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Preface 

 Janus materials are anisotropic materials that have two surfaces with different 

properties. Janus materials with various shapes have been prepared, such as Janus 

particles, Janus cylinders and Janus sheets, and applied as various materials, 

including optical materials and catalysts. Among these Janus materials, Janus 

nanosheets have the highest anisotropy due to their shape. It is an issue for Janus 

nanosheets that they swell in organic solvents, however, because most of them are 

made of polymers. Preparation of inorganic Janus nanosheets is therefore an 

important issue for applying Janus nanosheets in various solvents. There are 

several drawbacks to the previous methods of inorganic Janus nanosheet 

preparation, however: low versatility in terms of functional group selection or 

limitations on their use in water. 

Ion-exchangeable layered metal oxides have been used to achieve ion-exchange 

reactions between interlayer ions and other ions. The surfaces of some of these 

layered materials can be modified, moreover, by organic molecules via grafting 

reactions. Also, since nanosheets are obtained by exfoliation of layered materials, 

layered materials could be used as starting materials for preparation of highly 
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anisotropic materials, or nanosheets, via exfoliation. Leveraging these features, 

ion-exchangeable layered materials have been applied as host materials for 

ion-exchange, raw materials for thin films and nanofillers for polymer-based 

hybrids. 

This thesis describes preparation methods for Janus nanosheets using the layered 

hexaniobate K4Nb6O17·3H2O and phosphorus coupling agents and 

functionalization of K4Nb6O17·3H2O-based Janus nanosheets. These preparation 

methods are important for application of functional inorganic Janus nanosheets. 

The layered hexaniobate K4Nb6O17·3H2O has a unique structure in which 

interlayer I with high reactivity and interlayer II with low reactivity appear 

alternately. In the first approach, interlayer I was modified using one phosphorus 

coupling agent at first, and interlayer II was modified subsequently using the other 

phosphorus coupling agent. Finally, the product was exfoliated into single-layered 

nanosheets. Thus, preparation of Janus nanosheets from K4Nb6O17·3H2O could be 

achieved by regioselective surface modification and subsequent exfoliation. Since 

K4Nb6O17·3H2O-based Janus nanosheets have stable bonds between the niobate 

layer surface and surface modifiers, they could be functionalized by changing 



iii  

phosphorus coupling agents. In the second approach, Janus nanosheets were 

prepared by exfoliation of products where only interlayer I was modified with a 

phosphorus coupling agent. Thus, two types of functional Janus nanosheets 

applicable to aqueous dispersions were prepared. One of these was Janus 

nanosheets prepared using orgonophosphonic acid with high hydrophilicity and 

phosphoric acid that could work as two-dimensional surfactants. The other was 

Janus nanosheets exhibiting Dual-functions comprising cation adsorption and 

thermo-responsiveness causing aggregation in water. Combination of these two 

functions leads to cation-adsorbent Janus nanosheets.  
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1.1 Layered metal oxides 

Layered metal oxides consist of stacked single-crystalline metal oxide nanosheets. 

The thickness of nanosheets corresponds to several atoms, and the lateral size is in 

the micrometer range. Thus, nanosheets are considered to be materials with 

significantly high aspect ratios. Clay minerals,1-3 layered silicates4-6 and layered 

transition metal oxides7-9, in particular, contain negatively charged nanosheets and 

interlayer metal cations. These cations can be exchanged with other cations, such as 

metal cations or alkylammonium ions, and these ion exchange reactions are 

categorized as intercalation.10-12 The surfaces of nanosheets can be modified with 

alcohols, carboxylic acids, silylating agents or phosphorous coupling agents such as 

organophosphonic acids.13-14 Metal oxide nanosheets can be obtained by exfoliation 

from layered compounds consisting of stacked nanosheets.8, 15-16 Thus, layered metal 

oxides are considered to be useful host materials for intercalation and starting 

compounds for preparing nanosheets. 

 

1.1.1 Surface modification of layered metal oxides 

 Interlayer surface modification of inorganic layered materials is classified into two 

types: that forming weak bonds, such as ionic bonds, and that forming stable bonds 

by grafting organic molecules onto interlayer surfaces. Ionic bonds are formed 

between charged nanosheets and ions that have a charge opposite to that of the 

nanosheets. In previous studies, organic ions, such as alkylammonium ions, cationic 
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dyes and heavy metal ions, were intercalated in the interlayers of clay minerals,10, 17-

18 layered silicates11, 19-20 and layered transition metal oxide via an ion-exchange 

mechanism.12, 21-22 

 Four types of surface modifiers, namely alcohols, carboxylic acids, silylation 

agents and phosphorous coupling agents, have mainly been used for interlayer 

surface modification involving formation of stable bonds. These four types of 

surface modifiers form M-O-C bonds through reactions with alcohols and carboxylic 

acids, M-O-Si bonds through reactions with silylation agents and M-O-P bonds 

through reactions with phosphorous coupling agents. As concerns stability, M-O-C 

bonds are known to be easily hydrolyzed, and homocondensation can occur between 

silylation agents upon hydrolysis. On the other hand, hydrolysis of M-O-P bonds and 

homocondensation between phosphorous coupling agents seldom occur under mild 

conditions. Therefore, phosphorous coupling agents form self-assembled 

monolayers on the surfaces of metal oxides.23-24 Interlayer surfaces of layered 

silicates have been modified with alcohols25 and silylation agents.26-28 Interlayer 

surfaces bearing Si-OH group have also been modified with organophosphonic acids, 

but Si-O-P bonds are easily cleaved by hydrolysis.23-24 On the other hand, interlayer 

surfaces of layered transition metal oxides have been modified with alcohols29 and 

silylation agents.30-31 Furthermore, a protonated ion-exchangeable layered 

perovskite, HLaNb2O7·xH2O, has been modified with organophosphonic acids. In 

this process, HLaNb2O7·xH2O was first modified with n-propanol, and the resultant 
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n-propoxy-derivative was then modified with n-decanol to expand the interlayer 

distance through an alcohol-exchange-type reaction. Finally, this n-decoxy-

derivative was modified with various organophosphonic acids (Figure 1.1).14 

 

Figure 1.1 Overview of the modification of ion-exchangeable layered perovskite 

HLaNb2O7·xH2O with organophosphonic acids.14 

“Reprinted with permission from A. Shimada, Y. Yoneyama, S. Tahara, P. H. Mutin 

and Y. Sugahara, Interlayer Surface Modification of the Protonated Ion-

exchangeable Layered Perovskite HLaNb2O7·xH2O with Organophosphonic Acids, 

Chem. Mater., 21, 4155-4162 (2009)., Copyright 2009 American Chemical Society.” 

 

1.1.2 Exfoliation of layered metal oxides 

 Nanosheets prepared by exfoliation of layered materials have been applied as 
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nanofillers for various polymers 32 and for preparation of thin films33 and 

nanotubes.34 Various methods have been reported for exfoliation of layered metal 

oxides (Figure 1.2). The simplest method of exfoliation is dispersion of layered 

materials in water. This method is mainly applied to clay minerals, such as 

montmorillonite contained in bentonite, because of their low layer charge density.35 

These clay minerals swell and exfoliate easily in water, since they accommodate 

water molecules in their interlayers. Layered materials with high layer charge 

densities, on the other hand, are exfoliated via intercalation of bulky ions, such as 

tetrabutylammonium ion.36-38 The distance between the negative layer charge and 

positive cation charge is increased by intercalation of the bulky ammonium ions, 

and exfoliation proceeds due to a decreased coulomb interaction between the 

negative charge and positive charge. These two methods proceed in water. Swelling 

and exfoliation processes conducted in organic solvents have also been reported 

using layered materials in which organic moieties with a high affinity to organic 

solvents were immobilized.39 Mechanical exfoliation by ultrasonication can be used 

if spontaneous exfoliation does not proceed.40 In-situ polymerization in interlayers 

from immobilized initiators, the so-called ”grafting-from” method, is also used for 

exfoliation since polymer chains can expand the interlayer distance.41-42 An ion-

exchangeable layered perovskite was exfoliated by the “grafting-from” method via 



6 
 

polymerization of poly(N-isopropylacrylamide) (PNIPAAm) in its interlayer.43 

 

Figure 1.2 Schematic description of the main liquid exfoliation mechanisms. (A) Ion 

intercalation, (B) Ion exchange and (C) Sonication-assisted exfoliation.15 

“V. Nicolosi, M. Chhowalla, M. G. Kanatzidis, M. S. Strano, J. N. Coleman, Liquid 

Exfoliation of Layered Materials, Science, 340(6139), 1226419 (2013). Copyright © 

2013, American Association for the Advancement of Science” 

 

1.1.3 Layered hexaniobate K4Nb6O17·3H2O 

 A layered hexaniobate, K4Nb6O17·3H2O, has been used as a host for intercalation 

of cations and has been modified with a silylation agent and organophosphonic acid. 

Since highly reactive interlayer I and less reactive interlayer II appear alternately in 

K4Nb6O17·3H2O (Figure 1.3),44 however, different intercalation behaviors are 

observed for interlayers I and II upon intercalation, interlayer surface modification 
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and exfoliation. The difference in reactivities between interlayers I and II originates 

from the hydration state of interlayer K+ ions; the K+ ions in interlayer I are hydrated, 

while the K+ ions in interlayer II are not hydrated.8 Therefore, unique intercalation 

behavior was observed for ion-exchange reactions with metal cations.45 Monovalent 

metal cations were intercalated into both interlayers, whereas divalent metal cations 

were intercalated only into interlayer I.46 As regards ion exchanges with organic 

cations via intercalation, meanwhile, bulky dioctadecyldimethylammonium ions 

were intercalated only into interlayer I, while less bulky n-dodecylammonium ions 

were intercalated into both interlayers.47-48 In addition, interlayer surface 

modification of K4Nb6O17·3H2O using a silylating agent was reported.39
 Using its 

unique intercalation and grafting reaction behavior, surface modification only in 

interlayer I or in both interlayer I and interlayer II can be achieved using 

organophosphonic acid.49 Interlayer I was expanded by intercalation of 

dioctadecyldimethylammonium ions, and the resulting intercalation compound was 

reacted with phenylphosphonic acid. In the resulting derivative, designated as A-

type, only interlayer I was modified with phenylphosphonic acid. On the other hand, 

interlayers I and II were expanded by intercalation of dodecylammonium ions, and 

the resulting intercalation compound was reacted with phenylphosphonic acid. In the 

resulting derivative, classified as B-type, both interlayers were modified with 

phenylphosphonic acid. Furthermore, these derivatives were exfoliated in 

acetonitrile. The A-type derivative was exfoliated only at interlayer I to form a 
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dispersion containing double-layered nanosheets. On the other hand, the B-type 

derivative was exfoliated at both interlayer I and interlayer II, resulting in the 

formation of a dispersion containing single-layered nanosheets.  

Figure 1.3 Structure of K4Nb6O17·3H2O.44 

“Reprinted with permission from T. Nakato, K. Kuroda and C. Kato, Syntheses of 

Intercalation Compounds of Layered Niobates with Methylviologen and their 

Photochemical Behavior, Chem. Mater., 4, 128-132 (1992)., Copyright 1992 

American Chemical Society.” 

 

1.2 Janus Materials 

1.2.1 Janus Materials and Their Classification 

 “Janus” is the name of the Roman god who has two faces, one each on the front 

and back of his head, and Janus materials have two distinct surfaces with different 

surface chemical properties (Figure 1.4).50 Janus materials are expected to be applied 

to various fields, such as electrochemistry,51 surface chemistry,52 biochemistry,53 
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optics54 and catalysts.55 

 

Figure 1.4 (a) Janus particles, (b, c) two types of Janus cylinders, (d, e) Janus discs, 

(f-k) various kinds of dumbbell-shaped Janus nanoparticles and (l) Janus vesicles 

or capsules.50 

“Reprinted with permission from T A. Walther and A. H. E. Müller, Janus Particles: 

Synthesis, Self-Assembly, Physical Properties, and Applications, Chem. Rev., 113, 

5194-5261 (2013)., Copyright 2020 American Chemical Society.” 

 

The concept of a “Janus grain” was introduced by de Denne at his Nobel lecture in 

1991.56 In this lecture, he referred to two Janus materials. One of his two examples 

was polystyrene nanoparticles, whose hemisphere was modified to produce Janus 

beads possessing two hemisphere surfaces with different chemical properties.57 The 

other example was crushed silica core shell nanoparticles, whose outer shell was 

modified by lipophilic moieties to produce Janus sheets which had two surfaces with 

different chemical properties.58  

To date, Janus materials with various shapes have been prepared. For example, 

zero-dimensional materials such as particles, one-dimensional materials such as rods 

and cylinders, and two-dimensional materials such as sheets and discs were 
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reported.59 Regardless of the shape, as described above, it is necessary that Janus 

materials have two distinct surfaces with different chemical properties.60 

 

1.2.2 Preparation of Janus Nanomaterials and Their Applications 

There are a large number of reports on preparation of Janus nanoparticles and 

various preparation methods have been developed, including preparation by masking 

nanoparticle hemispheres and subsequence surface modification of unmasked 

surfaces and preparation by self-assembly of polymers or oligomers.61 In a report by 

Takei et al, hemispheres of gold nanoparticles were masked by anchoring them on a 

polymer substrate and then modifying the unmasked surfaces by sputtering.62 

Polystyrene-based Janus nanoparticles were also prepared by this method.63 Also, 

preparing Janus nanoparticles by self-assembly of triblock copolymers was first 

reported. Polystyrene-block-polybutadiene-block-poly(methyl methacrylate) was 

aligned on an air-liquid interface, and the polybutadiene block, its middle block, was 

crosslinked. The resulting product consisted of nanoparticles bearing two different 

moieties on two hemispheres.64 Various Janus nanoparticles have been prepared by 

this mothed, since it can be applied to various triblock copolymers.65 Also, Janus 

nanoparticles with a hydrophilic surface and a lipophilic surface were applied as 

solid surfactants, and these Janus nanoparticles stabilized emulsions better than 

nanoparticles with isotropic surfaces.66 Besides these applications, Janus 

nanoparticles were also applied as optical materials,67 biorecognition-signaling 
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elements68 and as compatibilizers of polymers for polymer blends.69 Janus 

nanoparticles with optical properties were prepared by assembly of Au nanoparticles 

on hemispheres of SiO2 nanoparticles and are expected to be applied as sensing 

materials due to the plasmon resonance of Au nanoparticles.67 Biorecognition-

signaling elements have two functions, biorecognition due to surface modification 

using streptavidin and electrochemical reactivity due to surface modification using 

horseradish peroxidase. These Janus nanoparticles could therefore recognize biotin 

by adsorption of streptavidin surfaces and obtained signals through a reaction of 

horseradish peroxidase.68 Janus nanoparticles where individual nanoparticles 

possessed a poly(2,6-dimethyl-1,4-phenyleneether) (PPE) surface and a 

poly(styrene-co-acrylonitrile) (SAN) surface formed a polymer blend composed of 

PPE and SAN due to the Pickering effect.69 

There are few reports on preparation and simulation related to adsorption behavior 

at the interface70-71 of Janus nanorods and Janus nanocylinder. Müller et al. prepared 

Janus nanocylinders which had two distinct surfaces parallel to a long axis.72 

Crosslinking of polystyrene-block-polybutadiene-block-poly(methylmethacrylate) 

(SBM) triblock copolymers provided Janus nanocylinders whose core was a 

polybutadiene block. Janus nanocylinders can also be prepared by surface 

modification of the limited surfaces of nanocylinders anchored on substrates by the 

same method as that used to prepare Janus nanonanoparticles.73 Application of Janus 

nanocylinders based on their shapes were reported.74 Janus nanocylinders were 
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adsorbed at the liquid-liquid interface at a fixed angle, and this angle was affected 

by the balance between the lipophilicity and hydrophilicity of the surfaces and the 

Janus nanocylinder aspect ratio. Also, Janus nanocylinders whose two surfaces were 

located perpendicular to the log axis were assembled by gathering the heads of 

nanocylinders.75 

Janus nanosheets and Janus nanodiscs exhibit especially high anisotropy among 

Janus nanomaterials. In particular, Janus nanosheets have been expected to stabilize 

emulsions due to their high anisotropy and rotation restriction.76 Most Janus 

nanosheets have been prepared using polymers. Stupp et al.77 prepared Janus 

nanosheets by aligning oligomers which had a functional group for polymerization 

on one terminal and a group for promoting two-dimensional assembly on the other 

terminal. There was also a chiral center in the middle of these oligomers. Walther et 

al. reported preparing Janus nanosheets using a triblock copolymer.78 Janus 

nanosheets can be formed by crystallization of poly(ε-caprolactone) at the interface 

between water and pentyl acetate.79 Also, assembly of peptides can form self-

supporting Janus nanosheets measuring several nm in thickness.80 For preparing 

polymer-based Janus nanosheets, it is important to align functional groups by self-

assembly and to immobilize aligned functional groups by crosslinking or 

crystallization. 

