LAPNs) by imine condensation reaction 
between the charged cross-linker and 1,4-diaminobenzene. The morphologies of LAPNs 
could be controlled by changing dielectric constant of synthetic media, monomeric 
concentrations, and addition of water. 
 
Chapter 3 demonstrated the fabrication of cubic gel particles (CGPs) with retaining size and 
shape of cyclodextrin metal-organic framework crystals via the internal cross-linking reaction 
and subsequently removal of the coordinated metal ions. This fabrication methodology could 
successfully adapt to fabricate CGPs with various sizes in a wide range of sizes from 
millimeter to hundreds of nanometer by downsizing of CD-MOF crystals.  
 
Chapter 4 demonstrated the construction of mesoscopic building blocks obtained by 
hierarchical self-assembly utilizing electrostatic interaction between the opposite charge on 
surface of charged CGPs. The homothetic structures with cubic shape were prepared by 
modification of ionic groups on CGPs with various sizes obtained in Chapter 3. The 
electrostatic self-assembly by mixing positively-charged CGPs and negatively-charged CGPs 
were successfully prepared assembled structures composing of charged CGPs with various 
sizes. Also, the electrostatic self-assembly exhibited the decoration with Au cubic 
nanoparticles stabilized cationic surfactants around negatively-charged CGPs. 
 
In Chapter 5, the knowledge revealed in this thesis, the signification, and the future prospect 
were mentioned. 
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Chapter 2 
 
 

Morphology Control of Lipophilic Anionic Polymer Networks 
Based on Tetraphenylborates by Electrostatic Interaction 

 
 
Abstract: Novel lipophilic and anionic polymer networks (LAPNs) have been successfully 
synthesized by imine condensation reaction between the formyl groups of tetrasubstituted 
tetraphenylborates and the amino groups of 1,4-phenylenediamine. The morphologies of 
LAPNs with freeze-dried state were directly observed by scanning electron microscope 
(SEM). The obtained polymer networks showed various morphologies depending on the 
dielectric constant of used media for the reaction. With increasing dielectric constant of the 
media, the LAPNs formed the expanded structure with larger pores by repulsion between the 
anionic cross-linkers due to electrostatic interaction and osmotic pressure. Also, the 
cross-linker concentration in the preparation of LAPNs affected their morphologies. 
Moreover, the addition of water led to the polymer networks with spherical structure 
presumably due to suppression of imine formation. The tetraphenylborate core allows 
modification of functional groups to prepare network polymers and fabrication of porous 
structures using electrostatic repulsion and osmotic pressure among tetraphenylborates. 
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2-1. Introduction 
 
  Tetraphenylborate anions have been paid for much attention as promising 
weakly-coordinating anions due to their high solubility and ion-dissociating ability in a wide 
range of organic media in particular in nonpolar solvents such as chloroform and THF.1 They 
have been employed as hydrophobic counter anions for stabilization of electrophilic cationic 
species for polymerization catalysts and electrolytes for Li battery.2,3 Recently, the 
applications of ionization in low-dielectric media have been of considerable interest for 
designing functional materials such as block copolymers,4 nanoparticles,5 and absorbents.6 For 
one of these examples, Sada et al. reported poly(alkyl acrylate) gels bearing with 
tetraalkylammonium tetraphenylborate as lipophilic polyelectrolyte gels.6a Their polymer gels 
showed superior swelling behaviors in less- or nonpolar organic solvents, obviously because 
of osmotic pressure and electrostatic repulsion derived from dissociation of 
tetraalkylammonium tetraphenylborate ion pairs attached on the polymer backbone. More 
recently, they demonstrated the construction of the multilayer thin films by layer-by-layer 
technique in the aid of lipophilic polyelectrolytes in less polar media.7 Finally, they also 
revealed polyelectrolyte behavior for linear polymers in nonpolar organic solvents by 
viscosity measurements.8 These results prompted to design new porous materials based on 
tetraphenylborate salts as a divergent and rigid core unit by using coupling. The divergence of 
four phenyl groups performed as a cross-linking point, and borate anion of core enabled to 
utilize electrostatic interaction between the cross-linkers in the polymerization process in 
non-aqueous media. Herein, the author demonstrates the preparation of novel lipophilic 
anionic rigid polymer networks (LAPNs) from tetrasubstituted tetraphenylborate salts as the 
starting materials via chemical reaction and morphological control of the network structure by 
electrostatic interaction, i.e., polarity of reaction media. In my knowledge, this is the first 
example for anionic network constructed from tetraphenylborate anions among the rapidly 
growing research fields of covalently cross-linked polymeric materials toward nanoporous 
materials such as covalent organic frameworks (COFs),9 conjugated microporous polymers 
(CMPs),10 and resorcinol-formaldehyde organic networks.11  
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Figure 2-1. Schematic illustration of the preparation of LAPN. 
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2-2. Results and Discussion 
 
2-2-1. Preparation of Lipophilic Anionic Polymer Networks (LAPNs) Based on 
Tetraphenylborates 
 
 
 
 
 
 
 
 
 
 

A formyl group was introduced in each phenyl group of tetraphenylborate as reaction sites 
according to Scheme 2-1 by Sonogashira reaction, and the resulting tetrafunctionalized core 
anion 1 was used as a new cross-linker for the synthesis of lipophilic anionic polymer 
networks (LAPNs). Polymerization and cross-linking reaction through the imine formation 
was carried out by treatment of 1 with the bifunctional amine 2 with various cross-linker 
concentrations and polarity of the media as shown in Scheme 2-1 and Table 2-1.  

LAPNs were prepared by incubation at 80 °C for 7 days in a sealed tube. After the 
polymerization and cross-linking reaction, the resulting polymer networks were deposited as 
powder in low-dielectric media (! < 10, Figure 2-2a), while they formed gels in the 
high-dielectric ones (! > 17). In the presence of water, the reaction mixtures remained as the 
solution state. A typical product yield after washing was proved to be 78% in run 3. FT-IR 
spectra showed that the peak intensities of aldehyde C=O stretching vibration (1693 cm-1) and 

aldehyde C-H stretching vibration (2731 cm-1) of cross-linker 1 decreased, and that the peak 
of C=N stretching vibration (1619 cm-1) appeared, obviously indicating the formation of 
imine (Figures 4-3). Indeed, detailed analysis of IR spectra in run 3 revealed that 92% of 
aldehyde was consumed, which was corresponded to the product yield mentioned above. In 
the case of employing 4.0 equiv. of aniline as a monofunctional amine with cross-linker 1 the 
peak intensity of H on the aldehyde group of cross-linker 1 was reduced to approximately 

Scheme 2-1. Preparation of LAPN. 
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20%, as revealed by 1H NMR spectrum (Figure 2-8). These results suggested that the polymer 
networks were prepared via sufficient progression of imine formation between the 
cross-linker 1 and 1,4-phenylenediamine (2). 
 
 
 

Run 
1/mmol 

([1]/mM) 
2/mmol 

([2]/mM) 
Solvent 

(Mix ratio) 
!a 

1 
0.0093 

(10) 
0.019 
(20) 

1,4-dioxane:DMSO 
(5:1) 

9.6 

2 
0.0093 

(10) 
0.019 
(20) 

1,4-dioxane:DMSO 
(2:1) 

16.9 

3 
0.0093 

(10) 
0.019 
(20) 

1,4-dioxane:DMSO 
(1:2) 

31.7 

4 
0.011 
(200) 

0.022 
(400) 

1,1,2,2-tetrachloroethane 8.2 

5 
0.011 
(100) 

0.022 
(200) 

1,1,2,2-tetrachloroethane 8.2 

6 
0.011 
(50) 

0.022 
(100) 

1,1,2,2-tetrachloroethane 8.2 

7 
0.011 
(10) 

0.022 
(20) 

1,1,2,2-tetrachloroethane 8.2 

8 
0.023 
(10) 

0.054 
(25) 

1,4-dioxane:DMSO:H2O 
(9:2:2) 

29.7 

9 
0.023 
(10) 

0.054 
(25) 

1,4-dioxane:DMSO:H2O 
(6:3:1) 

36.4 

10 
0.023 
(30) 

0.054 
(60) 

1,4-dioxane:DMSO:H2O 
(2:18:1) 

43.8 

 [a] Dielectric constant estimated from volume fraction.  
  

Table 2-1. Preparation conditions for LAPNs. 
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2-2-2. Morphologies of LAPNs 

The resulting LAPNs were immersed and washed in THF and 1,4-dioxane in sequence for 
over a day. Then, the SEM samples were prepared by freeze dry method. The SEM images 
were showed in Figure 2-4. SEM images revealed that the high-dielectric media caused to 

induce the formation of larger pores in LAPN according to runs 1-3. On the other hand, in 
low-dielectric media, ionic dissociation was suppressed, and the polymer networks adopted 
aggregated network structure consisting of small spherical particles (Figure 2-4a). Thus, in 
high-dielectric media, the degree of ionic dissociation should increase, and ionic repulsion 
induced a formation of the expanded porous network structure having submicron-sized 

Figure 2-2. Photographs of LAPNs prepared from runs (a) 1, (b) 2, (c) 3, (d) 7, and (e) 9. 
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diameter (Figures 2-4b, c). The gelation behavior in high-dielectric media was presumably 
resulted from particle aggregation to the expanded structure. Therefore, the morphology 
differences with polymer networks were affected by electrostatic interaction with ionic 
dissociation or nondissociation of the anionic core of the cross-linker during the 
polymerization (Figure 2-5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Next, in the preparation conditions of runs 4-7, the morphologies of LAPNs were 
investigated with different cross-linker concentrations. As the concentration of the 
cross-linker became lower, spherical polymer networks were formed (Figures 2-6a, b, c, d). 
Addition of water induced network polymer to form the spherical structure or reverse micelle 
formation in the preparation conditions of run 8-9 (Figure 2-7a, b). With increasing the 
concentration of the cross-linker under water addition, the LAPN formed larger sphere 
structure (Figure 2-7c). This observation indicated that the morphology of spherical shape and 

Figure 2-5. Conceptual diagram of the growth of LAPNs. 
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Figure 2-4. SEM images of LAPNs prepared from runs (a) 1, (b) 2, and (c) 3. 
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size forming LAPN was able to control by changing the concentration of the cross-linker and 
adding water in the synthetic media. Finally, by measuring nitrogen gas adsorption, their 
porosity of LAPNs obtained from run 2, run 3, and run 7 was estimated. However, the 
LAPNs showed that no peak derived from nitrogen adsorption, indicating that LAPNs could 
not form the structure having high specific surface area such as COF9 and CMP.10 Thus, the 
network structure was shrunk, through the drying process due to low cross-linking density of 
network formation of LAPNs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

8!
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Figure 2-7. SEM images of LAPNs prepared from runs (a) 8, (b) 9, and (c) 10. 