The most common application of polymer-based Janus nanosheets is stabilization 

of emulsions.81-82 Liu et al. prepared an emulsion using Janus nanosheets with 
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PNIPAAm chains.83 PNIPAAm chains have a random coil structure that exhibits 

hydrophilicity at low temperatures, while PNIPAAm exhibits lipophilicity upon 

formation of a globular structure at high temperatures. This coil-globule transition 

occurs at a lower critical solution temperature (LCST). Janus nanosheets have 

lipophilic polystyrene on one side and PNIPAAm chains on the other. When 

PNIPAAm chains exhibited hydrophilicity at below LCST, the emulsions were 

stabilized by Janus nanosheets. On the other hand, when PNIPAAm chains exhibited 

lipophilicity at above LCST, the emulsions were not stabilized by Janus nanosheets. 

Also, Janus nanosheets bearing poly(maleic acid) chains on one side can stabilize 

emulsions, but emulsions were destabilized by decreasing the pH.84 In addition to 

these application, Janus nanosheets can be applied as biosensing materials85 and as 

separators between water and oil for distillation of water.86 

 

1.3 Inorganic Janus Nanosheets 

The polymer-based Janus nanosheets described in the previous section have 

certain drawbacks, such as swelling and deformation in organic solvents.87 On the 

other hand, inorganic Janus nanosheets are likely stable in organic solvents. 

Therefore, methods of preparing inorganic Janus nanosheets have been developed. 

So far, however, there have been many fewer reports on preparing inorganic Janus 

nanosheets than on preparing polymer-based Janus nanosheets. The inorganic Janus 

nanosheets prepared have consisted of silica made by the sol-gel method or inorganic 
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layered materials. 

1.3.1 Silica-based Janus Nanosheets prepared by the Sol-gel Method 

The key process in preparing sol-gel silica-based Janus nanosheets involves 

crushing silica core shell nanoparticles to obtain nanosheet structures. As described 

above, this process was reported by Gruning et al. In this report, the outer surfaces 

of purchased silica core shell particles were modified for purposes of 

functionalization.58 

On the other hand, Lian et al. also prepared silica-based Janus nanosheets by 

crushing core shell nanoparticles.88 Two solvents which can form emulsions, water 

and paraffin, and two kinds of trialkoxysilanes, one bearing a lipophilic group and 

the other bearing a hydrophilic group, were used to prepare silica-based Janus 

nanosheets. Trialkoxysilanes were assembled at the interfaces of paraffin droplets in 

emulsion. Lipophilic groups or hydrophilic groups of trialkoxysilanes were faced 

with a solvent with higher affinity. Then, hydrolysis and condensation were carried 

out to form Si-O-Si bonds. The resultant core shell nanoparticles have different 

functional groups at the inner and outer surfaces. Sol-gel silica-based Janus 

nanosheets were then obtained by crushing the core shell nanoparticles using 

ultrasonication (Figure 1.5). This method was considered as a smart method, since 

formation of an Si-O-Si network and functionalization of the surfaces were achieved 

in one step. Also, a polymer composite of silica-based Janus nanosheets was 

prepared using this method by changing functional group of trialkoxysilanes and 
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grafting polymers onto the lipophilic side of Janus nanosheets.89 

Figure 1.5 Preparation methods of silica-based Janus nanosheets (a) silica Janus 

hollow spheres formed onto micelle interface using two organosilane, (b) crushing 

the silica Janus hollow spheres and (c) stabilized emulsion by obtained Janus 

nanosheets.88 

“F. Liang, K. Shen, X. Qu, C. Zhang, Q. Wang, J. Li, J. Liu and Z. Yang, Inorganic 

Janus Nanosheets, Angew. Chem. Int. Ed., 50, 2379 -2382 (2011). Copyright © 2011 

WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim” 

 

The Janus nanosheets prepared using the above-mentioned method had a 

disadvantage: the relatively large thickness of the obtained Janus nanosheets. Then, 

in 2015, a decrease in the thickness of silica-based Janus nanosheets was achieved.90 

First, 3-butyldianhydridemercaptopropyltrimethoxysilane (BDMPS) was used to 

form a self-assembly monolayer on a template comprising CaCO3 nanoparticles. 

Hydrolysis and condensation of BDMPS were carried out, and an Si-O-Si network 

was formed. The surfaces of these particles were then modified with 

octadecyltrichlorosilane. After acid treatment to remove the CaCO3 template and 

subsequent ultrasonication to crush the silica shells, thin Janus nanosheets measuring 
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about 3.5 ± 0.2 nm were obtained. Still, there were two issues raised by this method: 

a limitation of available organosilanes because of the required adsorption of 

organosilanes onto the template surface and the impossibility of reusing the template 

nanoparticles. Thus, a method of using acrylamide particles as a template was 

reported.91 Acrylamide particles can interact with several trialkoxysilanes, including 

3-(2-aminoethylamino)propyltrimethoxysilane, -ureidopropyltrimethoxysilane and 

BDMPS. Previously prepared core shell particles were crushed, and the resulting 

Janus nanosheets were removed from the template surface by ultrasonication in 

ethanol. Janus nanosheets and acrylamide particles can be separated easily in ethanol 

due to a difference in their sedimentation rates. 

Furthermore, control of the Janus nanodisc shapes, which were uncontrollable 

with the methods using silica core shell nanoparticles, was achieved.92 First, Ag 

nanoparticles were partially deposited on the surfaces of Fe3O4 particles covered 

with SiO2. Then, the exposed SiO2 surfaces were masked by n-octyltrimethoxysilane. 

Next, Ag nanoparticles were dissolved, and the patchy unmasked SiO2 surface was 

modified with 4-(chloromethyl)phenyltrimethoxysilane. These particles can adsorb 

amino groups of 3-aminopropyltrimethoxysilane (APTMS) by forming an imine 

bond to form a monolayer of APTMS. The APTMS then formed an Si-O-Si network 

by the sol-gel process to obtain a patchy silica layer. Next, Janus nanodiscs were 

removed from the core shell surface by breaking the imine bond under acidic 

conditions. These Janus nanodiscs were also easily corrected, because Fe3O4 can be 
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removed by applying a magnetic field. 

It is clear from these reports that the important factors in preparation of silica-

based Janus nanosheets are organosilanes, solvents and templates for adsorption of 

organosilanes onto liquid-liquid interfaces or template surfaces. Most of the 

inorganic Janus nanosheets were prepared using this type of method and various 

applications were reported. 

 Yang et al. reported preparation of stimulus-responsive Janus nanosheets with 

properties as a surfactant.93 The Janus nanosheets had an octyl group on one side and 

a poly-2-(dimethylamino)ethyl methacrylate (PDEAEMA) moiety on the other side. 

When the pH of their aqueous dispersion was lower than 7.2, pKa of PDEAEMA, 

the PDEAEMA chains were protonated and became hydrophilic to provide the Janus 

nanosheets with amphiphilicity. On the other hand, when the pH of dispersion was 

higher than 7.2, the PDEAEMA chains were aggregated and became lipophilic to 

provide the Janus nanosheets with lipophilicity on both surfaces. Therefore, the 

Janus nanosheets worked as surfactants only when the pH of the dispersion was 

lower than 7.2 (Figure 1.6). In addition, photoresponsive Janus nanosheets were also 

reported.94 
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Figure 1.6 (a) left: immiscible mixture of toluene (top) and water (bottom); right: 

toluene-in-water emulsion stabilized with the Janus composite nanosheet; (b) optical 

microscopy image of the emulsion droplets; (c) SEM image of the frozen paraffin-

in-water emulsion stabilized with the Janus composite nanosheet (d) SEM image of 

the Janus nanosheet onto the frozen paraffin droplets as shown in (c).93 

“Reprinted with permission from Z. Zhao, F. Liang, G. Zhang, X. Ji, Q. Wang, X. 

Qu, X. Song and Z. Yang, Dually Responsive Janus Composite Nanosheets, 

Macromolecules, 48, 3598-3603 (2015)., Copyright 2015 American Chemical 

Society.” 

 

Janus nanosheets can also be applied as catalysts.95 Xu et al. prepared Janus 

nanosheets that had amino groups and Au nanoparticles on one side and phenyl 

groups on the other side. This type of Janus nanosheets can stabilize an emulsion and 

work as a catalyst for reduction of p-nitrophenol at the interface of droplets because 
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of the effect of the Au nanoparticles. Furthermore, catalytic Janus nanosheets with 

mesopores were prepared.96 The mesopores were used as pathways for molecules 

during catalytic reactions. Mesoporous silica shells were prepared on polystyrene 

particle surfaces using a surfactant and silica source. Then, the surfaces of the 

mesoporous silica were modified with n-octyltrimethoxysilane. Polystyrene 

particles and the surfactant were dissolved in ethanol containing HCl and THF. 

Finally, the hollow mesoporous silica spheres were crushed. The resulting 

mesoporous silica nanosheets had hydrophilicity on one side and lipophilicity on the 

other. 

In addition, various applications for Janus nanosheets with other types of 

functionalization were reported. Janus nanosheets functionalized by ionic liquid 

moieties were reported as stabilizers for emulsions and as a catalyst on an 

interface.97-99 Amphiphilic Janus nanosheets can be applied to enhance oil 

recovery.100 Janus nanosheets deposited on Fe3O4 particles showed magnetic field 

responsivity for catalytic applications.101 Janus nanosheets can also be applied to 

purification of materials for synthesis of medicines by selective capture and fast 

separation of 2’-deoxyadenosine, which is adsorbed on one side of the Janus 

nanosheets, and Fe3O4 nanoparticles attached to the other side of Janus nanosheets 

for collection by applying an external magnetic field.102 Investigations of the 

dispersion and aggregation behavior of Janus nanosheets were also reported.103-104  
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1.3.2 Layered Materials-based Inorganic Janus Nanosheets 

Preparation methods for inorganic Janus nanosheets using layered materials were 

also reported. Nanosheets derived from layered materials are extremely thin,105-107 

and are considered as stable starting materials for preparing Janus nanosheets with 

high anisotropy. Preparation methods for obtaining Janus nanosheets from layered 

materials are classified into two methods. One is the substitution of atoms in 

nanosheets. This method was applied to transition metal dichalcogenide.108 The other 

is selective surface modification of nanosheets. This method was applied to 

graphene109 and clay minerals, such as fluorohectorite and laponite.110-111 

 

1.3.2.1 Transition Metal Chalcogenide-based Janus Nanosheets 

Transition metal dichalcogenides consist of stacked nanosheets whose 

composition is represented as MX2 (M = Mo, W and X = S, Se, Te).105 Janus 

nanosheets were also prepared from transition metal dichalcogenides, and their 

compositions were represented as MXY(Y = S, Se, Te).108 In other words, half of 

the X atoms in MX2 were replaced with other atoms. Based on molecular-dynamics 

calculations, it was reported that MoSSe, WSSe, WSeTe and WSTe can be stable 

with layered structures.112 Transition metal dichalcogenide-based Janus nanosheets 

were prepared using MoSe2 and S by the CVD method.113 Single-layered MoSe2 was 

heated at 800°C at the center of a reactor. The heated MoSe2 was then exposed to S 

vapor (Figure 1.7). There were a few reports of preparing transition metal 
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dichalcogenide-based Janus nanosheets. And a large number of simulation studies 

on transition metal dichalcogenide-based Janus nanosheets were reported for their 

applications in electrochemical114-115 and catalytic fields.116-119 

Figure 1.7 (a) Scheme of preparation of Janus nanosheets, MoSSe, the left image 

with yellow color; S and the center image with purple color; MoSe2 on SiO2/S 

substrate, (b) proposed reaction mechanism for the sulfurization of monolayer 

MoSe2 on substrate at different temperatures, (c, d) Raman and photoluminescence 

(under 532 nm diode laser excitation) spectra of MoSe2, SMoSe (Janus nanoshessts), 

and MoS2 corresponding to the diagram in (b).113 

“Reprinted with permission from J. Zhang, S. Jia, K. Iskandar, L. Dong, D. Er, W. 

Chen, H. Guo, Z. Jin, V. B. Shenoy, L. Shi and J. Lou, Janus Monolayer Transition-

Metal Dichalcogenides, ACS Nano, 11(8), 8192-8198 (2017)., Copyright 2017 

American Chemical Society.” 

 

1.3.2.2 Graphene-based Janus Nanosheets 

Graphene nanosheets consist of C atoms connected with sp2 bonds.106 Graphene 
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oxide (GO), which can be derived from graphene via oxidation, has OH groups, 

carboxylic groups and epoxy groups on its surface and can thus be modified by 

various modifiers.120 When the surface of graphene is modified without exfoliation, 

only the outer surface of the stacked graphene is modified. Exfoliation of graphene 

is therefore necessary for modification of all the sheets surface. Single-layered 

graphene nanosheets are obtained by sonication, jet cavitation and high-shear mixing 

of graphite, and a bottom-up process such as CVD.121 Both sides of exfoliated 

individual graphene nanosheets exhibit the same reactivity. Therefore, both sides of 

these exfoliated graphene nanosheets should be modified. Thus, singe-layered 

graphene nanosheets with only one side masked are necessary to prepare graphene-

based Janus nanosheets. 

A single-sided hydrogenated graphene structure, called a graphone, is considered 

as Janus nanosheets with a very simple structure122 and is expected to be applied to 

field effect transistors and ferroelectrics. However, there has been no report on 

preparation of graphones.123-124 

Zhang et al. prepared graphene-based Janus nanosheets by two-step surface 

modification.109 First, one side of graphene nanosheets anchored on Cu film prepared 

by CVD was modified. Then, the unmodified surface of the graphene nanosheets 

was exposed by transferring them to a polymethyl methacrylate (PMMA) film. The 

newly exposed surface of the graphene was then modified. Finally, graphene-based 

Janus nanosheets were obtained by removing the PMMA (Figure 1.8).  



23 
 

Figure 1.8 Scheme of preparation graphene-based Janus nanosheets. 109 

“L. Zhang, J. Yu, M. Yang, Q. Xie1, H. Peng and Z. Liu, Janus Graphene from 

Asymmetric Two-dimensional Chemistry, Nature Commun., 2464, (2013). 

Copyright © 2013, Springer Nature” 

 

There were few reports of preparation of graphene-based Janus nanosheets using 

a one-pot process.125-127 A Pickering emulsion was prepared using GO nanosheets 

with an acryl group on both sides. GO nanosheets bearing acryl groups were 

modified with thiol-terminated polystyrene dissolved in oil droplet in an o/w 

emulsion, and surface modification of one side was achieved via a thiol-ene 

reaction.125 This method was considered easier than the two-step method described 

above, because the masking and regioselective surface modification were carried 

out in one process. 
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Masking of graphene was achieved using not only an emulsion but also positively 

charged polystyrene particles. Negatively-charged GO nanosheets were assembled 

on particles of cationic polystyrene and the exposed surface of GO was modified. 

Simultaneously, the other surface of the graphene nanosheets was modified with 

cationic polystyrene by forming ionic bonds. Graphene-based Janus nanosheets were 

obtained by dissolving the polystyrene particles in tetrahydrofuran.128 

On the other hand, masking can also be achieved by forming hydrogen bonds 

between GO nanosheets and templates.129 GO nanosheets were adsorbed on the 

surfaces of tapioca starch particles by forming hydrogen bonds in water. This 

method had environmental and economic advantages, such as limited use of an 

organic solvent and a high yield. 

Various applications were reported for graphene-based Janus nanosheets. TiO2 

nanoparticles were deposited on one side and Pt nanoparticles on the other sides of 

GO nanosheets, and these graphene-based Janus nanosheets exhibited a charge 

separation ability.130 Electrons were generated by light irradiation of the deposited 

TiO2 nanoparticles, and photogenerated electrons were transferred to the deposited 

Pt nanoparticles through GO nanosheets. Thus, the holes and electrons were 

separated to the TiO2 nanoparticle side and Pt nanoparticle side, respectively. 

Dual-functional Janus nanosheets which can adsorb organic and inorganic targets 

were also reported.131 Graphene-based Janus nanosheets with an octadecyl group on 

one side and ethylenediaminetetraacetic acid moiety on the other side were prepared. 
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These Janus nanosheets can collect pollutants such as perfluorooctanesulfonic acid, 

Pb(II) ions and Ni(II) ions from aqueous solutions. Graphene-based Janus 

nanosheets were also expected to be applied in drug delivery,132 secondary oil 

recovery,133-135 surface chemistry 136-137 and electrochemistry.138 

 

1.3.2.3 Clay Minerals-based Janus Nanosheets 

Fluorohectorite is a clay mineral which consists of negatively charged silicate 

nanosheets and interlayer cations. These cations can be exchanged with other cations 

through ion-exchange reactions.139 Möller et al. prepared a product which has two 

interlayers with two different cation layers appearing alternately by exchanging a 

part of interlayer Na+ ions with the other metal cations.140-141 Therefore, Janus 

nanosheets could be prepared using the resulting two types of interlayers.110 First, 

fluorohectorite with two types of interlayers was prepared by a partial ion-exchange 

reaction between a part of Na+ and NH4
+. Then, the product was dispersed in water, 

and double-layered nanosheets were obtained by exfoliation at the Na+-containing 

interlayer. The exposed surfaces of the double-layered nanosheets were modified 

using a type of cationic polymer by forming ionic bonds. The product was then 

dispersed in an LiOH aqueous solution, and single-layered nanosheets were obtained 

by exfoliation at the NH4
+-containing interlayer. Finally, the unmodified surface of 

the nanosheets was modified using another type of cationic polymer, also by forming 

ionic bonds. The resultant nanosheets have one cationic polymer on one side and the 
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other polymer on the other side (Figure 1.8). This method produced Janus nanosheets 

using heterogeneous interlayer reactivities by regioselective ion exchange. Also, 

Janus nanosheets of this type have ionic bonds between the surface of the nanosheets 

and the cationic polymers, which limits their applications. 

Figure 1.9 Preparation scheme of fluorohectorite-based Janus nanosheets: a 

fluorohectorite possessing hydrated Na+ (blue) and NH4
+(yellow), alternately, b 

highly selective exfoliation at interlayer of Na+ into bilayers,  c external 

modification with a polymer A (red), d Bilayers was cleaved under LiOH and e Un 

modified surface was further reacted with polymer B (green).110 

“M. Stçter, S. Gçdrich, P. Feicht, S. Rosenfeldt, H. Thurn, J. W. Neubauer, M. Seuss, 

P. Lindner, H. Kalo, M. Mçller, A. Fery, S. Fçrster, G. Papastavrou and J. Breu, 

Controlled Exfoliation of Layered Silicate Heterostructures into Bilayers and Their 

Conversion into Giant Janus Platelets, Angew. Chem. Int. Ed., 55, 7398 -7402 (2016). 

© 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim” 
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Laponite can also be used for preparing Janus nanosheets. Laponite can be 

exfoliated by dispersing it in water, and the resultant nanosheets have a negative 

charge. 142 These exfoliated nanosheets were absorbed on the surface of positively 

charged polystyrene particles. Laponite-based Janus nanosheets were then obtained 

by dissolving the positively charged polystyrene nanoparticles, and the resultant 

Janus nanosheets had a surface bonded with positively charged polystyrene and an 

unmodified surface. In another method of preparation of laponite-based Janus 

nanosheets, one surface of laponite nanosheets adsorbed on positively charged 

polystyrene particles can be modified using cationic polymers, quaternized poly(2-

(dimethylamino)ethyl methacrylate) (q-PDMAEMA), or positively charged cross-

linked polymeric micelles. The resultant Janus nanosheets had one surface modifier 

on one side of the individual laponite nanosheets and another modifier on the other 

side (Figure 1.10).111 This type of nanosheet also has ionic bonds between the 

nanosheet surfaces and the surface modifiers. 

Figure 1.10 Preparation scheme of laponite-based Janus nanosheets (a) Janus 
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nanosheets modified with two cationic polymers, (b) Janus nanosheets possessing 

polymer on one surface and unmodified surface and (c) Janus nanosheets possessing 

polymer on one surface and micelles on the other surface. 111 

“Reprinted with permission from J. Liu, G. Liu, M. Zhang, P. Sun and H. Zhao, 

Synthesis and Self-Assembly of Amphiphilic Janus Laponite Disks, 

Macromolecules, 46, 5974-5984 (2013)., Copyright 2013 American Chemical 

Society.” 

 

1.4 Objectives of This Thesis 

Based on the background presented above, it is clear that preparing a lamellar 

structure and conducting regioselective surface modification by controlling reaction 

sites are necessary for preparation of Janus nanosheets. In the case of silica-based 

Janus nanosheets, self-assembly of organosilanes on liquid-liquid interfaces and 

templates were used for preparation of lamellar structures and functionalization of 

both the sheet surfaces. When using layered materials originally consisting of 

stacked nanosheets, on the other hand, precise control of the reaction sites for 

functionalization was necessary. Masking of single-layered graphene and laponite 

for precise control of the reaction sites was achieved by adsorption onto substrates 

or templates. In the case of the fluorohectorite in which heterogeneous interlayers 

can be achieved by selective ion-exchange, selective exfoliation was the key process 

for controlling the reacting interlayers for regioselective surface modification. 
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Therefore, there were several issues concerning the preparation of inorganic Janus 

nanosheets. For silica-based Janus nanosheets, usable types of organosilanes for 

preparing the emulsion and adsorbing interface were limited. For clay-based Janus 

nanosheets, surface modifiers were bonded to the nanosheet surfaces with ionic 

bonds. In other words, the raw materials available for designing reaction systems 

were limited. The applications for Janus nanosheets with ionic bonds between the 

nanosheet surface and modifier could be limited, moreover, because they can be 

utilized only in specific solvents. 

On the other hand, interlayers of K4Nb6O17·3H2O can be modified 

regioselectively when nanosheets maintain a stacked structure.49 It is thus expected 

that Janus nanosheets can be prepared without using a masking method due to the 

unique reactivity of K4Nb6O17·3H2O by applying certain strategies. In the first 

strategy, interlayer I is modified first using one type of phosphorous coupling agent. 

Then, interlayer II is modified using the other type of phosphorous coupling agent. 

Homocondensation of the phosphorous coupling agents and exchange reactions 

between the phosphorous coupling agents and immobilized organophosphonate 

moiety should scarcely proceed. Interlayers I and II could therefore be modified 

ideally by two different types of phosphorous coupling agent. Finally, the product is 

exfoliated into single-layered Janus nanosheets. In the second strategy, the 

exfoliation of the A-type organophosphonate derivative of K4Nb6O17·3H2O could 

produce Janus nanosheets with an organophosphonate moiety on one side and an 
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unmodified surface on the other side. It should be noted that no complicated 

pretreatment, such as masking, is required before surface modification. 

The use of phosphorous coupling agents is one characteristic of this study. Since 

various phosphorous coupling agents, such as hydrophilic phosphoric acid and 

lipophilic organophosphonic acids including one with a polymerization initiator 

group,143 have been reported, desirable coupling agents can be selected for the 

intended properties. Phosphorous coupling agents have a particularly huge 

advantage, since they can be synthesized by facile methods such as the Arbuzov 

reaction.144 Another advantage to the use of phosphorous coupling agents is 

avoidance of homocondensation, which is disadvantageous for regioselective 

surface modification. In addition, the use of phosphorous coupling agents provides 

stable Nb-O-P bonds between the nanosheet surface and the modifier, and the 

resulting Janus nanosheets could thus be applied in various solvents.  

The contents are described in three chapters, and the conclusions are shown in 

Chapter 5. Brief introductions to Chapters 2, 3 and 4 are presented below. 

In Chapter 2, the preparation method of K4Nb6O17·3H2O-based Janus nanosheets 

is described. Based on a previous study,49 an A-type alkylphosphonate derivative of 

K4Nb6O17·3H2O was prepared. Interlayer II of the product was expanded by 

dodecylammonium ions. The expanded interlayer II was then modified with 

carboxyalkylphosphonic acid. The product was exfoliated in an organic solvent, and 

a Janus nanosheet dispersion was obtained. 
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In Chapters 3 and 4, functionalization of K4Nb6O17·3H2O-based Janus nanosheets 

by changing of the phosphonate coupling agents from those used in Chapter 2 are 

described. In Chapter 3, Janus nanosheets with surface active performance were 

prepared and their effects on the liquid-air interface and liquid-liquid interface were 

investigated. In Chapter 4, dual-functional Janus nanosheets with two independent 

functions, a cation adsorption ability and thermoresponsivness, were prepared. The 

combination of these two functions enable these Janus nanosheets to work as cation 

adsorbents. 
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2.1 Introduction 

Janus nanosheets exhibit the highest anisotropy among Janus compounds with 

various shapes1-9 and have been expected to be applied as emulsifiers.10 Inorganic 

Janus nanosheets are attracting particular attention because the swelling and 

deformation observed in inorganic Janus nanosheets in organic solvents seldom 

occur.11-18 Earlier reports raised issues concerning the preparation of inorganic Janus 

nanosheets, as described in Chapter 1. 12-18 Inorganic Janus nanosheets, which have 

no limitation on the choice of functional groups and have stable bonds between the 

nanosheets surface and surface modifier, are desirable for their possible uses in 

various solvents, including water. 

Layered hexaniobate (K4Nb6O17·3H2O) has two types of interlayers, denoted 

interlayer I and interlayer II, that are stacked alternately and exhibit different 

reactivities.19-20 Compounds in which only interlayer I is modified are called A-type, 

and compounds in which both interlayers I and II are modified are called B-type. 

Kimura et al. achieved selective interlayer surface modification of K4Nb6O17·3H2O, 

and obtained A-type and B-type phenylphosphonic acid derivatives of 

K4Nb6O17·3H2O. 21  

In this chapter, the preparation of Janus nanosheets is achieved by taking advantage 

of the presence of two types of interlayers with different reactivities in 

K4Nb6O17·3H2O. Interlayer II of an A-type organophosphonic acid derivative of 

K4Nb6O17·3H2O was reacted with another type of organophosphonic acid. Both 
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sides of niobate nanosheets were modified by two organophosphonic acids 

regioselectively, because organophosphonic acid could not undergo an exchange 

reaction with immobilized organophosphonate moieties and homocondensation.22 

Janus nanosheets could be obtained by exfoliation of the product into single-layered 

nanosheets in an appropriate solvent, THF. Lipophilic octadecylphosphonic acid 

(ODPA) and hydrophilic carboxypropylphosphonic acid (CPPA) were chosen as the 

organophosphonic acid modifiers (Scheme 2.1). The properties of both sides of 

Janus nanosheets were explored by the AFM phase imaging technique.  

Scheme 2.1 Scheme 1 Preparation of Janus nanosheet. 

 

2.2 Experimental Section 

2.2.1Materials.  

K2CO3 (Tokyo Kasei Co.) and Nb2O5 (Wako Pure Chemical Ind. Co.) were used 
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for preparation of K4Nb6O17·3H2O. Dimethyldioctadecylammonium chloride 

(Tokyo Kasei Ind.) and dodecylammonium chloride (Tokyo Kasei Ind.) were used 

as guest species for preparation of intermediates for surface modification. 

Octadecylphosphonic acid (ODPA) synthesized according to the method in the 

literature,23-24 and (3-carboxypropyl)phosphonic acid (CPPA, Wako Pure Chemical 

Ind.) were used for surface modification. Tetrahydrofuran (THF, Wako Pure 

Chemical Ind.), 2-butanone, (Kanto Chemical) and hydrochloric acid (Kanto 

Chemical) were used for surface modification. Only 2-butanone was dehydrated 

using a molecular sieve 4A before use. All other reagents were used as received 

without further purification. 