Figure 2-6. SEM images of LAPNs prepared from prepared from runs (a) 4,  
(b) 5, (c) 6, and (d) 7. 
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2-3. Conclusion 
 
  Anionic and lipophilic polymer networks (LAPNs) based on tetraphenylborates were 
prepared by imine formation reaction between tetraphenylborate modified with formyl groups 
and 1,4-phenylenediamine in various media. These LAPNs revealed the macroscopic 
behaviors like gelation or deposition in the synthetic media. The morphologies of the 
resulting LAPNs prepared in high dielectric media were formed expanded structure having 
larger pores. Therefore, the author succeeded in the morphology control of the polymer 
networks by controlling electrostatic interaction and osmotic pressure between the 
cross-linkers composed of tetraphenylborate in the polymerization process. Also, control of 
imine condensation reaction by changing the concentration of the cross-linker and adding 
water in synthetic media was important to determine the morphology to form the LAPN. 
However, the mechanical strength of LAPNs was not enough to preserve their porosity in 
vacuum. Recently, Thomas et al. reported an anionic microporous polymer network prepared 
by the polymerization of weakly coordinating anions.12 The anionic polymer networks 
immobilized tetraphnylborates by Sonogashira reaction have superior microporosity and 
catalytic activity derived from cationic catalyst. Therefore, the lipophilic anionic network 
polymers based tetraphenylborates have high potential for wide applications such as ion 
exchangers, ion conductors, and solid catalysts.  
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2-4. Experimental Section 
 
2-4-1. Materials 

Tetrabutylammonium tetrakis(4-ethynylphenyl)borate was synthesized as previously 
reported.13 4-Bromobenzylaldehyde and tetrakis(triphenylphosphine)palladium (0) were 
purchased from Tokyo Chemical Ind. Co. Copper (I) iodide and triethylamine were purchased 
from Wako Pure Chemical Industries. All solvents and inorganic reagents were purchased 
from some commercial suppliers and were used without further purification. 
 
2-4-2. Measurements 

1H NMR spectra were measured on a Bruker AV300 and a JEOL JNM-AL300 apparatus. 
FT-IR spectra were recorded on a JASCO FT/IR-4100 spectrometer (KBr pellets). Scanning 
electron microscope (SEM) images were obtained by using a JEOL JSM-7400F. 
 
2-4-3. Synthesis of tetrabutylammonium tetrakis[(4-formyl)phenyl-4-(ethylnyl)phenyl] 
borate (1) 
 
 
 
 
 
 

4-Bromobenzaldehyde (703 mg, 3.8 mmol), copper(I) iodide (21 mg, 0.11 mmol), 
tetrakis(triphenylphosphine)palladium(0) (131 mg, 0.11 mmol) and triethylamine (25 mL) 
were mixed under nitrogen. To this mixture was dropwise added tetrabutylammonium 
tetrakis(4-ethynylphenyl)borate (500 mg, 0.76 mmol) dissolved in dehydrated tetrahydrofuran 
(25 mL), and the solution was stirred at 60 °C for 7 days. After cooling to room temperature, 
the solution was diluted by dichloromethane and repeatedly washed by water. The combined 
organic layer was dried over anhydrous Na2SO4. After removal of the solvent, the residue was 
purified by column chromatography (silica gel, hexane/acetone = 1/1) to obtain 1 as an orange 
solid (480 mg, 58%). 1H NMR (300 MHz, DMSO-d6, TMS, r.t.): ! = 0.94 (12H, t, J = 7.4 
Hz, CH3CH2CH2CH2N), 1.22 (8H, m, CH3CH2CH2CH2N), 1.57 (8H, br, 
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CH3CH2CH2CH2N), 3.16 (8H, br, CH3CH2CH2CH2N), 7.26 (16H, m, Ar-H), 7.71 (8H, d J 

= 8.1 Hz, Ar-H), 7.92 (8H, d J = 8.1 Hz, ArH), 10.02 (4H, s, Ar-CHO). HRMS (ESI) Calcd 
for C76H72BNO4 [M]-: m/z 830.2748, Found: 830.2770. Anal. Calcd for C76H72BNO4: C, 
84.98; H, 6.76; N, 1.30. Found: C, 84.76; H, 6.92; N, 1.29. 
 
2-4-4. Preparation of LAPN 
 
 
 
 
 
 
 
 

Cross-linker 1 and diaminobenzene (2) were dissolved in medium shown Table 1 in glass 
tube and incubated at 80 °C for 7 days. After polymerization and cross-linking reaction, the 
resulting products were washed by immersing in tetrahydrofuran for a day. 
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2-4-5. Model Reaction to Prepare LAPN 
Cross-linker 1 (5.0 mg, 4.7 "mol) and aniline (1.7 mg, 18.6 "mol) were dissolved in 

DMSO-d6 in NMR tube, and the reaction mixture was heated at 80 °C for 7 days. After 
cooling to room temperature, the mixture was subjected to NMR spectrum measurement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 2-8. 1H NMR spectra of (a) 1 and (b) 1+aniline measured in DMSO-d6. 
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Chapter 3 
 
 

Nano- and Microsized Cubic Gel Particles from Cyclodextrin 
Metal-Organic Frameworks 

 
 
Abstract: Bottom-up shape and size control of gel particles has been regarded as a great 
challenge. Though this approach has been achieved for fabrication of sphere, hollow sphere, 
and layer structures with emulsion polymerizations using micelles and vesicles as templates, 
other molecular assemblies for other shapes have been limited. In this study, cyclodextrin 
metal–organic frameworks (CD-MOFs) with various sizes were prepared from millimeters to 
nanometers. By employing internal cross-linking reaction between the hydroxy groups of 
CD-MOF and the epoxy groups of ethylene glycol diglycidyl ether as cross-linkers (L), 
followed by removal of metal ions, the resulting cubic gel particles were formed with sharp 
edges that reflect the shape of the crystals in the wide range of sizes from millimeter and 
nanometer. Therefore, this approach should provide a unique morphology to fabricate various 
shape- and size-controlled polymer gel particles in particular polyhedral objects from porous 
crystals as templates. 
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3-1. Introduction 
 
  The bottom-up control of the three-dimensional shapes of objects in a wide range of sizes, 
from nanometer to millimeter, has attracted attention in diverse fields.1, 2 For instance, metal 
nanocrystals having various shapes, such as spherical, cubic, hexagonal plate, and octahedral, 
have been extensively investigated owing to interest in crystal growth3 and the control of 
catalytic activities.4 Among the inorganic metal oxides and minerals, for example, the 
crystallization and morphology control of calcium carbonate have been of interest for decades, 
with relation to biomineralization, to produce the more complex structures that living 
organisms produce.5 More recently, sol–gel condensation using the surface of supramolecular 
assemblies as templates has been extensively investigated for the fabrication of various 
well-defined nano- and microsized objects such as mesoporous silica,6 hollow tubes,7 and 
helical ribbon structures.8 In spite of diverse approaches for controlling the sizes and shapes 
of inorganic materials in the micro- and nanometer ranges, less attention has been paid to 
organic network polymers, because the network polymers are generally neither moldable nor 
processable after formation of the networks as they are insoluble in all solvents and have no 
observed melting points. As a bottom-up approach, emulsion polymerization using micelles 
and vesicles as templates produced spherical particles,9 hollow spherical particles,10 and layer 
structures,11 whereas the top-down approaches, nanoimprint lithography12 with photoresist and 
three-dimensional micro-fabrication by two-photon laser chemistry,13 have been reported for 
controlling the network polymers to form complex objects in the micro- and nanometer 
ranges. Thus, the bottom-up approach for organic network polymers for other objects by 
using other templates in these regions has never been shown. Herein, the author focused on 
the fabrication of nano- and microsized cubic gel particles (CGPs) from metal–organic 
frameworks (MOFs)14a or porous coordination polymers (PCPs) 14b as a template with a cubic 
shape, that is, a bottom-up approach. 
  MOFs are the crystalline porous materials consisting of organic linkers with bridging 
organic ligands and metal ions. The large number of combinations of the organic ligands and 
the metal ions was enabled to design nanoporous structures and properties brought in the 
nanopore of MOFs. They have been of considerable interest as functional nanoporous 
materials for gas storage,15 separation,16 catalysis,17 sensor,18 chromatography,19 and drug 
delivery.20 Generally, MOFs yield uniform polyhedral crystals with sharp edges and flat 
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surfaces from hydrothermal reactions, and their sizes range from nanometer to millimeter. 
These well-defined shapes are dependent on the combinations of the organic linkers and the 
metal ions, however, prediction of the crystal shape from its components remains a great 
challenge. Over the last years, experiments to understand the crystallization processes of 
MOFs have been enabled researchers to partially control their sizes and shapes by controlling 
the recrystallization conditions.21 For examples, nanosized IRMOFs ([Zn4O(bdc)3]n, bdc = 
benzene-1,4-dicarboxylate) were prepared to slow the crystal nucleation by adding surfactants 
as stabilizing agents in the process of the crystal nucleation.21a [Cu3(btc)2]n, (btc = 
benzene-1,3,5-tricarboxylate) formed crystal morphologies of polyhedral structure such as 
octahedron, cuboctahedron, and cube were controlled by the coordinating modulation 
method.21c These researches prompted the author’s group to fabricate a polyhedral polymer 
network in a wide range of sizes starting from MOF crystals with the controlled sizes by 
cross-linking reaction inside the MOFs. In a previous report, the author’s group demonstrated 
the formation of a polymer gel from a MOF by cross-linking of the organic linkers in the 
crystalline state of the MOF using an in situ click reaction of the azide-modified MOF, with 
external multifunctional cross-linkers with four acetylene moieties.22 However, control over 
the size of the crystals was not successful, thus only millimeter-sized polymer gels were 
prepared. Herein, the author demonstrates control over the crystal size of a cyclodextrin MOF 
(CD-MOF)23 and cross-linking of the hydroxy and the alkoxide groups of !-CD to form 
network polymer particles with well-defined polyhedral shapes in the range of several 
hundred nanometers to millimeters (Figure 3-1). The facile synthetic route used herein and 
abundant starting materials for the CD-MOF allowed the author to explore further 
crystallization conditions and cross-linking in a wide range of sizes. 
 
 
 
 
 
 
 
 
  

Figure 3-1. Schematic illustration of the synthesis of cubic gel particles.  
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3-2. Results and Discussion 
 
3-2-1. Preparations of CD-MOFs with Various Sizes 
  According to the previously reported method, 23a the CD-MOF was prepared by reacting 
!-CD with 8.0 equiv. of KOH in aqueous solution, followed by vapor diffusion of methanol 
into the solution. Optical micrographs and scanning electron microscopic (SEM) images of 
the crystals illustrated that they were well-defined cubic crystals with 40–500 "m on a side as 
shown in Figures 3-2a,b. To create much smaller CD-MOF crystals, the author added a 
modified mother liquor with cetyltrimethylammonium bromide (CTAB) and controlled the 
incubation time.21a As summarized in Table 3-1, the mother liquor was prepared by incubation 
of !-CD and 8.0 equiv. of KOH in aqueous solution under methanol vapor for the first 
crystal-growth stage. After removal of the newly formed CD-MOF by decantation or filtration, 
CTAB was added to the supernatant. For the CD-MOF-Micro2 and CD-MOF-Nano samples, 
a small amount of methanol was added as a poor solvent for the CD-MOF. The solution was 
incubated again at room temperature for several hours for the second crystal-growth stage. 
The crystals formed were collected by centrifugation after repeated washing with ethanol. 
SEM observations of the CD-MOFs formed by this process clearly indicated that they were 
uniform cubic crystals with different sizes, approximately 10 "m for CD-MOF-Micro1, 1 "m 
for CD-MOF-Micro2, and 200-300 nm for CD-MOF-Nano, as shown in Figures 3-2c-e. 
These crystals were used for the cross-linking reaction without further purification. 
 
 
 

Sample 
First crystal 

growth time[a] 
Second crystal 
growth time[b] 

Methanol[c] 
[mL] 

CTAB 
[mg] 

CD-MOF[23] 24 h - - - 
CD-MOF-Micro1 26 h 3 h - 40 
CD-MOF-Micro2 26 h 3 h 0.050 40 
CD-MOF-Nano 32 h 3 h 5.0 40 

 [a] Under methanol vapor condition. [b] After addition of methanol and CTAB.  
 [c] Amount of methanol added to the mother liquid. 
  

Table 3-1. Preparation conditions for CD-MOFs with various sizes. 
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3-2-2. Preparation of CGP by Cross-Linking Reaction and Removal of Potassium Ions 

The cross-linking reaction of the !-CDs in the CD-MOF was carried out by treatment with 
ethylene glycol diglycidyl ether (L), which has two epoxy groups to cross-link between the 
hydroxy groups of each !-CD in the CD-MOF pores (Figure 3-1). After incubation of the 
cubic crystals in an ethanol solution of L at 65 °C for three days, the cross-linked CD-MOF 
(CL-CD-MOF; Figure 3-2f,g) was formed. To degrade the coordination bonds and remove 
the potassium ions and unreacted L, the resulting polymer gels were repeatedly soaked in a 
mixed solvent (ethanol/H2O = 1:1 (v/v)) and H2O. Under this condition, the unmodified 
CD-MOFs dissolved within one minute in H2O (Figure 3-3a), but after the cross-linking 
reaction, the resulting CL-CD-MOFs were practically insoluble and swelled in H2O, as 

Figure 3-2. a) Optical microphotograph and b) SEM images of CD-MOF, SEM 
images of c) CD-MOF-Micro1, d) CD-MOF-Micro2, and e) CD-MOF-Nano. f) 
Optical microphotograph and g) SEM image of CL-CD-MOF. 

a) b) 

c) d) e) 

f) g) 
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shown in Figure 3-3b. The original cubic shape of the CD-MOF was retained even after the 
cross-linking and degradation process. The sizes of the cubes were expanded by 1.37 times 
the original CL-CD-MOF length. Thus, the degree of swelling (Q) is defined as Q = 
(LCGP/LCL-CD-MOF)3, where L is the length of CGP in H2O and CL-CD-MOF in ethanol, and 
was found to be Q = 2.57. Intriguingly, SEM observations illustrated that the cubic shape of 
the CD-MOF was reflected in the cubic shape of the polymer gels, even after drying under a 
high vacuum (Figure 3-3c). In the case of CL-CD-MOFs cross-linked by using three epoxy 
groups of trimethylolpropane triglycidyl ether, the resulting CL-CD-MOFs were insoluble, 
but the gel couldn’t retain cubic shape with CD-MOFs (Figure 3-3d). This behavior means 
that the CL-CD-MOFs cross-linked by trimethylolpropane triglycidyl ether can’t proceed 
enough to cross-link between the hydroxy groups of each !-CD in the CD-MOF pores 
because the cross-linker couldn’t diffuse into the pores. Therefore, it is important to consider 
the cross-linking sites and the molecular size having cross-linkers against the CD-MOF pores 
for preparations of CGPs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 3-3. a) Evaluation of the stability of a CD-MOF in H2O. b) Preparation of a CGP 
by removal of coordinating potassium ions included a CL-CD-MOF cross-linked by L. c) 
SEM images of CGPs. d) Preparation of a CGP by removal of coordinating potassium 
ions included a CL-CD-MOF cross-linked by trimethylolpropane triglycidyl ether. 

a) 

b) c) 

d) 
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3-2-3. Characterization of CGP 
The CGPs were characterized by IR spectra, elemental analysis, X-ray powder diffraction 

(XRPD), and thermogravimetric (TG) analyses. The IR spectra showed a stretching band 
(2870–2920 cm-1) derived from the -(CH2)- group in L, which increases with the increasing L 
content. The absorption derived from the C-O-C stretching vibration (1020–1150 cm-1) for the 
free !-CD was a sharp peak, while that of the immobilized !-CD was broad because of the 
cross-linking (Figure 3-4a).24 Elemental analysis revealed that one unit of CD-MOF was 
modified with 16.02 molecules of L. These results confirmed that L reacted in the nanopores 
of the CD-MOF and cross-linked between the CDs in the CD-MOF. In addition, the other 
cross-linking mechanism was suggested that oligomerization reaction between the epoxy 
groups of L and cross-linking from rotaxane structures using ring structures of !-CD and 
cross-linkers such as slide-ring gel25 were occurred. These effects were allowed for a 
formation of CGP having highly cross-linked structure. To study the crystallinity of 
CL-CD-MOF and CGP, the author performed XRPD analysis. As shown in Figure 3-4b, the 
XRPD patterns illustrated that CL-CD-MOF was a crystalline material similar to CD-MOF. 
For CGP, no apparent diffraction peaks were observed, indicating that CL-CD-MOF became 
amorphous after swelling, like a polymer gel (Figure 3-4b).  
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Figure 3-4. a) FT-IR spectra of !-CD, CD-MOF, CL-CD-MOF, and CGP. b) XRPD 
patterns of CD-MOF (upper), CL-CD-MOF (middle), and CGP (lower).  

CD-MOF

γ-CD

CL-CD-MOF

CGP

Wavenumber / cm-1

Tr
an

sm
itt

an
ce

 / 
a.

u.