 

2.2.2 Experimental Procedures 

2.2.2.1. Preparation of K4Nb6O17·3H2O 

K4Nb6O17·3H2O was prepared by calcination of a mixture of K2CO3 (2.83 g, 2.05 

× 10-2 mol) and Nb2O5 (7.43 g, 2.80 × 10-2 mol) at 1100°C for 10 hours without 

intermittent grinding. The product was washed with water and dried in air. 

2.2.2.2 Preparation of ODPA_NbO 

K4Nb6O17·3H2O (2.60 g, 2.50 × 10-3 mol) and dimethyldioctadecylammonium 

chloride (5.87g, 1.00 × 10-2 mol) (K4Nb6O17·3H2O to 

dimethyldioctadecylammonium chloride molar ratio of 1 : 4) were reacted in water 

(200 mL) at 50°C for 7 days to expand interlayer I. Fifty mg of the product (3.60 × 
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10-5 mol) was reacted with ODPA (0.048 g, 1.44 × 10-4 mol) (Nb6O17 to ODPA 

molar ratio of 1 : 4) in 2-butanone (20 mL) at 150°C for 7 days. The crude product, 

ODPA_NbO, was washed with THF and hydrochloric acid (pH = 3) and dried in air. 

2.2.2.3 Preparation of ODPA_CPPA_NbO 

ODPA_NbO (0.10 g, 8.57 × 10-5 mol) and dodecylammonium chloride (0.19 g, 

8.57 × 10-4 mol) (Nb6O17 to dodecylamine hydrochloride molar ratio of 1 : 10) were 

reacted in water (10 mL) at 80°C for 3 days to expand interlayer 

II(ODPA_C12N_NbO). Subsequently, ODPA_C12N_NbO (50 mg, 2.97 × 10-5 mol) 

was reacted with CPPA (50 mg, 2.97 × 10-4 mol) (Nb6O17 to dodecylammonium 

chloride molar ratio of 1 : 10) in 2-butanone (10 mL) at 80ºC for 3 days. The crude 

product was centrifuged and washed with THF twice, hydrochloric acid (pH = 3) 

twice and THF sequentially. The precipitate remaining after the last washing with 

THF was identified as ODPA_CPPA_NbO. The supernatant obtained during 

washing with THF was collected and dried on a glass substrate and called 

ODPA_CPPA_NbO_evaporation. 

 

2.2.3 Analyses 

Solid-state 31P magic angle spinning (MAS) NMR spectra were recorded on a 

JEOL JNM-ECX400 spectrometer. The measurement conditions were as follows: 

resonance frequency: 160.26 MHz; pulse angle: 90º; pulse delay: 30 seconds; and 

MAS frequency: 12 kHz. Triphenylphosphine (-8.4 ppm) was used as a reference. 
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Solid-state 13C cross polarization (CP)/MAS NMR spectra were recorded on a 

JEOL JNM-ECX-400 spectrometer. The measurement conditions were as follows: 

resonance frequency: 99.55 MHz; pulse delay: 5 seconds; contact time: 1.5 m 

seconds; and MAS frequency: 12 kHz. Hexamethylbenzene (17.4 ppm) was used as 

a reference. Infrared (IR) adsorption spectra were recorded on a JASCO FT/IR-460 

Plus spectrometer by the KBr disk method. Inductively coupled plasma emission 

spectrometry was performed with a Thermo Jarrell Ash ICAP-574 II instrument by 

the internal standard method after dissolution of the sample in a mixture of 4 mL of 

HNO3, 3 mL of HCl, and 1 mL of HF at 150ºC overnight. The carbon, hydrogen, 

and nitrogen contents were determined by elemental analysis using a Perkin Elmer 

PE2400 II instrument. X-ray diffraction (XRD) patterns were recorded on a Rigaku 

RINT-1000 diffractometer (Mn-filtered FeKα radiation). and a Rigaku SmartLab 

diffractmeter with Mn-filtered FeKα radiation by the parallel-beam method. 

Transmission electron microscope (TEM) images were obtained using a JEM-1011 

microscope operating at 100 kV. For the electron diffraction (ED) analysis, the 

incident electron beam was perpendicular to the lateral plane of the nanosheets. A 

TEM sample was prepared by dropping drops of a dispersion on a Cu 150P grid and 

drying under reduced pressure. Atomic force microscope (AFM) images were 

observed with an Agilent 5500 AFM/SPM microscope in the acoustic AC mode 

under ambient conditions. An ordinary commercial silicon cantilever was used as an 

AFM tip (e.g., a RTESP-300 from Bruker: resonance frequency ≈ 300 kHz, and 
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spring constant ≈ 40 N/m). Samples for AFM were prepared by spin-coating of the 

dispersion on a Si wafer. 

 

2.3 Results and discussion 

Figure 2.1 shows 13C CP/MAS NMR spectra of the products. In the spectrum of 

ODPA_NbO (Figure 2.1a), signals assignable to the octadecyl group were observed. 

It is likely that the ODPA moiety was introduced into interlayer I, since 

dioctadecyldimethylammonium ions, whose presence was required for interlayer 

modification with organophosphonic acids,21 were present only in interlayer I. In 

the spectrum of ODPA_C12N_NbO (Figure 2.1b), signals assignable to alkyl chains 

(octadecyl and dodecyl) were observed at 15-43 ppm.21 In addition, a signal 

assignable to a carbon atom adjacent to a nitrogen atom was observed at 43 ppm,25 

indicating the presence of C12N+. Since C12N+ is known to be intercalated into both 

interlayer I and interlayer II,19 the intercalation of C12N+ into interlayer II was likely 

to occur. In the spectrum of ODPA_CPPA_NbO (Figure 2.1c), signals due to alkyl 

chains were observed at 15-36 ppm. On the other hand, a signal originating from 

C12N+ at 43 ppm disappeared and a signal due to C=O groups of CPPA was 

observed at 178 ppm.26 These results suggest the removal of C12N+ and introduction 

of the CPPA moiety to ODPA_CPPA_NbO. 
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Figure 2.1 13C CP/MAS NMR spectra of (a) ODPA_NbO, (b) ODPA_C12N_NbO 

and (c) ODPA_CPPA_NbO. 

 

Figure 2.2 shows IR spectra of the products. In the spectrum of ODPA_NbO 

(Figure 2.2a), absorption bands due to ν (C-H),  s (CH2) and ν (P-O) modes were 

observed at 2956 - 2849 cm-1, 1468 cm-1 and 1011 cm-1, respectively,27 the 

indicating that ODPA moiety was present in ODPA_NbO. In the spectrum of 

ODPA_C12N_NbO (Figure 2.2b), an adsorption band at 1540 cm-1 assignable to the 

 (N-H) mode was observed in addition to the aforementioned adsorption band, 

indicating that octadecylammonium ions were present in ODPA_C12N_NbO. In the 

spectrum of ODPA_CPPA_NbO (Figure 2.2c), a new adsorption band which was 

assignable to the  (C=O) mode of the CPPA moiety was observed at 1700 cm-1,28 
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indicating the presence of the CPPA moiety in ODPA_CPPA_NbO. It was reported 

that an adsorption band due to the νas (CH2) of alkyl chain was shifted from 2924.7 

cm-1 to a lower wavenumber by increasing the packing density of the alkyl chain.29 

In the case of the all-trans octadecyl alkyl chain, νas (CH2) was observed at 2917.8 

cm-1, 29-30 and a  s (CH2) band was observed at 1468 cm-1.30 In the spectrum of 

ODPA_NbO, adsorption bands assignable to νas (CH2) and νs (CH2) modes were 

observed at 2918 cm-1 and 2848 cm-1, respectively, and a  s (CH2) adsorption band 

was observed at 1468 cm-1. Thus, the alkyl chain in ODPA_NbO was likely to be in 

an all-trans conformation. On the other hand, νas (CH2), νs (CH2) and  s (CH2) 

adsorption bands were observed at 2923 cm-1, 2852 cm-1 and 1456 cm-1 in the 

spectrum of ODPA_CPPA_NbO, respectively, indicating that the alkyl chain in 

ODPA_CPPA_NbO was likely to contain gauche-blocks. 
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Figure 2.2 IR spectra of (a) ODPA_NbO, (b) ODPA_C12N_NbO and (c) 

ODPA_CPPA_NbO. 

Phosphorous-31 MAS NMR measurements could provide important information 

on the environments of phosphonate groups immobilized on metal oxide surfaces, 

because the 31P chemical shifts are affected by the electronegativity values of the 

second neighbor atoms of 31P atoms and the O-P-O bond angles.31-32 It was 

possible to discuss the 31P chemical shift of phosphate species on metal oxides 

using density functional theory calculations,33 but only shifts of 31P atoms 

(normally upfield) upon immobilization on metal oxides such as TiO2 powders34-35 

and ZrO2 nanoparticles36 were reported for organophosphonic acids. Figure 2.3 

shows 31P MAS NMR spectra of the products. A signal was observed at 28 ppm in 

the spectrum of ODPA_NbO (Figure 2.3a). This signal shifted upfield from the 

chemical shift of the ODPA molecule (33 ppm at 31P MAS NMR) by 5 ppm, 
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indicating that interlayer surface modification by ODPA had proceeded and an 

Nb-O-P bond had been formed.37 In the spectrum of ODPA_C12N_NbO (Figure 

2.3b), a signal was observed at 25 ppm. This signal was shifted upfield from 28 ppm, 

the chemical shift of ODPA_NbO, by 3 ppm. This shift suggests that C12N+ would 

change the electronic environment around the P atom by an ion exchange reaction 

with H+ of the P-OH group,37 although the details were not yet clarified. Thus, it is 

likely that C12N+ was intercalated not only in interlayer II, but probably also in 

interlayer I upon the reaction with ODPA_NbO. In the spectrum of 

ODPA_CPPA_NbO (Figure 2.3c), a new signal was observed at 31 ppm in addition 

to the signal at 28 ppm. The signal at 28 ppm was observed in the same position as 

that of the ODPA moiety of ODPA_NbO, confirming maintenance of the ODPA 

moiety at interlayer I. Because a signal of a CPPA molecule was observed at 34 ppm, 
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a signal at 31 ppm was assignable to the CPPA moiety. This signal shifted upfield 

by 3 ppm, indicating that the CPPA moiety was grafted onto the interlayer surface 

and a Nb-O-P bond was formed. The above results suggested that both ODPA and 

CPPA formed Nb-O-P bonds with the [Nb6O17]4- sheet surface. Since bands 

assignable to P-OH groups and P=O groups were observed in the IR spectrum of 

ODPA_CPPA_NbO, ODPA and CPPA were likely to be in a monodentate 

environment on the surface of [Nb6O17]4-. 

Figure 2.3 31P MAS NMR spectra of (a) OPDA_NbO, (b) ODPA_C12N_NbO and 

(c) ODPA_CPPA_NbO. 

Table 2.1 shows the molar ratio calculated from the ICP measurement and 

elemental analysis. The molar ratio of ODPA_NbO was P : Nb = 1.3 : 6.0. On the 
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other hand, the molar ratios of ODPA_C12N_NbO and ODPA_CPPA_NbO were P : 

Nb = 1.3 : 6.0 and P : Nb = 3.5 : 6.0, respectively. Intercalation of C12N+ proceeded 

without release of the ODPA moiety in ODPA_NbO, because the molar ratio of P 

and Nb of ODPA_NbO did not change after reaction with a dodecylammonium 

chloride solution. Also, the molar ratio of P to 6 Nb in ODPA_CPPA_NbO 

increased by 2.2 (3.5 - 1.3), confirming grafting of the CPPA moiety. Assuming Nb 

= 6.0, the maximum modification amounts for interlayer I and II are 2.0.21 Since the 

Nb-O-P bond was stable with respect to hydrolysis and no homocondensation 

between two P-OH groups of phosphonic acid occurred under mild conditions,38 the 

amount of the ODPA moiety in interlayer I was estimated to be 1.3 (65% of the 

maximum modification amount), that of the CPPA moiety at interlayer I was in the 

range of 0.2-0.7 (10-35% of maximum modification amount) and that of the CPPA 

moiety in interlayer II was in the range of 1.5-2.0 (75-100% of the maximum 

modification amount). Thus, an organic derivative with interlayer I and interlayer II 

dominantly modified with lipophilic ODPA and hydrophilic CPPA, respectively, 

were successfully prepared. (Scheme 2.2) 

Table 2.1 Molar ratios of Nb, K, P and N in ODPA_NbO, ODPA_C12N_NbO and 

ODPA_CPPA_NbO 

 Nb / - K / - P / - N / - 

ODPA_NbO 6.0 2.6 1.3 0.082 

ODPA_C12N_NbO 6.0 0.58 1.3 1.8 
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ODPA_CPPA_NbO 6.0 0.49 3.5 - 

Scheme 2.2 Proposed structure of ODPA_CPPA_NbO. 

 

Based on the nitrogen ratio of ODPA_NbO, it seems that a small amount of 

unreacted A-type alkylammonium intercalation compound was present in 

ODPA_NbO or a small number of released 2C182MeN ions were present in 

interlayer I via ion exchange. Since the amount of K+ in interlayer II in 

ODPA_C12N_NbO decreased, an ion exchange reaction between K+ and H+ ions 

proceeded at interlayer II and C12N+. Because no nitrogen was detected in 

ODPA_CPPA_NbO, C12N+ was completely removed from interlayer I and II after 

the reaction with CPPA. 
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A THF dispersion of nanosheets was easily attained by dispersing ODPA_CPPA_NbO 

in THF. The resulting dispersion was cast on a TEM grid and TEM observation was 

carried out (Figure 2.4). A sheet-like morphology with low contrast was observed. Spots 

observed in the electron diffraction (ED) pattern can be assigned to 200, 202 and 002 of 

the orthorhombic cells and the lattice parameters were calculated to be a = 0.80 nm and c 

= 0.64 nm. This ED pattern was thus a b-axis incidence pattern of K4Nb6O17·3H2O.39 

Based on these results, ODPA_CPPA_NbO was synthesized while maintaining the 

crystal structure of the [Nb6O17]4- nanosheets.  
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Figure 2.4 TEM image of exfoliated ODPA_CPPA_NbO. The inset shows the 

corresponding ED pattern. 

 

Figure 2.5 shows XRD patterns of the products. The d values of low-angle diffractions 

due to repeating distances were as follows; the d value of ODPA_NbO, A-type derivative 

(Figure 2.5a), was 5.67 nm and the d value of ODPA_C12N_NbO (Figure 2.5b) was 4.03 

nm. If intercalation of C12N+ into interlayer II proceeded while maintaining an A-type 

stacking sequence, the d value of ODPA_C12N_NbO is likely to have increased from that 

of ODPA_NbO. It is possible that a B-type stacking sequence was generated due to 

exfoliation and restacking during the reaction, resulting in a smaller repeating distance. 

Also, the d values of ODPA_CPPA_NbO (Figure 2.5c) and 
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ODPA_CPPA_NbO_evaporation (Figure 2.5d) were 2.41 nm and 4.74 nm, respectively. 