4000   3600   3200   2800   2400   2000   1600   1200    800

ν(C-O-C)"

ν(-CH2-)"



 
 

Chapter 3 

 37 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   *One unit construction of CD-MOF, composition formula; {K2(C48H80O40)(OH)2}#6 
 
Furthermore, the thermal stabilities and guest inclusion properties of CD-MOF, 
CL-CD-MOF, and CGP after being immersed in ethanol or H2O for 6 h were estimated by 
TG analyses as shown in Figure 3-5a. The decomposition temperatures of CD-MOF, 
CL-CD-MOF, and CGP were determined to be 298.7 °C, 325.5 °C, and 356.4 °C, 
respectively (Figure 3-5a and Table 3-2). The thermal stability was improved by cross-linking 
the !-CD units. For evaluation of the inclusion abilities of CD-MOF, CL-CD-MOF, and 
CGP, the author estimated the weight loss upon heating as the vaporization of included 
ethanol (Figure 3-5b and Table 3-2). The number of included ethanol molecules per unit 

Sample 
Decomposition 

temperature (°C) 
Included ethanol 

molecules per unit * 
Included H2O 

molecules per unit * 

CD-MOF 298.7 91.0  - 
CL-CD-MOF 325.5 7.4 - 

CGP 356.4 16.1 263.8 

Figure 3-5. a) Thermogravimetric analysis of CD-MOF (black), CL-CD-MOF (blue), 
and CGP (green). b) Thermogravimetric analysis of CD-MOF including ethanol as a 
guest (black), CL-CD-MOF including ethanol as a guest (blue), and CGP including 
ethanol or H2O as a guest (green, orange). 

a) b) 

Table 3-2. Thermal stabilities and quantities of included ethanol or H2O in CD-MOF, 
CL-CD-MOF, and CGP.  
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structure was determined to be 91.0 for CD-MOF and 7.4 for CL-CD-MOF. This suggested 
that the nanopores of CL-CD-MOF were mostly filled with reacted L after the cross-linking 
reaction. Besides, CGP could include 16.1 ethanol molecules and 263.8 H2O molecules per 
unit. For ethanol, the amount of the guest included in the CGP slightly increased compared to 
the CL-CD-MOF owing to a slight expansion of the network constructed from the !-CD and 
L. Moreover, the entrapment of a large amount of H2O in the CGP was attributed to swelling 
of the CGP because of its good compatibility with H2O. The degree of swelling was 
estimated from the change in size and it agreed with this value. These results indicated that 
the cross-linking reaction of L induced the network formation. These behaviors were similar 
to those of the cross-linking of the azide-modifed isoreticular MOF (IRMOF) by the click 
reaction with external cross-linkers.22 The cross-linking reaction proceeded between the 
epoxy group of L and the hydroxy groups of each !-CD in the CD-MOF pores. The 
three-dimensional cross-linking between the organic linkers provided an insoluble polymer 
network, whereas some defects in the cross-linking did not allow to yield crystalline organic 
network polymer similar to a covalent organic framework (COF),26 but instead gave 
amorphous polymer networks that can swell by soaking in the solvent. 
 
3-2-4. Preparations of CGP-Micro1, CGP-Micro2, and CGP-Nano 
  CD-MOF-Micro1, CD-MOF-Micro2, and CD-MOF-Nano were cross-linked by a similar 
procedure, but differed in their isolation of the products by centrifugation of the precipitate. 
CGP-Micro1, CGP-Micro2, and CGP-Nano were insoluble after treatment in H2O. They 
became insoluble in any solvents, indicating cross-linking between the CDs and 
oligomerization of L in the CD-MOF crystals. The XRPD patterns showed that the 
cross-linking reaction proceeded while retaining the crystal shape, and CGP-Micro1, 
CGP-Micro2, and CGP-Nano were amorphous (Figure 3-6). SEM images showed that 
CGP-Micro1, CGP-Micro2, and CGP-Nano retained their cubic shapes as shown in Figure 
3-7. This indicated that a similar cross-linking reaction occurred between the epoxy group of 
L and the hydroxy group of each !-CD in the nanopores of micro- and nanosized CD-MOF 
crystals.  
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Figure 3-6. a) XRPD patterns of CD-MOF-Micro1 (upper), CL-CD-MOF-Micro1 
(middle) and CGP-Micro1 (lower). b) XRPD patterns of CD-MOF-Micro2 (upper), 
CL-CD-MOF-Micro2 (middle) and CGP-Micro2 (lower). c) XRPD patterns of 
CD-MOF-Nano (upper), CL-CD-MOF-Nano (middle) and CGP-Nano (lower). 
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Figure 3-7. SEM images of CL-CD-MOF-Micro1, b) CGP-Micro1, c) 
CL-CD-MOF-Micro2, d) CGP-Micro2, e) CL-CD-MOF-Nano, and f) CGP-Nano. 
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3-2-5. Average Sizes and Size Distributions of CD-MOFs and CGPs with Various Sizes 
  The average sizes of the CD-MOFs, CGPs, CD-MOF-Micro1, CGP-Micro1, 
CD-MOF-Micro2, CGP-Micro2, CGP-Nano, and CGP-Nano cubes were determined from 
SEM images. They were around 276 ± 88 "m, 210 ± 70 "m, 13.8 ± 1.83 "m, 13.0 ± 2.04 "m, 
1419 ± 272 nm, 1438 ± 247 nm, 338 ± 76 nm, and 328 ± 80 nm, respectively (Figure 3-8 and 
Table 3-3). These results demonstrated that the CGP, CGP-Micro1, CGP-Micro2, and 
CGP-Nano were successfully prepared with the same size and shape as the corresponding 
CD-MOF. Therefore, the size variation of the CD-MOFs from nanometers to millimeters 
enabled the author to control the size and shape of the CGPs. 
 
 
 

 
 
 
  

Run CD-MOF CGP 

CD-MOF 276 ± 88 "m 210 ± 70 "m 
CD-MOF-Micro1 13.8 ± 1.83 "m 13.0 ± 2.04 "m 
CD-MOF-Micro2 1419 ± 272 nm 1438 ± 247 nm 
CD-MOF-Nano 338 ± 76 nm 328 ± 80 nm 

Table 3-3. Average sizes of CD-MOFs, CGPs, CD-MOF-Micro1, CGP-Micro1, 
CD-MOF-Micro2, CGP-Micro2, CD-MOF-Nano, and CGP-Nano. 
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  Figure 3-8. Statistics of a) CD-MOF, b) CGP, c) CD-MOF-Micro1, d) CGP-Micro1, e) 

CD-MOF-Micro2, f) CGP-Micro2, g) CD-MOF-Nano, and h) CGP-Nano. 

a) b) 

c) d) 

e) f) 

g) h) 
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3-3. Conclusion 
 

The author fabricated uniform cubic gel particles with well-defined edges and square faces 
using internal cross-linking of the CD-MOF crystals followed by loss of coordinating metal 
ions. The cubic gel particles retained the shape and size of the original CD-MOF crystals, 
indicating that by controlling the crystallization conditions in the wide range of sizes of 
CD-MOF, from millimeters to nanometers, can be produced. This bottom-up approach using 
neither mold, edging nor masking materials should facilitate to produce the shape-controlled 
network polymers compared with top-down approaches such as nanoimprint lithography. 
Moreover, using MOF crystals as templates for the CGPs should enable the author to prepare 
a wide variety of polyhedral gel particles from the MOF crystals with controlled polyhedral 
shapes. Therefore, this method can open a new horizon for the preparation of micro- and 
nanosized polyhedral polymer gels with well-defined shapes and sizes. Other our studies of 
the internal cross-linking of MOF crystals with other organic linkers and metal ions to 
produce polyhedral gel particles with shapes other than spheres and cubes were achieved 
polymer gels having octahedral and truncated octahedral shape.22 These gels could provide 
mesoscopic building blocks with a soft interface for constructing complex architectures by 
self-organization,27 or be used in biomedical applications such as drug carriers28 and 
cell-support materials.29  
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3-4. Experimental Section 
 
3-4-1. Materials 

All reagents were purchased from Wako Pure Chemical Industries. All chemicals and 
solvents were used without further purification. 
 
3-4-2. Measurements 
  FT-IR spectra were obtained on a JASCO FT/IR-4100 spectrometer (KBr pellets). X-ray 
powder diffraction (XRPD) patterns were obtained by using a RIGAKU Smart-Lab 
Diffractometer with Cu K$ radiation source (40 kV, 30 mA). Optical micrographs were 
recorded on an OLYMPUS BX51 microscope system. Scanning electron microscope (SEM) 
images were acquired by using a JEOL JSM-7400F. Thermogravimetric analysis was 
performed by using a Seiko instruments SSC/5200 TG/DTA 220 under 99.999 % pure 
nitrogen (300 ml/min) gas stream, employing a heating rate of 5 °C/min from 30 °C to 
500 °C.  
 
3-4-3. Preparation Condition of CGP  
3-4-3-1. Preparation of CD-MOF 23a 
!-Cyclodextrin (163 mg, 0.126 mmol) was dissolved in 5.0 mL of 200 mM KOH aq. in a 

glass tube. The solution was filtered through a syringe filter (0.45 "m PTFE membrane) into 
glass tube. Methanol was allowed to vapor-diffuse into this solution at that temperature for 24 
hours. The solution was decanted, and colorless cubic single crystals were isolated and 
repeatedly washed with methanol and ethanol. 
 
3-4-3-2. Preparation of CL-CD-MOF 

5 mL of 1.5 M ethylene glycol diglycidyl ether/ethanol solution containing CD-MOFs (ca. 
20 mg) were heated to 65 °C in constant-temperature oven for 3 days. The solution was 
decanted and the cubic crystals repeatedly washed with fresh ethanol. 
 
3-4-3-3. Preparation of CGP 

CL-CD-MOFs were immersed in excessive amounts of mixed solvent (ethanol / H2O = 1 : 
1 (v/v)) and H2O in sequence. 
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3-4-4. Preparation Conditions of CGP-Micro1, CGP-Micro2, and CGP-Nano 
3-4-4-1. Preparations of CD-MOF-Micro1, CD-MOF-Micro2, and CD-MOF-Nano 
 
 
 
 
 
 
 
 

 
 
  !-Cyclodextrin (163 mg, 0.126 mmol) was dissolved in 5.0 mL of 200 mM KOH aq. in a 
glass tube. The solution was filtered through a 13 mm syringe filter (0.45 "m PTFE 
membrane) into glass tube. Methanol was allowed to vapor-diffuse into this solution at that 
temperature for the first crystal growth time. 5 mL of the solution was only picked up in the 
glass tube and added into other glass tube included cetyltrimethylammonium bromide 
(CTAB) (40 mg, 0.110 mmol). After CTAB were dissolved thoroughly, the solution was 
incubated at that temperature for the second crystal growth time. A tube of 500 "L of the 
turbid solution was centrifuged at 1000 rpm for 3 min and the supernatant was disposed to 
remove the excess of reagents. Each CD-MOF was redispersed and washed in 1.0 mL of 
ethanol. 
 