The stacking sequence would therefore be changed by reaction between 

ODPA_C12N_NbO and CPPA.  

 

 

Figure 2.5 XRD patterns of (a) ODPA_NbO, (b) ODPA_C12N_NbO, (c) 

ODPA_CPPA_NbO and (d) ODPA_CPPA_NbO_evaporation. 

 

Here, the difference between these two d values is discussed. If ODPA_CPPA_NbO is a 

B-type derivative, the thickness of an organic moiety layer (sum of an ODPA monolayer 

and a CPPA monolayer) can be calculated by subtracting 0.82 nm, the niobate layer 

thickness, from 2.41 nm to make 1.59 nm.21 The repeating distance of an A-type 

derivative could thus be estimated as the sum of a double niobate layer thickness and a 

double organic layer thickness. The repeating distance of an A-type derivative can 
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therefore be estimated as follows: (1.59 nm × 2) + (0.82 nm × 2) = 4.82 nm. This value is 

approximately equal to d = 4.74 nm of ODPA_CPPA_NbO_evaporation. From these 

estimations, it is proposed that ODPA_CPPA_NbO is a B-type derivative and 

ODPA_CPPA_NbO_evaporation is an A-type derivative.  As shown in Scheme 2.3, a 

B-type derivative could be generated by forced restacking via centrifugation of exfoliated 

nanosheets (Scheme 2.3 a, b). On the other hand, an A-type derivative, in which 

hydrophilic groups faced each other and lipophilic groups faced each other, was obtained 

by slow evaporation under mild conditions (Scheme 2.3 c). 

Scheme 3 The estimated structures of ODPA_CPPA_NbO : possible routes from (a) 

ODPA_C12N_NbO to (b) ODPA_CPPA_NbO and (c) ODPA_CPPA_NbO_evaporation. 

 

The crystallite sizes calculated from diffraction of the repeating distances using 

Scherrer's formula were 3.67 nm and 7.71 nm for ODPA_CPPA_NbO and 
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ODPA_CPPA_NbO_evaporation, respectively. The crystallite size of 

ODPA_CPPA_NbO_evaporation was larger than that of ODPA_CPPA_NbO. It should 

be noted that underestimation could occur with use of lowest-angle diffractions due to the 

presence of strain.40 The crystallite sizes could therefore reflect the average thickness of 

the particles in the stacking direction, making the number of stacked ODPA_CPPA_NbO 

nanosheets lower than that of stacked ODPA_CPPA_NbO_evaporation nanosheets. On 

the other hand, the estimated crystallite size could be interpreted as average thickness of a 

portion of the stacked sheets with an A-type or B-type stacking sequence. Based on this 

interpretation, ODPA_CPPA_NbO formed via forced restacking by centrifugation has 

lower stacking regularity or more random stacking than 

ODPA_CPPA_NbO_evaporation nanosheets restacked under mild conditions. 

Figure 2.6 shows an AFM images of a sample prepared by spin-coating of a THF 

dispersion of ODPA_CPPA_NbO on a Si wafer. In a topo image (Figure 2.6A), many 

sheet-like shapes were observed and the height profile from The topo image indicates that 

the sheet thicknesses were mostly in the range of 2.5-3.0 nm (Figure 2.6A’), which is 

consistent with the d value of ODPA_CPPA_NbO with the B-type stacking sequence 

(2.41 nm), indicating that nanosheets exfoliated to single layers were successfully cast on 

the Si substrate. In a previous report, A Janus structure with two chemically different 

surfaces was confirmed visually using phase AFM imaging, which is frequently used for 

local mapping of chemical properties.41 Although there was no distinction between the 

surfaces of the sheets in the topographic images, the simultaneously recorded phase 
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images (Figure 2.6B) clearly visualized the existence of two different surfaces of Janus 

nanosheets as “yellow-green” (16-19 degrees) and “yellow-red” (19-21 degrees) colored 

terraces in contrast to “purple” color (22-23 degrees) of the substrate. Considered based 

on the color with the highest degree of surface hydrophilic silicone oxide, the “yellow-red” 

and “yellow-green” coloring sides might be attributed to hydrophilic surfaces bearing 

carboxylic groups and lipophilic surfaces bearing alkyl chain groups, respectively. This 

phase difference in the AFM phase image corresponds to the tapping phase gap in the 

vibration amplitude, and it was reported that the phase difference could occur with a 

difference in the crystallinity, viscosity and adhesion of the sample surface.42-43 

The Janus nanosheets consisted of a lipophilic surface which was dominantly covered 

with the ODPA moiety and a hydrophilic surface which was modified with the CPPA 

moiety. As a result, two chemically different surfaces gave different phases due to 

differences in the interactions between the apex of the AFM probe and the surfaces of the 

nanosheets and distinguished visually in the phase image. The origin of the phase contrast 

would be due to differences in viscosity and hydrophilicity / lipophilicity. Since the apex 

of the AFM probe used in this measurement was hydrophilic, it is likely that the 

high-phase surface and a low-phase surface were assignable to the hydrophilic CPPA 

moiety and lipophilic ODPA moiety, respectively.  



71 
 

Figure 2.6 Simultaneously recorded topographic (A) and phase (B) atomic force 

microscopy (AFM) images of the Janus nanosheets on a silicon wafer, and the 

corresponding cross sections (A’ and B’) at the line marked by the white lines in the 

images. 

 

Partially overlapping moieties of the nanosheets formed during the drying process in the 

sample preparation were frequently observed, as shown in Figure 2.7. From the 

difference in the height of the terrace of the sheets (Figure 2.7A) and the difference in the 

color of the phase image (Figure 2.7B), it is possible to determine the overlapping state 

consisting of three nanosheets, as shown in Figure 2.7C. The differences in the colors 

(phases) of the top surfaces clearly indicate that the same surfaces of the sheets were 

facing each other in the stack. Although it could be possible to interpret as showing the 

topographic image (Figure 2.7A), two small sheets were placed on a single large sheet, an 

interpretation based on a comparison between the topographic and phase images 
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elucidates that two nanosheets (a and c) are partially overlapping on the nanosheet (b). 

The solid and dotted closed lines in Figure 2.7B indicate the boundaries of the upper 

nanosheets (a and c) and the lower nanosheet (b), respectively. This hydrophilic “face to 

face” arrangement was generally observed as an overlapping arrangement, probably due 

to an attractive interaction.  

 

Figure 2.7 Simultaneously recorded topographic (A) and phase (B) atomic force 

microscopy (AFM) images of the Janus nanosheets on a silicon wafer, and the 

corresponding cross sections (A’ and B’) at the line marked by the white lines in the 

images and the schematic representation of partially overlapped Janus nanosheets (C). 

The solid and dotted closed lines in b indicate the boundaries of upper nanosheets (a and 

b) and a lower nanosheet, respectively. 
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2.4 Conclusions 

Janus nanosheets were successfully prepared by regioselective and sequential surface 

modification and exfoliation of K4Nb6O17·3H2O, whose interlayer I and interlayer II were 

dominantly modified by ODPA and CPPA, respectively. Since organophosphonic acids 

bearing various functional groups can be easily synthesized, Janus nanosheet surfaces can 

exhibit various properties in addition to lipophilicity and hydrophilicity. The Janus 

nanosheets prepared by the present method can be dispersed in many solvents, moreover, 

because organophosphonic moieties are bound to niobate nanosheets by stable Nb-O-P 

bonds. The Janus nanosheets prepared in this chapter can be expected to be applied in 

surface chemistry research because of the lipophilicity and hydrophilicity on opposing 

sides of the nanosheets. Also, by changing the functional groups of organophosphonic 

acids, novel two-dimensional materials with various functions with potential applications 

in various fields can be realized. 
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3.1 Introduction 

Surfactants have hydrophilic (polar) and lipophilic (nonpolar) groups in the same 

molecule or molecular ion and perform various functions such as stabilizing 

emulsions and foams due to decreasing surface energy at the interface. 1-3 Surfactants 

are not limited to molecules and molecular ions. Polymers with specific structures 

can also act as surfactants. In particular, various polymeric surfactants, including 

block copolymers and grafted copolymers, were reported.4 These polymeric 

surfactants have higher adsorption energy than those of molecular surfactants and 

were reported to stabilize emulsions. 

Also, Janus particles bearing a hydrophilic surface on one side and a lipophilic 

surface on the other side can work as solid surfactants.5 They are adsorbed at 

liquid-liquid interfaces more strongly than particles which have chemically isotropic 

surfaces and can stabilize emulsions.6-8 When Janus nanoparticles are adsorbed at 

the water-oil interface, water and oil face directly at the interface where no particles 

are present, leading to facile mass transfer at the water-oil interface, a phenomenon 

which differs from that observed in the biphasic systems with surfactant molecules 

and ions which align minutely at the interface.9 

Janus nanosheets, which exhibit the highest anisotropy among Janus materials, 

have high adsorption energies. Furthermore, their rotation at the liquid-liquid 

interface is generally restricted, while Janus nanoparticles rotate easily at the 

interface.10 Inorganic Janus nanosheets have an advantage over polymer-based Janus 



83 
 

nanosheets, since organic Janus nanosheets can become swollen and deformed in 

organic solvents.11 Actually, silica-based Janus nanosheets and graphene-based 

Janus nanosheets stabilize emulsions.12-13 On the other hand, clay-based Janus 

nanosheets have limitations as dispersants due to their ionic bonds between the 

nanosheet surface and the midofiyer polymers.14-15 The K4Nb6O17·3H2O-based 

Janus nanosheets described in Chapter 2 have stable bonds between the niobite 

nanosheet surface and surface modifiers. Therefore, K4Nb6O17·3H2O-based Janus 

nanosheets can be dispersed in water and can be applied as surfactants by adjusting 

the hydrophilicity and lipophilicity on both side of the nanosheets. 

In this chapter, the preparation of K4Nb6O17·3H2O-based single-layered Janus 

nanosheets, which can be dispersed in water, is achieved using phenylphosphonic 

acid and phosphoric acid as surface modifiers for increasing their hydrophilicity 

compared to the nanosheets in Chapter 2. Their behavior at an air-water interface 

was investigated by dynamic surface tension measurement. Furthermore, an 

emulsion was prepared using an aqueous dispersion of the obtained Janus 

nanosheets and toluene, and their behavior at the liquid-liquid interface was 

investigated by continuous optical microscopic observation.  

 

3.2 Experimental Section 

3.2.1 Materials  

K2CO3 (Tokyo Kasei Co.) and Nb2O5 (Wako Pure Chemical Ind. Co.) were used 
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for preparation of K4Nb6O17·3H2O. Dimethyldioctadecylammonium chloride 

(FUJIFILM Wako Pure Chemical Co.) and dodecylammonium chloride (Tokyo 

Kasei Ind.) were used for preparation of intermediates for surface modification. 

Phenylphosphononic acid (PPA) and phosphoric acid (PA) were used as surface 

modifiers for interlayer I and interlayer II, respectively. For surface modification, 

2-butanone was used as a solvent for surface modification. Toluene and oil 

orange(Tokyo Kasei Ind.) was used for preparing the emulsion.  

 

3.2.2 Experimental Procedures 

3.2.2.1. Preparation of K4Nb6O17·3H2O 

K4Nb6O17·3H2O was prepared by calcination of a mixture of K2CO3 (2.83 g, 2.05 

× 10-2 mol) and Nb2O5 (7.43 g, 2.80 × 10-2 mol) at 1100°C for 10 hours without 

intermittent grinding. The product was washed with water and dried in air. 

 

3.2.2.2 Preparation of PPA_ NbO16 

K4Nb6O17·3H2O (2.60 g, 2.50 × 10-3 mol) and dimethyldioctadecylammonium 

chloride (5.87 g, 1.00 × 10-2 mol) (K4Nb6O17·3H2O to 

dimethyldioctadecylammonium chloride molar ratio 1 : 4) were reacted in water 

(200 mL) at 50°C for 7 days to expand interlayer I. The intermediate was 

centrifuged, washed with water and dried in air. Next, the product (1.0 g, 1.4× 10-3 

mol) and PPA (0.90 g, 5.7 × 10-3 mol) (Nb6O17 to PPA molar ratio 1 : 4) were added 
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to 2-butanone (40 mL) and reacted at 80°C for 1 day to modify the surface of 

interlayer I. This reaction was repeated four times. The product was washed twice 

with hydrochloric acid (pH = 3) and three times with acetone. Then the product was 

air-dried (PPA_NbO). 

 

3.2.2.3 Preparation of PPA_PA_NbO 

PPA_NbO (0.1 g, 1.0 × 10-4 mol ) and dodecylammonium chloride (0.23 g, 1.0 × 

10-3 mol) (Nb6O17 to dodecylammonium chloride molar ratio 1 : 10) were reacted in 

water (20 mL) at 80°C for 3 days to expand of interlayer II as described in Chapter 2. 

The intermediate was centrifuged and washed with water three times and dried in air. 

The intermediate (0.2 g, 1.4 × 10-4 mol) and PA (0.056 g, 5.7 × 10-4 mol) (Nb6O17 to 

PA molar ratio 1 : 4) were reacted in 2-butanone (40 mL) at 50°C for 1 day under an 

N2 atmosphere. This reaction was repeated four times. Finally, the product was 

washed with acetone three times and dried in air (PPA_PA_NbO). 

 

3.2.2.4 Preparation of PPA_PA_NbO dispersion 

PPA_PA_NbO (100 mg) was dispersed in water (100 mL), stirred overnight and 

ultrasonicated for exfoliation. Ultrasonication was carried out for 2 hours (with a 2-s 

interval for every 2-s irradiation) in an ice bath using a BRANSON Advanced 

Digital Sonifier. The obtained dispersion was then centrifuged at 4500 rpm for 15 

minutes and the supernatant was collected (PPA_PA_NS dispersion). 
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4.2.3 Analyses 

X-ray diffraction (XRD) patterns were recorded on a Rigaku RINT-1000 

diffractometer (Mn-filtered Fe Kα radiation). Solid-state 31P NMR spectra were 

obtained with a magic angle spinning (MAS) technique only (pulse delay, 30 s; 

spinning rate, 12 kHz) using a JEOL JNM-ECX 400 spectrometer at 160.26 MHz. 

Triphenylphosphine (-8.4 ppm) was used as an external standard for 31P NMR. 

Inductively coupled plasma emission spectrometry was performed with a Thermo 

Jarrell Ash ICAP-574 II instrument by the internal standard method after dissolution 

of the sample in a mixture of 4 mL of HNO3, 3 mL of HCl, and 1 mL of HF at 150ºC 

overnight. Atomic force microscope (AFM) images were obtained with a Digital 

Instruments Nanoscope III using the tapping mode. The surface tension was 

measured by the Wilhelmy plate method using a Kyowa DY-300 instrument. Image 

analysis of the emulsions was carried out using Image J (Wayne Rasband (NIH)) 

and the sphericity was calculated as 4π × (area of sphere) / (square of 

circumference). 