3-4-4-2. Preparations of CL-CD-MOF-Micro1, CL-CD-MOF-Micro2, and 
CL-CD-MOF-Nano 
  5 mL of 1.5 M ethylene glycol diglycidyl ether in ethanol solution containing each 

Run 
First crystal 

growth time[a] 
Second crystal 
growth time[b] 

Methanol 
[mL] 

CTAB 
[mg] 

CD-MOF-Micro1 26 h 3 h - 40 
CD-MOF-Micro2 26 h 3 h 0.050 40 
CD-MOF-Nano 32 h 3 h 5.0 40 

Table 3-4-4. Preparation conditions of CD-MOFs with various sizes. 

[a] in methanol vapor condition. [b] after addition of methanol 
and CTAB. 

CTAB!
(CH3OH)

incubation

turbid solution

centrifugation
CD-MOF

CH3OH

CD + KOH aq.

incubation

First crystal !
growth

Second crystal !
growth



 
 

Chapter 3 

 46 

CD-MOF was heated to 65 °C in constant-temperature oven for 3 days. The solution was 
added to a tube and centrifuged at 1000 rpm for 3 min, and the supernatant was disposed to 
remove the excess of reagents. Each CL-CD-MOF was obtained and repeatedly washed with 
ethanol. 
 
3-4-4-3. Preparations of CGP-Micro1, CGP-Micro2, and CGP-Nano 
  Each CL-CD-MOF was immersed in excessive amounts of mixed solvent (ethanol / H2O = 
1 : 1 (v/v)) and H2O in sequence. 
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Chapter 4 
 
 
Hierarchical Morphology Control by Electrostatic Self-assembly 

of Charged Cubic Gel Particles 
 
 
Abstract: Electrostatic self-assembly of nano- and micrometer objects has attracted 
considerable interests as hierarchical self-assembly in a wide range of scale from nanometer 
to millimeter. In this chapter, ionic functional groups were introduced onto the surface of 
variously-sized cubic gel particles (CGPs) prepared from cyclodextrin metal-organic 
framework (CD-MOF) crystals. The electrostatic self-assembly of charged CGPs using 
positively-charged CGP (PCGP) and negatively-charged CGP (NCGP) was investigated in 
a wide range of sizes from millimeter to hundreds of nanometer. Optical microscopy and 
SEM revealed that mixing of PCGPs and NCGPs in water was induced the formations of 
aggregated structures. The self-assembled structures obtained by mixing oppositely-charged 
CGPs with different sizes revealed performance of electrostatic interaction for self-assembly. 
In addition, fluorescent dye-loaded PCGP and NCGP produced alternating structure 
observed by CLSM, indicating electrostatic interaction acts as a main driving force for the 
self-assembly. Also, the mixing of NCGP and Au cubic nanoparticles (AuNPs) with cationic 
surfactants and size of 50 nm enabled to fabricate the gel particles decorated with AuNPs by 
electrostatic self-assembly. Therefore, self-assembly of charged CGPs can provide 
mesoscopic building blocks for constructing complex architectures reflecting the cubic shape 
and the size. Charged CGPs with sizes in the range from millimeter to nanometer should 
allow useful soft interface as a scaffold assembling and immobilizing ionic functional 
materials such as inorganic nanomaterials.  
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4-1. Introduction 

 
  Self-assembly is the autonomous organization of small components into larger various 
patterns or structures. This self-assembling property has been used to fabricate diverse 
architectures across scales using monomeric units ranging from nanoscale to milliscale 
dimensions by artificial approach utilizing supramolecular chemistry and biomimetic 
chemistry.1 Now, the self-assembled structures of objects larger than molecules have been 
reported on organic and inorganic materials.2 Especially, inorganic nanoparticles with 
well-defined shape and size ranging from nanometer to a few micrometers are easily available 
by using bottom-up fabrication such as solution-phase synthesis and lithographic particle 
fabrication,3 thus the self-assembled structures using inorganic nanomaterials have been paid 
attention for significant application in various fields such as optoelectronics, 4 photonic 
crystals,5 and biological sensing.6 In special, colloidal superparticles, which one assembled 
nanoparticles in the form of colloidal particles, have been vigorously investigated owing to 
control of their properties and enhancement of the electronic,7 plasmonic,8 and magnetic 
coupling.9 The assembled structures present mesoscopic colloidal superparticles having 
multiple well-defined supercrystalline domains. The self-assembling technique of inorganic 
materials such as Au nanoparticle,10 iron oxide nanocube,11 silver nanocube,12 semiconductor 
nanorods,13 and so on, enabled to form cubic and spherical supercrystalline structures by 
controlling shapes, sizes, and interactions between their inorganic particles such as surface 
energy, Coulomb force, van der Waals force, and dipole-dipole interaction. Thus, inorganic 
complex architectures with diverse morphologies could have been achieved by self-assembly 
of inorganic particles with various sizes ranging from tens of nanometer to a few 
micrometers.  

On the other hand, the self-assembly of network polymers or gel particles have been 
limited to fabricate complex structures across scales, from millimeters to nanometers as a unit 
structure. Diverse techniques as interactions between the network polymers have been 
recently developed for mesoscale assembly of them using electrostatic interaction,14 chemical 
bonding,15 magnetic force,16 hydrophilie-lipophile balance,17 capillary force,18 host-guest 
interaction,19 metal-ligand interaction,20 and binding of DNA complementary strand.21 Above 
all, self-assembly through electrostatic interaction is assumed as a powerful tool by 
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performing longer and stronger interaction than hydrogen bond and other inter molecular 
interactions.22 In the case of electrostatic assembly, most researches demonstrated by mixing 
of macroscopic network polymers with opposite charge. For instance, Whitesides et al. 
reported that oppositely-charged microspheres with diameters ranging from 5 to 200 !m 
assembled into uniform spherical microstructures and multilayered microstructures.23 The 
assembled structures formed discriminating morphologies derived from spherical units. 
However, photolithography, the principle technique used to make such shape-controlled 
microstructures, has certain limitations to control over polyhedral particles having size and 
shape around submicron size. Therefore, self-assembly of network polymers with 
well-defined shape and size in nanoscale has never been reported. This should be a good 
contrast with well-researched self-assembled structures of inorganic nanomaterials as 
mentioned above. 
  Herein, the author focused on the electrostatic self-assembly of homothetic network 
polymers using the gel particles with cubic shape in the range from millimeter to hundreds of 
nanometer as one unit. In Chapter 3, the author demonstrated the fabrication of the uniform 
cubic gel particles (CGPs) with well-defined edges and square faces using internal 
cross-linking of cyclodextrin metal-organic framework (CD-MOF) crystals24 followed by loss 
of coordinated metal ions.25 The cubic gel particles retained the shape and size of the original 
CD-MOF crystals in a wide range of sizes from millimeters to nanometers. In this chapter, the 
author attempted to introduce ionic groups, that is, cationic and anionic charges onto the 
surface of CGPs, and to fabricate the mesoscopic self-assembled structures by self-assembly 
of the charged CGPs by utilizing the electrostatic interaction with opposite charge as shown 
in Figure 4-1.  
  
 
 
 
 
 
 
 
  Figure 4-1. Schematic illustration of electrostatic self-assembly of charged cubic gel 

particles. 
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4-2. Results and Discussion 
 
4-2-1. Preparations and Characterization of CGPs Having Ionic Groups on the Surface 
 
 
 
 
 
 
 
  According to the previously-reported method shown in Chapter 3, 100 !m, 10 !m, and 500 
nm-sized cross-linked CD-MOF (CL-CD-MOFs) were prepared by controlling the size of 
CD-MOFs in the process of crystal growth and subsequently, in situ cross-linking using 
ethylene glycol diglycidyl ether between the hydroxy groups of "-cyclodextrins ("-CDs) in 
the CD-MOF pores. The resulting different-sized CL-CD-MOFs, named as 
CL-CD-MOF-100, CL-CD-MOF-10, and CL-CD-MOF-Nano, were incubated in 
dimethylformamide (DMF) for solvent replacement from ethanol. The positively-charged 
CGPs (PCGPs) and negatively-charged CGPs (NCGPs) were prepared by modification of 
tetraalkylammonium functional groups and sulfonate functional groups, respectively, to the 
hydroxy groups on CL-CD-MOF as shown in Scheme 4-1. The modification reaction was 
expected to proceed because CL-CD-MOFs have many hydroxy groups of "-cyclodextrin 
and ring-opening of the epoxy groups included in the cross-linkers. 
2-Bromoethyltrimethylammonium bromide (1) or 1,3-propanesultone (2) as ionic substrates 
was conducted for reaction with the hydroxy groups on CL-CD-MOFs under basic condition. 
The resulting PCGP-100, NCGP-100, PCGP-10, NCGP-10, PCGP-Nano, and 
NCGP-Nano were obtained after washing of CL-CD-MOFs and removal of potassium ions 
by repeatedly soaking in H2O. The ionic groups of charged CGPs were characterized by 
optical microscope, scanning electron microscope (SEM), and energy dispersive X-ray 
spectroscopy (EDS). Optical micrographs and SEM images illustrated that the resulting 
CGPs retained well-defined cubic shape of CD-MOF crystals after the modification reaction 
of ionic groups as shown in Figure 4-2. The author found that the size of CGPs was around 
100 !m, 10 !m, and 500 nm, respectively. The peaks and elemental mapping images 