 

3. 3 Results and discussions 

Figure 3.1 shows an AFM image of PPA_PA_NS cast on an Si wafer. A sheet-like 

shape with a lateral dimension of about 1 μm was observed and the thickness of the 

sheet was 1.9 nm. From its XRD measurement (Figure 3.2), the d value 
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corresponding to the repeating distance was determined to be 3.62 nm. In Chapter 2, 

Janus nanosheets collected by centrifugation possessed an A-type stacking 

sequence, where two different interlayers appeared alternately in the stacking 

direction. Assuming that PPA_PA_NS collected by centrifugation was also an 

A-type derivative, the thickness of a single-layer nanosheet was estimated by 

halving the repeating distance: 3.62 nm ÷ 2 =1.81 nm, which is very similar to the 

thickness of a nanosheet observed from AFM, 1.9 nm. Based on these results, 

regioselective surface modification and exfoliation into single-layered nanosheets 

proceeded.  

 

 

Figure 3.1 AFM image of PPA_PA_NS. 
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Figure 3.2 XRD pattern of PPA_PA_NbO. 

 

Figure 3.3 shows 31P MAS NMR spectra of the products. In the spectrum of 

PPA_NbO (Figure 3.3a), a signal assignable to a PPA-related species was observed. 

The signal was shifted upfield from that of the PPA molecule, 22 ppm, to 16 ppm, 

indicating formation of Nb-O-P bonds between the niobate nanosheet surface and 

PPA moiety.16 In the spectrum of PPA_PA_NbO (Figure 3.3b), two signals were 

observed at 16 ppm and -4 ppm. The presence of the 16-ppm signal confirms that 

Nb-O-P bonds between the niobate nanosheets and PPA moiety were maintained. 

Also, the other signal was shifted upfield from that of the PA molecule, whose 

chemical shift was 0 ppm, to -4 ppm, indicating formation of Nb-O-P bonds 

between the niobate nanosheet surface and PA moiety.16  

The amounts of the PPA moiety and PA moiety on both sides of the nanosheets 
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were calculated based on the ICP results. In PPA_C12N_NbO, which was estimated 

to be an A-type derivative, the Nb : P molar ratio was calculated to be 6.0 : 1.9. 

Since the molar ratio for the maximum modification amount of interlayer I was Nb : 

P = 6.0 : 2.0,16 95% of interlayer I of  PPA_C12N_NbO was modified by PPA. Also, 

the molar ratio of Nb : P was calculated as 6.0 : 3.4 in PPA_PA_NbO, indicating 

that the relative molar ratio of P increased from PPA_C12N_NbO by 1.5 (per 6 Nb). 

Since the maximum modification amounts of interlayer I and II were both Nb : P 

=6.0 : 2.0,16 it is considered that the possible molar amounts of the modified PA 

moieties relative to 6 Nb were in the ranges of 0-0.1 (0 %-5 %) at interlayer I and 

1.4-1.5 (70 %-75 %) at interlayer II. From these results, it is concluded that 

interlayer I was modified mainly with the PPA moiety while interlayer II was 

modified only with the PA moiety. It is therefore concluded that single-layered 

water-dispersible Janus nanosheets modified with PA moiety on one side and PA 

moiety on the other side of individual nanosheets were successfully prepared. 
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Figure 3.3 31P MAS NMR spectra of (a) PPA_NbO and (b) PPA_PA_NbO. 

 

Figure 3.4 shows the results of dynamic surface tension measurements of water, a 

PPA aqueous solution (1 mg / L) and a PPA_PA_NS dispersion (1 mg / L). PPA 

(Figure 3.4b) did not decrease the surface tension effectively, and the surface 

tension curve was very similar to that of water (Figure 3.4a). It was considered that 

PPA was stably dissolved in water and the PPA molecules were not present at the 

air-liquid interface. On the other hand, the PPA_PA_NS dispersion (Figure 3.4c) 

affected the surface tension, which gradually decreased with time and became 59.5 

mN/m after 20,000 s. Since PPA_PA_NS decreased the surface tension, it is 

concluded that PPA_PA_NS behaved as a solid surfactant. It is likely that 

PPA_PA_NS can be considered to be a two-dimensional assembly of PPA 

molecules, which does not show surface activity by itself, and that assembly of PPA 

and PA moieties on the nanosheet surfaces provided sufficient liphophilicity on one 
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side and lipophilicity on the other side of the individual nanosheet, leading to the 

fact that the obtained nanosheets exhibited surface activity. Furthermore, 

PPA_PA_NS required a far longer period of time to decrease surface tension than a 

low molecular surfactant, which normally needs several seconds to decrease surface 

tension.17 β-Casein, a protein with a much larger molecular weight of about 24,000 

as compared to those of standard surfactants, also required a long period time to 

decrease surface tension, probably because the proteins moved slowly to the 

air-liquid interface due to their large molecular weights.18 Assuming that 

PPA_PA_NS was a square plate with a 1.0-μm lateral size based on its AFM image 

(Figure 3.1), the weight of PPA_PA_NS was calculated to be 7.0×10-15 g, which 

was heavier than those of one of typical molecular surfactants, hexaethylene glycol 

mono hexadecyl ether, and protein, whose weights were calculated at 8.4×10-22 g 

and 4.0×10-20 g, respectively,17-18 and PPA_PA_NS should move more slowly than 

low molecular weight surfactants. Therefore, a longer period of time was required to 

decrease surface tension in the PPA_PA_NS dispersion.  

On the other hand, the surface tension at 60 s after of the start of measurement was 

64.6 mN/m, which was lower than that of water, as shown in Figure 3.4a; the 

PPA_PA_NS dispersion had already decreased surface tension at the start of 

measurement. It was considered that wide nanosheet size distribution of 

PPA_PA_NS, which was not controllable, could affect this decrease in surface 

tension; very small PPA_PA_NS could be rapidly adsorbed at the air-liquid 
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interface, and the surface tension could thus be decreased at the start of 

measurement. 

Figure 3.4 Dynamic surface tension of (a) water, (b) PPA and (c) PPA_PA_NS 

water dispersion. 

 

Figure 3.5 shows optical microscopic images of the PPA_PA_NS 

dispersion/toluene emulsion at the time of the start of measurement, after 44 min 

and after 60 min. Toluene droplets colored by oil orange were observed, and the 

formation of an o/w emulsion was clearly demonstrated. The total number of oil 

droplets in Figure 3a, the image of the emulsion as prepared, was 114. On the other 

hand, after 60 min, the total number of oil droplets in the same frame (Figure 3c) 

decreased to 78. A closer look at the images suggests that coalescence and Ostwald 

ripening occurred. Oil droplets (i) and (ii) in Figure 3a coalesced and formed oil 

droplet (iii) with a non-spherical shape in Figure 3b. Furthermore, oil droplet (iii) in 
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Figure 3.5c maintained an ellipsoidal shape. The sphericity of the oil droplet in 

Figure 3b upon coalescence was 0.88 and that of the droplet in Figure 3.5c, 16 min 

after coalescence, was 0.91. Oil droplet (iii) maintained a non-spherical shape for 16 

min and the shape changed from a non-spherical shape toward a true spherical shape 

over time. The non-spherical oil droplet was transitional during coalescence, and the 

oil droplet stabilized by the low molecular surfactant transformed immediately to a 

true spherical shape after coalescence.19 It is likely that the slow movement of 

PPA_PA_NS, the assumed phenomenon observed in dynamic surface tension 

measurement, also affected the shape changing rate of coalesced oil droplets 

(Scheme 3.1a). Therefore, the transitional shapes of coalesced oil droplets could be 

observed in the emulsion for over 10 min.  

On the other hand, the sizes of oil droplets (iv), (v) and (vi) were changed in Figure 

3.5c from those in Figure 3.5a. In Figure 3.5a, the diameters of oil droplets (iv) and 

(v) were 4.7 and 3.1 μm, respectively. In Figure 3.5c, the diameters of oil droplets 

(iv) and (v) decreased to 2.8 and 2.3 μm, respectively. On the other hand, the 

diameter of large oil droplet (vi) near oil droplets (iv) and (v) increased slightly from 

14.2 μm in Figure 3.5a to 14.3 μm in Figure 3.5c. This phenomena, a reduction in 

the diameters of the small droplets and an increase in the diameter of the large 

droplet, are likely due to Ostwald ripening. It is generally accepted that Ostwald 

ripening of emulsions stabilized with standard molecular and ionic surfactants 

proceeds slowly, with the theoretical ripening rate of emulsions calculated as 
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9.2×10-22 m3·s-1.20 The size change of the oil droplets in the present PPA_PA_NS 

dispersion/toluene emulsion, on the contrary, proceeded within 60 min based on 

optical microscopic observation, indicating that Ostwald ripening in the present 

system proceeded significantly faster than usual. It was reported that Ostwald 

repining of a Pickering emulsion stabilized by silica nanoparticles was faster than 

that stabilized by a low molecular-weight surfactant and that the ripening rate was 

about 10-18 m3·s-1.20 It was proposed that Ostwald ripening proceeded rapidly when 

oil molecules were dissolved from gaps between silica nanoparticles on small oil 

droplets to the aqueous phase, with subsequent molecular diffusion into larger oil 

droplets. In the emulsion stabilized by PPA_PA_NS, nanosheets cannot cover the 

oil droplet surface completely, and toluene molecules could be dissolved gaps 

between nanosheets with the ripening rate calculated at about 1.2×10-20 m3·s-1, 

which is faster than that of molecular surfactants (Scheme 3.1b). Therefore, the 

Ostwald ripening process of oil droplets can be observed in a short period of time. 

The dynamic behavior and adsorption states of Janus nanosheets at the air-liquid 

interface and liquid-liquid interface were not estimated precisely, however, because 

the adsorption state has not been investigated. 
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Figure 3.5 Optical microscope images of micelles of PPA_PA_NS water dispersion 

and toluene (a) at time of starting measurement (0 minute), after (b) 44 minutes and 

(c) 60 minutes. 
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Scheme 3.1 (a) coalescence process and (b) Ostwald ripening images of micelles 

covered by PPA_PA_NS 

 

3.4 Conclusions 

Single-layered Janus nanosheets dispersible in water were successfully prepared 

by changing the surface modifiers from the ODPA and CPPA used in Chapter 2 to 

PPA and PA, since the hydrophilicities of PPA and PA are higher than those of the 

corresponding modifiers, ODPA and CPPA, respectively. Janus nanosheets 

decreased surface tension over a very long period of time, probably because of their 

extremely heavy weight in comparison with those of standard surfactants. In the 

emulsion prepared using a Janus nanosheets dispersion and toluene, dynamic 

changes in the oil droplets, an oil droplet with a transitional non-spherical shape 

upon coalescence and rapid Ostwald ripening were observed. The non-spherical 

shape was likely due to slow movement of the nanosheets, and the rapid Ostwald 

ripening was probably due to rapid dissolution of toluene from gaps between Janus 

nanosheets. These results clearly demonstrate that single-layered water-dispersible 

Janus nanosheets acted as two-dimensional surfactants. Further investigation of the 

behavior of Janus nanosheets on air-liquid surfaces and liquid-liquid surfaces will 

be required to improve their performances. This type of two-dimensional 

surfactant has the potential to form emulsions with various combinations by 

changing functional groups, moreover, and to adjusting dynamic surface tension 
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by changing the nanosheets size. 
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4.1 Introduction 

Adsorption of target ions and compounds from water plays an important role in 

many technologies, including water purification1 and drug delivery systems2. There 

are many reports on adsorption of cations such as heavy metal ions3, surfactants4 and 

dyes5, and various inorganic solids including clay minerals6 and zeolites7 have been 

applied as adsorbents to take advantages of their negative charges and large surface 

areas. 

Layered potassium hexaniobate, K4Nb6O17·3H2O, consisting of negatively charged 

hexaniobate layers8 and interlayer K+ ions, can also adsorb cations9-11 via 

ion-exchange with other cations, such as heavy metal ions,9 alkylammonium ions10 

and cationic dyes.11. K4Nb6O17·3H2O has two interlayers, interlayers I and II, that 

appear alternately, and exhibit high and low reactivities for intercalation, 

respectively.8  

On the other hand, poly(N-isopropylacrylamide) (PNIPAAm) exhibits a 

thermo-responsiveness ascribable to a swollen random coil structure below the 

lower critical solution temperature (LCST) and the deswollen globule state at above 

LCST in water.12-13  By immobilizing PNIPAAm chains on inorganic materials, 

therefore, control of dispersion and aggregation states of resultant hybrid materials 

has been achieved. For example, inorganic nanostructures such as SiO2 

nanoparticles14 and nanosheets derived from the protonated layered perovskite 

HLaNb2O7·xH2O15 with grafted PNIPAAm chains exhibited dispersion-aggregation 
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phase transition behavior at the LCST of PNIPAAm chains. Thus, combining the 

ion-exchange capabilities of negatively-charged surfaces and thermoresponsive 

PNIAAm chains enables preparation of adsorbents with facile recovery capability. 

The use of Janus nanomaterials is an ideal option for realization of such 

dual-functional materials. 

 As described in Chapter 2, Janus nanosheets possessing two different properties 

on two faces of each nanosheet were successfully prepared via regioselective 

modification of K4Nb6O17·3H2O using two organophosphonic acids.  

In this chapter, the preparation of dual-functional Janus nanosheets via 

regioselective modification of K4Nb6O17·3H2O is described. One of their functions 

is cation adsorption capability originating from the negative charge of the niobate 

layer. Their other function is thermo-responsiveness of polymer chains prepared by 

copolymerization of N-(hydroxymethyl)acrylamide (HMAAm) bearing OH groups 

and NIPAAm and bound to one face of each nanosheet. Use of PNIPAAM-based 

polymer chains increases the dispersibility of Janus nanosheets in water.16 The 

adsorption behavior of cationic methylene blue by the Janus nanosheets and the 

aggregation behavior of the Janus nanosheets in a wide temperature range were 

studied. Advantages of this design include excellent stability of Nb-O-P bonds with 

respect to hydrolysis, as described in Chapter 2, and no interference of these two 

functions because of their presence on two physically-separated surfaces in one 

nanosheet; cations in aqueous systems could be adsorbed on one of two nanosheet 
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surfaces without steric hindrance of polymer chains. This is a huge advantage over 

Janus nanoparticles; if the same two functions are located on a dual-functional Janus 

nanoparticle, steric hindrance of polymer chains for adsorption of cations could 

occur near boundaries. 

First, potassium ions at interlayer I of K4Nb6O17·3H2O were exchanged with 

dioctadecyldimethylammonium ions (2C182MeN_NbO). Next, interlayer I was 

modified with m-(chloromethyl)phenylmethanoyloxymethylphosphonic acid 

bearing an initiator group for atom transfer radical polymerization (ATRP), which 

was synthesized based on the previous report (CPMP_NbO).17 NIPAAm and 

HMAAm were then copolymerized at interlayer I with a molar ratio of the CPMP 

moiety : NIPAAm : HMAAm = 1 : 45 : 5 (P(NH)_NbO). Interlayer II was then 

exfoliated by intercalation of tetrabutylammonium ions (TBA+) in water. Interlayer I 

was simultaneously exfoliated because of the high hydrophilicity of copolymer 

chains. Finally, the resulting dispersion was centrifuged, and a supernatant was 

obtained as a nanosheet dispersion (P(NH)_TBA_NS dispersion)(Scheme 4.1). An 

aqueous dispersion of K4Nb6O17·3H2O nanosheets via intercalation of TBA+ at both 

interlayers I and II and subsequent exfoliation (TBA_TBA_NS dispersion), and an 

aqueous dispersion of nanosheets in which P(NIPAAm-co-HMAAm) chains were 

bonded to interlayer surfaces at both interlayers (P(NH)_P(NH)_NS dispersion) 

were also prepared. 



 
 

105 

 
Scheme 4.1 Preparation of dual-functional Janus nanosheets. 

 

4.2 Experimental Section 

4.2.1Materials  

K2CO3 (Tokyo Chemical Industry Co., Ltd.) and Nb2O5 (FUJIFILM Wako Pure 

Chemical Co., Ltd) were used for preparation of K4Nb6O17·3H2O.  Trimethylsilyl 

bromide (TMSBr) (Tokyo Chemical Industry Co., Ltd.), 4-dimethylaminopyridine 

(Tokyo Chemical Industry Co., Ltd.), diethyl(hydroxymethyl)phosphonate (Tokyo 

Chemical Industry Co., Ltd.), trimethylamine (FUJIFILM Wako Pure Chemical Co., 

Ltd) and 3-(chloromethyl)benzoyl chloride (Tokyo Chemical Industry Co., Ltd.) 

were used to synthesize m-(chloromethyl)phenylmethanoylphosphonic acid 

(CPMP). Dimethyldioctadecylammonium chloride (Tokyo Chemical Industry Co., 

Ltd.) and dodecylammonium chloride (Tokyo Chemical Industry Co., Ltd.) were 

used as guest species for preparation of intermediates for surface modification. 

N-isopropylacrylamide (NIPAAm) (FUJIFILM Wako Pure Chemical Co., Ltd), 
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N-hydroxymethylacrylamide (HMAAm) (Tokyo Chemical Industry Co., Ltd.), 

CuCl (FUJIFILM Wako Pure Chemical Co., Ltd), CuCl2 (FUJIFILM Wako Pure 

Chemical Co., Ltd), tris[2-(dimethylamino)ethyl]amine (Me6TREN) (FUJIFILM 

Wako Pure Chemical Co., Ltd) were used for preparation of 

poly(N-isopropylacrylamide-co-N-hydroxymethylacrylamide). 

Tetrbutylammonium bromide (TBABr) (FUJIFILM Wako Pure Chemical Co., Ltd) 

was used for exfoliation. Methylene blue (FUJIFILM Wako Pure Chemical Co., 

Ltd) and methyl orange (FUJIFILM Wako Pure Chemical Co., Ltd) were used for 

adsorption onto layer surfaces. All materials were used as received without further 

purification. 

 

4.2.2 Experimental Procedures 

4.2.2.1. Preparation of K4Nb6O17·3H2O 

K4Nb6O17·3H2O was prepared by calcination of a mixture of K2CO3 (2.83 g, 2.05 

× 10-2 mol) and Nb2O5 (7.43 g, 2.80 × 10-2 mol) at 1100°C for 10 hours without 

intermittent grinding. The product was washed with water and dried in air. 

 

4.2.2.2 Synthesis of m-(chloromethyl)phenylmethanoyl phosphonic 

acid (CPMP) 

First, 4-dimethylaminopyridine (0.32 g, 2.6 × 10-3 mol), CH2Cl2 (30 mL), 

diethyl(hydroxymethyl)phosphonate (2.0 g, 1.2 × 10-2 mol) and trimethylamine (1.2 
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g, 2.0 × 10-2 mol) were mixed at 0ºC. Next, 3-(chloromethyl)benzoyl chloride (2.3 g, 

1.2 × 10-2 mol) was added and the resulting solution was stirred at room temperature 

for 1 day. The intermediate compound was collected after extraction with H2O and 

washed with a saturated NH4Cl aqueous solution. The crude product was then 

purified using a silica gel column with hexane : ethyl acetate = 1 : 5 containing 2% 

triethylamine. The intermediate compound (1.7 g), CH2Cl2 (11 mL) and TMSBr 

(2.5 g, 1.6 × 10-2 mol) were stirred at room temperature overnight and the volatiles 

were removed. The crude product was added to methanol and stirred at room 

temperature for 60 minutes and the volatiles were removed. The product was 

collected by filtering. The 1H NMR and 31P NMR of the product are shown in Figure 

4.1 and Figure 4.2, respectively. The assignments of 1H NMR signals are listed in 

Table 4.1. In the 31P NMR spectrum, one signal was observed, indicating that the 

product contained no by-products. The yield of CPMP was 25.1 %. 
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Figure 4.1 1H NMR spectrum of CPMP. 

Signal presented ● could be assigned to impurities, such as H2O. 

Table 4.1 The assignments of 1H NMR signals of CPMP 

 Chemical shift / ppm  integral value 
a 4.40-4.36 d 2 
b 4.83 s 2 
c 7.56-7.53 t 1 
d 7.72-7.71 d 1 
e 7.92-7.94 d 1 
f 8.03 s 1 
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*

: DMSO-d6*
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Figure 4.2 31P NMR spectrum of CPMP. 

 

4.2.2.3 Preparation of 2C182MeN_NbO 

K4Nb6O17·3H2O (2.60 g, 2.50 × 10-3 mol) and dimethyldioctadecylammonium 

chloride (5.87g, 1.00 × 10-2 mol) (K4Nb6O17·3H2O to 

dimethyldioctadecylammonium chloride molar ratio 1 : 4) were reacted in water 

(200 mL) at 50°C for 7 days to expand interlayer I. The product was centrifuged, 

washed with water and dried in air. 

 

4.2.2.4 Preparation of CPMP_NbO 

2C182MeN_NbO (0.35 g, 2.50 × 10-4 mol) and CPMP (0.53 g, 2.00 × 10-3 mol) 

(Nb6O17 to CPMP molar ratio 1 : 8) were reacted in 2-butanone (14 mL) at 80°C for 

2 days for surface modification of interlayer I. The product was centrifuged, washed 

with acetone three times and dried in air. 

50 0 -50

Chemical Shift / ppm

13.9
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4.2.2.5 Preparation of P(NH)_NbO 

CPMP_NbO (0.2 g) was placed into a flask connected with other two flasks. 

NIPAAm (1.2 g, 1.1× 10-2 mol), HMAAm (0.12 g, 1.2× 10-2 mol), Me6TREN (61 

μL, 2.3× 10-4 mol) and 2-propanol (5.6 mL) were entered into another flask. CuCl 

(21 mg, 2.1× 10-4 mol) and CuCl2 (3.3 mg, 2.5× 10-5 mol) were then entered into a 

third flask. The three flasks were then connected and freeze-pump-thaw cycled three 

times. CuCl and CuCl2 were then added to a 2-propanol solution and dissolved 

completely. CPMP_NbO was dispersed in this 2-propanol solution and stirred for 1 

day at 40ºC for polymerization. The molar ratio was adjusted based on the CPMP 

moiety as follows: NIPAAm : HMAA : CuCl : CuCl2 = 1 : 45 : 5 : 0.9 : 0.1, and the 

concentration of the monomer was 2 mol/L. After the reaction, the product was 

centrifuged, washed twice with 2-propanol and MeOH and dried in air. 

 

4.2.2.6 Preparation of P(NH)_P(NH)_NbO 

K4Nb6O17·3H2O (2.5 g, 2.4 × 10-3 mol) and dodecylammonium chloride (4.3g, 1.9 

× 10-2 mol) (K4Nb6O17·3H2O to dodecylammonium chloride molar ratio 1 : 8) were 

reacted in water (33 mL) at 50°C for 5 days to expand interlayers I and II. The 

product was centrifuged, washed with water and dried in air. The product (0.3 g, 

0.21 × 10-4 mol) and CPMP (0.87 g, 3.3 × 10-3 mol) (Nb6O17 to CPMP molar ratio 

1 : 16) were reacted in 2-butanone (14 mL) at 80°C for 2 days for surface 
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modification of interlayers I and II. The resulting derivative was centrifuged, 

washed with acetone three times and dried in air. The intermediate derivative (0.2 g) 

was entered into a flask. NIPAAm (2.2 g, 1.9 × 10-2 mol), HMAAm (0.22 g, 2.2 × 

10-3 mol), Me6TREN (118.46 μL, 4.4 × 10-4 mol) and 2-PrOH (5.6 mL) were 

entered into another flask. CuCl (39 mg, 3.9 × 10-4 mol) and CuCl2 (5.9 mg, 4.4 × 

10-5 mol) were then entered into a third flask. These three flasks were then 

connected and freeze-pump-thaw cycled three times. CuCl and CuCl2 were added to 

a 2-propanol solution and completely dissolved. The 2-propanol solution was added 

to the product and stirred for 1 day at 40ºC for polymerization. The molar ratio was 

adjusted based on the CPMP moiety as follows: NIPAAm : HMAAm : CuCl : CuCl2 

= 1 : 45 : 5 : 0.9 : 0.1, and the monomer concentration was 4 mol/L. After the 

reaction, the product was centrifuged, washed twice with 2-propanol and MeOH 

and dried in air. 

 

4.2.2.7 Preparation of nanosheet dispersions 

 P(NH)_NbO (20 mg), P(NH)_P(NH)_NbO (20 mg) and K4Nb6O17·3H2O (20 mg) 

was added separately to a 36.4 g/L TBABr aqueous solution (22 mL), and the 

resulting solution was stirred at room temperature for 7 days. The dispersion was 

centrifuged at 4000 rpm for 15 minutes and the supernatant was collected. The 

resulting products were called as a P(NH)_TBA_NS dispersion, a 

P(NH)_P(NH)_NS dispersion and a TBA_TBA_NS dispersion.  
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4.2.2.8 Reaction between the nanosheet dispersion and dye, 

methylene blue or methyl orange 

  First, 0.010 wt% methylene blue or methyl orange (0.1 mL) was added to 

P(NH)_TBA_NS dispersion, P(NH)_P(NH)_NS dispersion, TBA_TBA_NS 

dispersion or water (9.9 mL) and heated at 60ºC for 7 days. The supernatant was 

collected by filtration. The absorbance of each supernatant was measured. The 

absorption spectrum of mixture of the nanosheet dispersion (2.97 mL) and 1 g/L dye 

(MB or methyl orange) aqueous solution (30 μL) were recorded with a Shimadzu 

UV-3100PC UV-vis spectrophotometer. 

 

4.2.3 Analyses 

Liquid-state 1H NMR and 31P NMR spectra were recorded with a JEOL 

JNM-ECZ500R instrument at 500.16 MHz. DMSO-d6 was used as a deuterated 

solvent. X-ray diffraction (XRD) patterns were recorded on a Rigaku RINT-1000 

diffractometer (Mn-filtered FeKα radiation) and a Rigaku SmartLab diffractometer 

with Mn-filtered FeKα radiation by the parallel-beam method. Infrared (IR) 

adsorption spectra were recorded on a JASCO FT/IR-460 Plus spectrometer by the 

KBr disk method. Inductively coupled plasma emission spectrometry was 

performed with a Thermo Jarrell Ash ICAP-574 II instrument using the internal 

standard method after dissolution of each sample in a mixture of 4 mL of HNO3 
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(60%), 3 mL of HCl (36 %), and 1 mL of HF(47 %) at 150ºC overnight. Atomic 

force microscope (AFM) images of P(NH)_TBA_NS, TBA_TBA_NS and 

P(NH)_P(NH)_NS were obtained with a Shimadzu SPM-9700 HT microscope, 

Digital Instruments Nanoscope III microscope and Shimadzu SPM-9500J3 

microscope, respectively, using the tapping mode. The absorbance of the nanosheet 

dispersions with changes in temperature was measured using a JASCO V-630 

spectrophotometer at a wavelength of 400 nm and a JASCO ETCR-726 temperature 

control unit. Absorbance was monitored at every one degree from 35 °C to 65 °C 

under heating conditions of 5-s holding time at target temperature and a heating rate 

of 1 °C/min (The dispersion was stirred at 800 rpm). The absorbance of the 

supernatants after reaction with a dye solution was measured using a Shimadzu 

UV-3100PC UV-vis spectrophotometer. 

 

4. 3 Results and discussions 

Figure 4.3 shows XRD patterns of 2C182MeN_NbO, CPMP_NbO and 

P(NH)_NbO. The d value corresponding to repeating distance decreased from 5.39 

to 3.58 nm upon reaction between 2C182MeN_NbO and CPMP. After 

copolymerization of NIPAAm and HMAAm in CPMP_NbO, no diffraction 

corresponding to the repeating distance was observed in the XRD pattern of 

P(NH)_NbO. 
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Figure 4.3 XRD patterns of (a) 2C182MeN_NbO, (b) CPMP_NbO and (C) 

P(NH)_NbO. 

 

 Figure 4.4 shows IR spectra of 2C182MeN_NbO, CPMP, CPMP_NbO and 

P(NH)_NbO. An (N+-CH3) adsorption band18 assignable to 2C182MeN+ was 

observed at 1486 cm-1 in the spectrum of 2C182MeN_NbO but was not observed in 

the spectrum of CPMP_NbO, indicating removal of 2C182MeN+ from interlayer I 

upon the reaction of 2C182MeN_NbO with CPMP. This result is consistent with the 

XRD results showing a decrease in the repeating distance. In the spectrum of 

CPMP_NbO, adsorption bands due to the ar(C-H), (P=O), (P-O) and (P-OH) 

modes19 were observed at 3067 cm-1, 1198 cm-1, 1084 cm-1 and 925 cm-1, 

respectively. In addition, the (P=O) adsorption band of CPMP_NbO was shifted to 

a lower wavenumber from the (P=O) band position of bulk CPMP (at 1208 cm-1) 

and broadened, indicating that a grafting reaction of CPMP onto the interlayer 
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surfaces of hexaniobate layers had proceeded.20 Also, a (NHC=O) band assignable 

to the PNIPAAm and PHMAAm moieties21 was observed at 1653 cm-1 in the 

spectrum of P(NH)_NbO. Adsorption bands assignable only to the PHMAAm 

moiety could not be identified, because they were overlapping with the adsorption 

bands of other moieties on the nanosheets.22 By taking the XRD results 

demonstrating the stacking disorder into account, copolymerization in the interlayer 

space is confirmed. 