Scheme 4-1. Preparations of PCGPs and NCGPs with various sizes. 
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originated from bromine atom included PCGP and sulfer atom included NCGP were 
obtained from PCGP-100, PCGP-10, PCGP-Nano, NCGP-100, NCGP-10 and 
NCGP-Nano by SEM-EDS (Figure 4-3), indicating that the modification reactions of ionic 
groups proceeded on the CGPs. Therefore, charged CGPs with various sizes were 
successfully prepared.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Sample Size (!m) Reactant 

PCGP-100 100 1 
NCGP-100 100 2 
PCGP-10 10 1 
NCGP-10 10 2 
PCGP-Nano 0.5 1 
NCGP-Nano 0.5 2 

Table 4-1. Preparation samples for PCGPs and NCGPs with various sizes. 

a) b) c) 

d) e) f) 

Figure 4-2. Optical micrographs of a) PCGP-100, b) NCGP-100, c) PCGP-10, and d) 
NCGP-10. SEM images of e) PCGP-Nano and f) NCGP-Nano. 
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a) Br L 

Figure 4-3. SEM images, EDX spectra, and elemental mapping images of a) PCGP-100, b) 
NCGP-100, c) PCGP-10, and d) NCGP-10. EDX spectra of e) PCGP-Nano and f) 
NCGP-Nano. 

b) 

c) 

d) S K 

S K 

Br L 

e) f) 
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4-2-2. Self-Assembly of Charged CGPs with Various Sizes by Electrostatic Adhesion 
  The author investigated electrostatic adhesion and self-assembly derived by mixing PCGPs 
and NCGPs by electrostatic interaction between the opposite charges on the surface of those 
CGPs. PCGPs and NCGPs were mixed in water on a glass slide or in a tube, followed by 
shaking the mixed samples for 10 min. Optical microscope and SEM observation were carried 
out for the resulting samples, which were self-assembled in the solution and spin-coated on 
the SEM substrate.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

a) 

b) 

Figure 4-4. a) Schematic illustration of electrostatic self-assembly of PCGPs and NCGPs 
having same sizes. b) Optical micrographs and SEM images of the self-assemblies resulting 
from mixtures of PCGP and NCGP after shaking. PCGPs and NCGPs have various edge 
lengths: 100 !m, 10 !m, and 500 nm. 
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 1 μm 5 μm

 1 μm

50 μm

Figure 4-5. a) Schematic illustration of electrostatic self-assembly of PCGPs and NCGPs 
with various sizes. b) Optical micrographs and c) SEM images of the self-assemblies resulting 
from mixtures of PCGP-100 and NCGP-10 after shaking. d, e) SEM images of the 
self-assemblies resulting from mixtures of PCGP-100 and NCGP-Nano after shaking. f), g) 
SEM images of the self-assemblies resulting from mixtures of PCGP-10 and NCGP-Nano 
after shaking. 

100 μm

 10 μm

a) 

b) c) 

d) e) 

f) g) 
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  First of all, the self-assembled structures were observed by mixing PCGPs and NCGPs 
with the same sizes of 100 !m, 10 !m, and 500 nm (Figure 4-4a). Optical micrographs 
showed that the self-assembled structures were increased with shaking the mixture of PCGPs 
and NCGPs (Figure 4-4b). In the case of the mixture of PCGP-Nano and NCGP-Nano in a 
test tube, the self-assembled structures were deposited on the bottom, indicating that the 
behavior was self-assembled in water solution as shown in SEM images of Figure 4-4b. The 
author observed almost no adhesion between these unfunctionalized CGPs, PCGPs, and 
NCGPs using as one of the two components. The electrostatic interaction between the oppsite 
charge on the surface of PCGPs and NCGPs was capable of directing the self-assembly of 
charged CGPs with a wide range of sizes from micrometer to nanometer. 
  Then, the author attempted to self-assemble charged CGPs by mixing CGPs with different 
sizes such as PCGP-100 and NCGP-10 (Figure 4-5a). The self-assembled structure 
composed of PCGP-100 surrounded by NCGP-10, PCGP-100 surrounded by NCGP-Nano, 
and PCGP-10 surrounded by NCGP-Nano were obtained after shaking (Figure 4-5b). The 
smaller charged CGPs assembled only on the surfaces of the larger charged CGP with 
opposite charge. These results was reminiscent of the electrostatic self-assemblies such as the 
polyion complex and the layer-by-layer in solution.26  
 
4-2-3. Dissociation of Self-Assembled Charged CGPs by Increasing Ion Strength 
  The dissociation of the self-assembled structures composed of PCGP and NCGP, was 
attempted by change of the ion strength of the solution as shown in Figure 4-6a. Optical 
micrographs showed that addition of 1 M aqueous sodium bromide solution induced the 
dissociation of the self-assembled structures to disperse to each particles by shaking. This 
behavior was caused by weaken the electrostatic interaction between PCGPs and NCGPs 
with increasing the ion strength of the solution. These results indicate that controlling the ion 
strength in a solution enables to control self-assembly and dispersion of PCGPs and NCGPs. 
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4-2-4. Preparations of Fluoresceint Dye-Loaded PCGPs and NCGPs Made from 
CD-MOF Including Fluorescent Dyes in the Pore 
  To visualize the assembling structures of charged CGPs, dye-inclusion of charged CGPs 
were attempted. Firstly, PCGPs were stained red with incorporation of rhodamine B or 
NCGPs were stained green with incorporation of fluorescein, respectively. However, after 
PCGPs and NCGPs immersed and included in the dye aqueous solution, they had no more 
capability to self-assemble. This phenomena may be attributed to the charge neutralization 
between the ionic functional groups on the surface of CGPs and these dyes. Then, the author 
attempted to prepare stained charged CGPs from CD-MOF crystals that included the 
fluorescent dye molecules according to in Chapter 4-4-4-1, followed by the cross-linking 
reaction between the "-CDs. 
  The experimantal procedure of dye-loaded CD-MOFs was essentially same as mentioned in 
Chapter 3-4-3 and 3-4-4, except CD-MOF preparation in the solution of the dye (2.5 mM). 
The formed CD-MOFs were incorporated rhodamine B or fluorescein in the CD-MOF pores, 
as revealed by optical microscope (Figure 4-7a-d). To study the crystallinity of the CD-MOFs, 
the author performed X-ray powder diffraction (XRPD) analysis (Figure 4-7e). The XRPD 
patterns illustrated that the stained CD-MOFs were crystalline materials simillar to CD-MOF 
reported by Stoddart.23a The amounts of included rhodamine B and fluorescein in the stained 
CD-MOF-100 were estimated by 1H NMR spectra after the stained CD-MOFs were dissolved 

 100 μm  100 μm

NaBr

NaBr

 250 μm  250 μm

Figure 4-6. a) Schematic illustration of dissociation of self-assembled charged CGPs by 
addition of salt solution. Optical micrographs of dissociation of self-assembled structures 
obtained from b) PCGP-100 and NCGP-100 and c) PCGP-100 and NCGP-10. 

a) b) 

c) 



 
 

Chapter 4 

 59 

in deuterated water. Rhodamine B and fluorescein were determined to be 0.061 and 0.025 
molar equivanet to a "-CD, respectively. These results indicated that the dye-loaded 
CD-MOFs including dyes had nanopores enough to cross-link between the "-CDs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  The resulting CD-MOFs stained with the dyes were subjected to cross-linking reaction 
using ethylene glycol diglycidyl ether by the same procedure described in Chapter 3. The 
progress of cross-linking reaction was confirmed whether CL-CD-MOF transformed to 
insoluble gels with retaining cubic shape, sharp edge, and crystal facet derived from 
CD-MOFs by the addition of water. Optical and fluorescent micrographs showed that the 
formed CGPs were insoluble and remained red and yellow color by rhodamine B and 
fluorescein (Figure 4-8), meaning that the nanopores of dye-loaded CD-MOFs are avalible to 
control the shape and size of network polymers in the same manner. The colors of resulting 
CGPs were retained in water at room temperature at least for one month. 
  For the preparation of dye-loaded PCGPs and NCGPs, the author modified the ionic 
groups to hydroxy groups on the stained CL-CD-MOF by the same procedure shown in 
Scheme 4-1. Optical and fluorescent micrographs illustrated that the resulting PCGP-100 and 
PCGP-10 were formed as cubic shape gels stained with rhodamine B, and also the resulting 
NCGP-100 and NCGP-10 were formed as those with fluorescein (Figure 4-9). 
 

500 μm

100 μm 100 μm

500 μm

Figure 4-7. Optical micrographs of dye-loaded CD-MOF-100 including a) rhodamine B and b) 
fluorescein. Optical micrographs of dye-loaded CD-MOF-10 including c) rhodamine B and d) 
fluorescein. e) XRPD patterns of CD-MOF and dye-loaded CD-MOF. 
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500 μm

500 μm

100 μm

100 μm

Figure 4-8. Optical micrographs of a) CL-CD-MOF-100-RhB and b) CGP-100-RhB. 
c) Fluorescence micrograph of CGP-100-RhB. Optical micrographs of d) 
CL-CD-MOF-100-Flu and e) CGP-100-Flu. f) Fluorescence micrograph of 
CGP-100-RhB. Optical micrographs of a) CL-CD-MOF-10-RhB and b) CGP-10-RhB. 
i) Fluorescence micrograph of CGP-10-RhB. Optical micrographs of j) 
CL-CD-MOF-10-Flu and k) CGP-10-Flu. l) Fluorescence micrograph of CGP-10-Flu. 

a) b) c) 

d) e) f) 

g) h) i) 

j) k) l) 
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Sample Included dye Size Modified Substrate 

PCGP-100-RhB Rhodamine B 100 !m 1 
NCGP-100-Flu Fluorescein 100 !m 2 
PCGP-10-RhB Rhodamine B 10 !m 1 
NCGP-10-Flu Fluorescein 10 !m 2 

Table 4-2. Preparation conditions of dye-loaded PCGPs and NCGPs. 

Figure 4-9. a) Optical micrograph and b) fluorescence micrograph of PCGP-100-RhB. 
c) Optical micrograph and d) fluorescence micrograph of NCGP-100-Flu. e) Optical 
micrograph and f) fluorescence micrograph of PCGP-10-RhB. g) Optical micrograph 
and h) fluorescence micrograph of NCGP-10-Flu. 

200 μm 200 μm 200 μm 100 μm

100 μm 10 μm 100 μm 10 μm

a) b) c) d) 

e) f) g) h) 
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4-2-5. Self-Assembly of Dye-Loaded PCGPs and NCGPs 
  The experiments for associations of PCGPs and NCGPs with the opposite charges were 
shown schematically in Figure 4-4 and 4-5. Thus, by preparing dye-loaded PCGPs and 
NCGPs with size of 100 !m and 10 !m, the self-assemblied structures driven by the 
electrostatic interaction could be monitored by using a fluorescent microscope and a confocal 
laser scanning microscope (CLSM). The author added PCGP-10-RhB to both NCGP-10-Flu 
and NCGP-100-Flu. After shaking the mixture, CLSM images illustrated that the 
self-assembled structures formed to adhere alternately PCGP and NCGP by the electrostatic 
interaction in water as shown in Figure 4-10. The uncharged CGPs loaded dyes were 
observed almost no adhesion (Figure 4-11). These obsevation demonstrated that the 
electrostatic interaction between them was induced the formations of the self-assembled 
structures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

100 μm 100 μm

200 μm 100 μm

Figure 4-11. Fluorescent micrographs of CGPs including rhodamine B (red) and 
fluorescein (green). 

Figure 4-10. CLSM images of self-assembly of dye-loaded PCGPs and NCGPs. a) 
Electrostatic self-assembly of PCGP-10-RhB (red) and NCGP-10-Flu (green). b) 
Electrostatic self-assembly of PCGP-10-RhB (red) and NCGP-100-Flu (green). 

a) b) 
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4-2-6. Self-Assembly of Charged CGPs and Inorganic Materials 
  Finally, the author attempted to self-assemble charged CGP and inorganic nanomaterials. 
The Au cubic nanoparticle (Cubic AuNP) stabilized cetyltrimethylammonium bromide 
(CTAB) with size of 50 nm was prepared by the procedure reported by Teranishi et al.26 The 
self-assembled structure was observed by optical microscopy and SEM. SEM images showed 
that cubic AuNPs were assembled on the anionic surface of NCGPs (Figure 4-12b,c,d,e). 
This self-assembly couldn’t be observed on the cationic surface of PCGPs (Figure 
4-13b,c,d,e). These results demonstrated that the electrostatic interaction between the cationic 
surfactants on cubic AuNPs and the anionic groups on NCGPs caused the self-assembly and 
consequent formation of the architecture. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 100 nm

 10 μm  100 nm

c) 

d) e) 

a) 

Figure 4-12. a) Schematic illutrations of NCGPs and cubic AuNPs. SEM images of b,c) 
NCGP-Nano and d,e) NCGP-10 assembled and decorated cubic AuNPs. 
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  The author investigated the multistep self-assembly of NCGP-10 and cubic AuNPs. The 
NCGP-10 surrounded by cubic AuNPs stabilized CTAB have posivive charge on the surface, 
which was able to self-assemble NCGP-10 by electrostatic interaction (Figure 4-14a). 
Moreover, the cubic AuNPs were added to the assembled structures obtained by mixing 
PCGP-10 and NCGP-10. Optical micrographs showed that there were CGPs turned red and 
unchanged color (Figure 4-14b). The behaivior was assumed that the cubic AuNPs were 
selectively self-assembled on the NCGP-10 forming the pre-assembled structure. 
  

 100 nm

c) 

 1 μm 10 μm

d) e) 

a) 

Figure 4-13. a) Schematic illutrations of PCGPs and cubic AuNPs. SEM images of b,c) 
PCGP-Nano and d,e) PCGP-10 assembled and decorated cubic AuNPs. 

 1 μm

b) 
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Figure 4-14. a) Schematic illustration and b) optical micrographs of multistep 
self-assembly of NCGP-10 and cubic AuNPs. c) Schematic illustration and optical 
micrographs of d) the self-assembled structure of PCGP-10 and NCGP-10, and e) the 
self-assembled structure after addition of cubic AuNPs. 

a) 

c) 

b) 

d) e) 
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4-3. Conclusion 
 
  The modification of ionic functional groups onto the surface of CGPs prepared from 
CD-MOF crystals enabled to assemble charged them through the electrostatic interaction 
between the opposite charges. With controlling homothetic units having various sizes in the 
wide range from millimeter to hundreds of nanometer, the electrostatic self-assembly formed 
complex building architectures organizing charged CGPs. In addition, cationic cubic AuNPs 
assembled on the surface of CGPs having the anionic group. These results indicate that the 
diverse composite materials of the charged gel particles and inorganic materials can prepare 
by electrostatic self-assembly. Thus, charged CGP should allow to utilize as soft interface for 
a scaffold of collection and immobilization of charged fuctional objects including inorganic 
materials and biomaterials. Also, charged CGPs including dyes were succeeded to prepare by 
cross-linking reaction, modification of ionic groups, and removal of potassium ions using 
CD-MOFs including fluorescent dyes. This method could be applied for preparations of 
various materials by incorporating other functional materials such as fullerene and porphyrin. 
Moreover, this self-assembled system and architecture will be improved by introducing 
superior attracting interaction such as host-guest interaction19 and DNA complementary21 
reported for macroscopic self-assembly. 
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4-4. Experimental Section 
 
4-4-1. Materials 
  2-Bromoethyltrimethylammonium bromide, sodium hydride, and fluorescein were 
purchased from Tokyo Chemical Industry Co. "-Cyclodextrin, ethylene glycol diglycidyl 
ether, cetyltrimethylammonium bromide (CTAB), 1,3-propanesultone, rhodamine B, and all 
solvents were purchased from Wako Pure Chemical Industy. All chemicals and solvents were 
used without further purification. The differently-sized CL-CD-MOFs were obtained by 
preparative procedure reported in Chapter 3. 
 
4-4-2. Measurements 
  X-ray powder diffraction (XRPD) patterns were obtained by using a RIGAKU Smart-Lab 
Diffractometer with Cu K# radiation source (40 kV, 30 mA). Scanning electron microscope 
(SEM) images were acquired by using a JEOL JSM-7400F. Energy dispersive X-ray 
spectroscopy (EDS) was carried out by using a JIB-4600F MultiBeam SEM-FIB. Optical 
micrographs were obtained by using an OLYMPUS BX51 microscope system and a Nikon 
instruments SMZ1000 stereoscopic zoom microscope. Fluorescent micrographs were 
obtained by using a Nikon instruments ECLIPSE Ti microscope. Conforcal laser scanning 
microscope (CLSM) images were acquired by using a Nikon instruments ECLIPSE 
TE2000-E microscope. 
 
4-4-3. Preparations of CGPs Having Ionic Groups on the Surface 

The resulting CL-CD-MOFs were added in DMF (5 mL) and sodium hydride (24 mg, 1 
mmol), and the solution was incubated at room temperature for a day. 
2-Bromoethyltrimethylammonium bromide (1) or 1,3-propanesultone (2) as ionic substrates 
was added respectively into the solution, and then the solution was heated at 65 °C for 24 
hours. 5 mL of EtOH and H2O was added and removed extra ionic substrates by decantation. 
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4-4-4. Preparations of Dye-Loaded PCGPs and NCGPs Made from CD-MOF Including 
Fluorescent Dyes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4-4-4-1. Preparations of Dye-Loaded CD-MOF-100 and CD-MOF-10  

Preparation of dye-loaded CD-MOF-100："-CD (163 mg, 0.125 mmol) was dissolved in  
KOH aq. (200 mM, 50 mL) in a glass tube. Rhodamine B (6.0 mg, 0.0125 mmol) or 
fluorescein (4.2 mg, 0.0125 mmol) were added into the solution. MeOH was allowed to 
vapor-diffuse into the solution at room temperature (25 °C) for 24 hours. The supernatant was 
removed by decantation, and the obtained CD-MOFs were washed in ethanol for a few times. 

Preparation of dye-loaded CD-MOF-10："-CD (163 mg, 0.125 mmol) was dissolved in 
KOH aq. (200 mM, 50 mL) in a glass tube. Rhodamine B (5.99 mg, 0.0125 mmol) or 
fluorescein (4.15 mg,  0.0125 mmol) were added into the solution. MeOH was allowed to 
vapor-diffuse into the solution at room temperature (25 °C) for 26 hours of the first 
crystal-growth time. 5 mL of the solution was transferred to another glass tube containing 
CTAB (40.0 mg, 0.110 mmol). When the CTAB thoroughly dissolved, the solution was 
incubated at room temperature (25 °C) for 3 hours of the second crystal-growth time. A tube 
of the turbid solution (500 !L) was centrifuged at 500 rpm for 3 min and the supernatant was 
removed. The obtained CD-MOFs were redispersied and washed in ethanol for a few times.  

Sample Included dye Size Modified Substrate 

PCGP-100-RhB Rhodamine B 100 !m 1 
NCGP-100-Flu Fluorescein 100 !m 2 
PCGP-10-RhB Rhodamine B 10 !m 1 
NCGP-10-Flu Fluorescein 10 !m 2 

Scheme 4-2. Preparation of dye-loaded PCGPs and NCGPs with various sizes. 

Table 4-3. Preparation samples of dye-loaded PCGPs and NCGPs. 
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4-4-4-2. Preparations of Dye-Loaded CL-CD-MOFs and CGPs  
  Preparation of dye-loaded CL-CD-MOFs: Ethylene glycol diglycidyl ether in ethanol 
solution (5 mL, 1.5 M) containing the CD-MOFs including dyes were heated to 65 °C in an 
oven for 3 days. The solution was added to a tube, centrifuged at 500 rpm for 3 min and the 
supernatant removed. The stained CL-CD-MOFs were obtained and repeatedly washed with 
ethanol.  
  Preparation of dye-loaded CGPs: The stained CL-CD-MOFs with fluorescent dyes were 
immersed in an excess of mixed solvent (Ethanol/H2O = 1:1 (v:v)) and H2O, sequentially. 
 
4-4-4-3. Preparations of Dye-Loaded PCGPs and NCGPs 

The resulting dye-loaded CL-CD-MOFs were added in DMF (5 mL) and sodium hydride 
24 mg (1 mmol), and the solution was incubated at room temperature for a day. 
2-Bromoethyltrimethylammonium bromide (1) and 1,3-propanesultone (2) as ionic substrates 
was added respectively into the solution and then the solution was heated at 65 °C for 24 
hours. 5 mL of EtOH and H2O was added and removed the extra ionic substrates by 
decantation. 
 
4-4-5. Electrostatic Self-Assembly of Charged CGPs 

PCGPs and NCGPs were mixed in water on a glass slide or tube. The mixed samples were 
shaked for 10 min and incubated for 3 hours. The resulting samples were spin-coated on the 
SEM substrate. The assembly experiments in this chapter were performed under room 
temperature. 
 
4-4-6. Estimation of Electrostatic Self-Assembly of Dye-Loaded PCGPs and NCGPs by 
Fluoresent Microscopy and Confocal Laser Scanning Microscopy 

Dye-loaded PCGPs and NCGPs were mixed in water on a glass slide or tube. The mixed 
samples were shaked for 10 min. The resulting samples were covered on the cover glass for 
fluorescent microscopy and CLSM. UV cut-off filter blocks (GFP-B: EX460-500, DM505, 
BA510-560, TRITC: EX540/25, 565, 605/55, Nikon) were used in the optical path of 
fluorescent microscopy. CLSM images were obtained in condition of excitaion wavelength 
(488 nm or 561 nm) and detection wavelength (450 ± 35 nm or over 650 nm).  
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4-4-7. Preparation of Au cubic nanoparticles (Cubic AuNPs) 27 
Au cubic nanoparticles having the size of 50 nm was prepared by the preparation procedure 

reported by Teranishi et al. The control over the shape of the Au NPs was achieved by using a 
seed-mediated method, which involved the synthesis of spherical Au seed NPs, followed by 
the growth of the seed NPs. The spherical Au seed NPs were synthesized as follows: 0.6 mL 
of 10 mM ice-cold NaBH4 aq. was added to mixture of 9.95 mL of 100 mM 
cetyltrimethylammonium bromide (CTAB) aq. and 0.05 mL of 50 mM HAuCl4 aq. under 
vigorous stirring. This was followed by stirring at 40 °C for 1 h to obtain the small spherical 
AuNPs. A total of 300 !L of the small Au NP aq. was then added to a mixture of 5.94 mL of 
water, 0.06 mL of 50 mM HAuCl4 aq., 6.00 mL of 200 mM cethyltrimethylammonium 
chloride (CTAC) aq., and 4.5 mL of 100 mM ascorbic acid aq. to obtain the CTAC-protected 
Au seed NPs (CTAC-Au). As soon as the small AuNPs was added into the solution and 
shaken up, the growth of the CTAC-Au solution into well-faceted cubic AuNPs was achieved 
by adding 0.03 mL of the CTAC-Au solution to 9.97 mL of an aqueous solution containing 
growth solution and by subsequently incubating at 20 °C for 24 h. This growth solution was 
contained of 3.63 mL of water, 0.04 mL of 50 mM HAuCl4 aq., 1.00 mL of 200 mM CTAB 
aq., 4.5 mL of 200 mM CTAC aq., and 0.80 mL of 25 mM ascorbic acid aq. The solution was 
centrifuged at 3000 rpm for 10 min, and the product was obtained (Figure 4-14). 
 
 
 
 
 
 
 
 
  

 100 nm  100 nm

Figure 4-14. SEM images of cubic AuNPs. 
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Chapter 5 
 
 

Concluding Remarks 
 
 
  Morphology control of network polymers in a wide range of sizes from micrometer to 
nanometer has been generally conducted by controlling a confined space of the 
polymerization utilizing various templates. In bottom-up approaches, the typical templates 
utilizing molecular assemblies such as micelles and vesicles have the limitation of the shape 
of the assemblies, which has been only fabricated spherical structures, layer structures, and 
hollow spherical structures. Therefore, new strategy for morphology control of network 
polymers should expand to fabricate various structures from bottom-up approaches. In this 
thesis, the morphology control of network polymers were suggested some methodologies of 
(1) introduction of repulsive and attractive interaction between the charged cross-linkers in 
solution polymerization and (2) utilization of metal-organic frameworks that provide the array 
of the cross-linkers in the crystal. Each chapter can be also reviewed with respect to these 
points. 
  In Chapter 2, through the design of divergent and charged cross-linkers based on 
tetraphenylborates, the morphology control was achieved by the electrostatic repulsion 
between the charged cross-linkers and the initial network polymers in the polymerization 
process. Increase with dielectric constant of synthetic media was induced the formations of 
the expanded structures of network polymers, which indicates driving force was assumed to 
be osmotic pressure and electrostatic interaction. Addition of water and decrease of 
cross-linker concentration caused the fabrications of network polymers with spherical shape. 
Therefore, these results indicate that controlling electrostatic repulsive and attractive between 
the charged cross-linkers is utilizable for control of the morphologies and cross-linking 
structures of network polymers. 
  In Chapter 3, utilization of cyclodextrin metal-organic framework (CD-MOF) crystals as 
templates was induced the fabrications of cubic gel particles (CGPs) reflecting well-define 
edges and square faces with CD-MOF, via cross-linking reaction between the cyclodextrins 
and subsequently removal of the coordinated metal ions. The control of crystalline size 
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demonstrated that this fabrication methodology of network polymers was adaptable in the 
wide range of sizes from millimeter to hundreds of nanometer. Therefore, CD-MOFs with 
various sizes, cubic shape, and reactive cross-linkers in the pore can provide utilizable 
templates to fabricate shape- and size-controlled network polymers. 
  In Chapter 4, electrostatic self-assembly of charged CGPs having sizes from micrometer to 
hundreds of nanometer was achieved the construction of complex architectures derived from 
CGPs with various sizes. Moreover, negatively-charged CGPs were decorated with Au 
nanocubes stabilized cationic surfactants, which indicates applicable for collection and 
immobilization of various nanomaterials with charge in this system. Therefore, design of 
charged CGPs for electrostatic self-assembly as one unit accomplished to construct complex 
architecture for morphology control of network polymers. 
  This thesis described that various structures of network polymers fabricated by design of 
cross-linking points. Chapter 2 suggested that utilization of electrostatic interaction between 
the charged cross-linkers and the initial network polymers was enabled to control 
morphologies of the network polymers in the polymerization process. Although this system 
enabled to control morphologies of network polymers such as expanded mesh structures and 
spherical structures, it is difficult to control the size and shape of network polymers because 
of solution polymerization. Thus, in Chapter 3, CD-MOF with nanoporosity, cubic shape and 
regular arrangement of cross-linkers was utilized for size- and shape-control of network 
polymers as templates. This fabrication methodology demonstrated that CGPs were enabled 
to prepare with reflecting the shape and size of CD-MOF crystals in a wide range of sizes 
from millimeter to hundreds of nanometer. Moreover, Sada et al. demonstrated that this 
methodology for shape control of network polymer could be applied to fabricate network 
polymers with polyhedral shape by utilizing MOFs with polyhedral shape such as cube, 
octahedron, and truncated octahedron.1 These results elucidated the methodology for 
morphology control of network polymers utilizing porous crystal with polyhedral and various 
sizes, which can consider as a different approach from emulsion polymerization as mentioned 
in general introduction and new template synthesis system (Figure 5-1). Also, Uemura et al. 
demonstrated that highly ordered crystalline packing of polymer chain reflecting specific 
alignment of MOF could be prepared by copolymerization between the mono- or 
bi-functionalized monomers and the bi-functionalized organic ligands as a reactive scaffold in 
MOF pore.2 Therefore, these results mean that morphology control of network polymers 
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utilizing MOFs can be applicable as new design for ideal network structure in the future. 
Chapter 4 described that the electrostatic self-assembly of charged CGPs with various sizes 
were constructed hierarchical architectures with cubic shape (Figure 5-1). Accumulation of 
homothetic CGPs with smaller size will enable to increase surface area and control 
morphology such as convex hierarchical architectures consisting of charged CGPs and 
charged nanomaterials. 
  The design for cross-linking points reported in this thesis can allow for not only 
development of morphology control systems, but also various applications in biomedical 
scaffold and drug carrier. 
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Figure 5-1. A Comparison of size and shape of the network polymers obtained by 
emulsion polymerization with the network polymers obtained by Chapter 3 and Chapter 4 
in a range of sizes from millimeter to nanometer. 
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