Figure 4.4 IR spectra of (a) 2C182MeN_NbO, (b) CPMP, (c) CPMP_NbO and (d) 

P(NH)_NbO. Adsorption bands in a pink colored area, green colored area and blue 

colored area are assignable to vibrations of a CPMP molecule, thermos-responsive 

polymer chains and 2C182MeN+, respectively. Adsorption band in a yellow colored 

area are assignable to (CHn) in 2C182MeN+, CPMP moiety and 

thermos-responsive polymer chains. 
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Table 4.2 shows the molar ratios of Nb and P in CPMP_NbO and P(NH)_NbO 

based on the ICP results. The molar ratio in CPMP_NbO was P : Nb = 1.7 : 6. Since 

the amount of P per [Nb6O17] was smaller than 2, a compound in which only 

interlayer I was modified was obtained.23 The molar ratio in P(NH)_NbO was also 

P : Nb = 1.7 : 6, equal to that of CPMP_NbO, indicating that polymerization 

proceeded with maintenance of the CPMP moiety on the interlayer surface of the 

hexaniobate layer. 

Table 4.2 Molar ratio if Nb and P of CPMP_NbO and P(NH)_NbO 

 Nb* P 
CPMP_NbO 6 1.7 
P(NH)_NbO 6 1.7 

* The amounts of niobium were set to 6. 

  Based on these results, it is concluded that only interlayer I was regioselectively 

modified with CPMP. Since copolymerization proceeded only from the initiator 

groups, it is reasonable to conclude that a P(NH)_NbO nanosheet had polymer 

chains onto one face of an individual hexaniobate nanosheets via the CPMP moiety. 

Figure 4.5 shows an AFM image of samples prepared by dropping and drying (a) 

TBA_TBA_NS dispersion, (b) P(NH)_TBA_NS dispersion and 

(c)P(NH)_P(NH)_NS dispersion onto an Si wafer. The thickness of a 

TBA_TBA_NS estimated by AFM was 0.99 nm (Figure 4.5(a)). The reported 

thickness of double-layered niobate nanosheets exfoliated by TBA+ was in the range 
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of 1.5 nm to 2.1 nm.24 Since 0.99 nm is thinner than double-layered exfoliated 

nanosheets and thicker than [Nb6O17]4- nanosheets measuring 0.82 nm,23 the 

TBA_TBA_NS dispersion apparently consisted of single-layered nanosheets. In 

previous reports on single-layered nanosheets exfoliated using TBA+, the thickness 

observed by AFM was the same as or slightly greater than the corresponding 

crystallographic thickness.25-27 Thus, it is likely that an unreacted interlayer II could 

be exfoliated by treatment with a TBA+ solution. In figure 4.5(b), a sheet-like 

morphology with a thickness of 6.4 nm was observed. On the other hand, the 

thickness of a nanosheet from the P(NH)_P(NH)_NS dispersion was estimated to be 

12 nm by AFM (Figure 4.5(c)). A nanosheet from the P(NH)_TBA_NS dispersion 

had a P(NH)-chain layer and TBA+ layer on its individual hexaniobate nanosheets. 

If the P(NH)_P(NH)_NS dispersion consists of single-layered nanosheets, the 

thickness of P(NH)_TBA_NS could be calculated as half of sum of the thicknesses 

of TBA_TBA_NS and P(NH)_P(NH)_NS: (0.99 nm + 12 nm) ÷ 2 = 6.5 nm, which 

bears a close similarity to the observed value, 6.4 nm. From this relationship, it is 
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reasonable to conclude that these three types of nanosheets were single-layered in 

dispersions. The estimated structures and thicknesses of these three nanosheets are 

shown in scheme 4.2. 

Figure 4.5 AFM images of (a) TBA_TBA_NS, (b)P(NH)_TBA_NS and 
(c)P(NH)_P(NH)_NS. Particles on nanosheets were likely to be impurities such as 
precipitated TBABr. 

 

Scheme 4.2 Estimated structures of (a) TBA_TBA_NS, (b)P(NH)_TBA_NS and 

(c)P(NH)_P(NH)_NS 
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 The temperature-depending absorbance of P(NH)_TBA_NS dispersion is shown in 

Figures 4.6 A (i) and (ii). The absorbance of the dispersion increased and decreased 

with heating and cooling, respectively, and sedimentation was observed at high 

temperatures. This behavior can be interpreted based on conformational changes in 

PNIPAAm-based polymer chains. Thus, it is likely that the P(NH)_TBA_NS 

dispersion exhibited a reversible dispersion-aggregation transition due to 

thermo-responsiveness. Absorption of P(NH)_TBA_NS was changed gradually by 

changing temperature. Similar behavior was observed in the previous reports due to 

low mobility of PNIPAAm chains whose one end of was immobilized on substrate 

and closeness of distance between polymer chains.15,28 While the LCST of 

PNIPAAm is 32°C,12,13 the starting point of turbidity changes for the 

P(NH)_TBA_NS dispersion was about 45°C. This is probably due to increasing 

hydrophilicity caused by copolymerization with hydrophilic HMAAm.16 The 

absorbance of the TBA_TBA_NS dispersion was then measured with respect to 

increases in temperature and compared with that of the P(NH)_TBA_NS dispersion 

(Figures 4.6 A (i) and (iii)). The absorbance of the TBA_TBA_NS dispersion 

increased gradually from 50°C, while that of the P(NH)_TAB_NS dispersion 

increased significantly from 45°C, indicating that P(NH)_TBA_NS dispersion 

started to aggregate at lower temperature than TBA_TBA_NS dispersion because of 

conformational changes in the thermoresponsive P(NIPAAm-co-HMAAm) chains. 

The P(NH)_TBA_NS dispersion and TBA_TBA_NS dispersion were heated at 
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60°C for 7 days to monitor their aggregation behavior (Figure 4.6 B and C). Tyndall 

scattering was observed for both dispersions before heating, indicating the colloidal 

states of nanosheets. After heating, no Tyndall scattering was observed for the 

P(NH)_TBA_NS dispersion because of sediment formation. On the other hand, 

Tyndall scattering was still observed for the TAB_TBA_NS dispersion without 

sediments. This difference clearly suggests that the nanosheets in the 

P(NH)_TBA_NS dispersion were aggregated and sedimented at above the LCST. 

Similar behavior was reported for SiO2 nanoparticles modified with a 

thermoresponsive polymer.15 These results show that P(NH)_TBA_NS could be 

collected from water more easily than TBA_TBA_NS from water upon heating. 

Figure 4.6 (a) Variation in absorbance at 400 nm for P(NH)_TBA_NS dispersion 

with (i) increasing, (ii) decreasing temperature and (iii) TBA_TBA_NS dispersion 
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with increasing temperature, (b) appearances of (iv) P(NH)_TBA_NS dispersion 

and (v) TBA_TBA_NS dispersion before heating and (c) appearance of (vi) 

P(NH)_TBA_NS dispersion and (vii) TBA_TBA_NS dispersion after heating at 

60°C for 7 days. 

 

Figure 4.7a shows the visible absorption spectra of the P(NH)_TBA_NS 

dispersion containing MB. Since the spectrum of P(NH)_TBA_NS dispersion 

containing scattering, this spectrum was obtained via the following modification. 

The presene of scattering (Figure 4.7b) whose absorbance increases linearly with 

the decreasing in the wavenumber was assumed. The modified spectrum of the 

P(NH)_TBA_NS dispersion containing MB (Figure 4.7c) was obtained by 

subtraction of the absorbance value of Figure 4.7b from that of figure 4.7a.  
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Figure 4.7 (a) original spectrum of P(NH)_TBA_NS dispersion containing MB, (b) 

a scattering profile and (c) subtract spectrum using (a) and (b). Spectrum (a) could 

be simulated as sum of (d) 39% of MB aqueous solution (Figure 4.8a), (e) 21% of 

TBA_TBA_NS dispersion (Figure 4.8b) and estimated scattering (b).  

 

The visible absorption spectrum of the P(NH)_TBA_NS dispersion containing 

MB was measured to evaluate its ion exchange capability  (Figure 4.8). The same 

measurements were carried out using TBA_TBA_NS and P(NH)_P(NH)_NS 

dispersions. No notable difference was observed between the spectra of the 

P(NH)_P(NH)_NS dispersion containing MB (Figure 4.8d) and the MB aqueous 

solution (Figure 4.8a), whose absorbance peaks were observed at 666 nm with a 

shoulder at 608 nm, indicating that the organophosphonate moiety and 

P(NIPAAm-co-HMAAm) chains grafted onto nanosheets did not adsorb MB. A 

new absorption peak was observed, on the other hand, at 572 nm in the spectrum of 
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the TBA_TBA_NS dispersion containing MB. It was reported that the absorption 

peak of MB forming H-aggregates on montmorillonite was shifted to a shorter 

wavelength from those of MB monomers at 665 nm and H-dimers at 605 nm.29 A 

similar absorption peak shift was reported when MB was adsorbed onto the 

K4Nb6O17·H2O interlayer surface.30 It is thus concluded that MB formed 

H-aggregates upon adsorption on TBA_TBA_NS via ion exchange with TBA+. 

When the P(NH)_TBA_NS dispersion containing MB was heated at 60°C, a 

pink-colored powder was sedimented. This product was filtered and a supernatant 

was obtained. From 666-nm absorbance values of this supernatant and the original 

MB solution (Figure 4.8a), the amount of adsorbed MB was calculated to be 29.2% 

of the total MB, an MB amount equivalent to 3.2% of the cation exchange capacity 

of an unmodified face of P(NH)_TBA_NS.  

 

 

Figure 4.8 Visible adsorption spectra of (a) 0.01 g/L MB aqueous solution, (b) 
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TBA_TBA_NS dispersion, (c) P(NH)_TBA_NS dispersion and (d) 

P(NH)_P(NH)_NS dispersion containing MB. The spectrum (c) was modified to 

reduce the effect of scattering. 

 

The same experiment was carried out using methyl orange, which is an anionic 

dye, moreover, and no adsorption on P(NH)_TBA_NS was observed (Figure 4.9). 

Based on these results, it was concluded that unmodified faces of P(NH)_TBA_NS 

adsorbed cationic MB through an electrostatic interaction. 

Figure 4.9 Visible absorption spectra of (a) methyl orange aqueous solution and (b) 
P(NH)_TBA_NS dispersion mixed with methyl orange. 
 

 

4.4 Conclusions 

Interlayer I of K4Nb6O17·3H2O was regioselectively modified with an 

organophosphonate moiety bearing an ATRP initiator group, CPMP moiety, the 
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resultant product was dispersed in the TBA+ aqueous solution to exfoliate into 

single-layered nanosheets, leading to the dispersion of Janus nanosheets grafted 

with P(NIPAAm-co-HMAAm) chains onto one of the two faces of the individual 

nanosheets. It was demonstrated that these Janus nanosheets have two functions: 

adsorption of cations via an ion-exchange mechanism and thermo-responsive 

aggregation behavior, and that two reactions proceeded independently on two faces 

of individual nanosheets. The present study reveals that Janus materials bearing two 

functions which do not interfere each other can be prepared with this strategy. It is 

therefore expected that dual-functional Janus nanosheets exhibiting various 

functions and usable in water can be prepared by extending the present approach 

using K4Nb6O17·3H2O. 
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 This thesis describes novel preparation methods for Janus nanosheests using 

K4Nb6O17·3H2O and phosphorus coupling agents. In this strategy, the unique 

reactivity of two kinds of interlayers in K4Nb6O17·3H2O and the characteristics of 

phosphorus coupling agents, their freedom from homocondensation under mild 

conditions and from exchange reactions between phosphorus coupling agents and 

grafted organophosphonate moieties, play important roles. The resultant Janus 

nanosheets have stable M-O-P bonds between the niobate nanosheet surface and 

phosphorus coupling agent moiety, and various functional groups can be 

immobilized on the surface by changing the type of organophosphonic acid. Due 

to these advantages, the Janus nanosheets described in this thesis exhibit the 

potential to be employed as functional materials in various solvents, including 

water. In order to demonstrate their potential, two types of functional Janus 

nanosheets which work as a two-dimensional surfactant and a cation adsorbent 

are presented. 

 In Chapter 1, previous studies on the reactivity and surface modification of 

K4Nb6O17·3H2O and preparation methods and applications for Janus nanosheets 

are summarized. Based on these previous studies, it is demonstrated that the 

preparation methods previously used for inorganic Janus nanosheets have 

drawbacks, including low versatility concerning functional groups for 

sol-gel-derived Janus nanosheets and difficulty in the use of clay-derived Janus 

nanosheets in water. To overcome these drawbacks, a new strategy for preparation 
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of Janus nanosheets using K4Nb6O17·3H2O and phosphorus coupling agents is 

introduced.  

 In Chapter 2, preparation of inorganic Janus nanosheets from K4Nb6O17·3H2O 

according to a strategy using regioselective surface modification and an evaluation 

of the resulting Janus nanosheets are described. First, interlayer I of 

K4Nb6O17·3H2O was modified using lipophilic octadecylphosphonic acid. Next, 

interlayer II was modified using hydrophilic carboxypropylphosphonic acid. 

Finally, the product was exfoliated into single-layered nanosheets. Phase images 

obtained by AFM visibly revealed differences in the surface properties of the two 

types of the surfaces of the resultant nanosheets, which could be assigned to 

lipophilicity and hydrophilicity of the surfaces. These results demonstrate that 

inorganic Janus nanosheets can be prepared using K4Nb6O17·3H2O and 

organophosphonic acids. 

 In Chapter 3, preparation from K4Nb6O17·3H2O of functional Janus nanosheets 

that acted as two-dimensional surfactants is described. The surface modifiers for 

preparation of Janus nanosheets in Chapter 2 were changed to phenylphosphonic 

acid and phosphoric acid to increase hydrophilicity of Janus nanosheets, and the 

resultant nanosheets could be exfoliated into single-layered nanosheets in water. 

These Janus nanosheets exhibited surface activity demonstrated by the reduction 

of air-liquid surface tension, probably over a long period of time due to their 

heavy weight. In an emulsion prepared from the Janus nanosheet aqueous 
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dispersion and toluene, coalescence proceeded slowly and Ostwald ripening 

proceeded rapidly. These results are very different from the behavior of 

conventional molecular or ionic surfactants, demonstrating the unique 

characteristics of this type of Janus nanosheets. 

 In Chapter 4, preparation of dual-functional Janus nanosheets that acted as 

cation adsorbents from K4Nb6O17·3H2O is described. Cation adsorption onto Janus 

nanosheets was achieved by ion exchangeability originating from the intrinsic 

negative charge of niobite nanosheets. On the other hand, recovery of nanosheets 

from water was achieved by their aggregation due to the thermoresponsiveness of 

poly(N-isopropylamide)-based polymer chains. These Janus nanosheets exhibited 

two different functions, an ion exchange capability and thermo-responsive 

aggregation on each side of individual nanosheets. This type of Janus nanosheet 

could be used to separate cationic species from water by dispersing them in water 

and subsequently increasing the temperature. 

 These results clearly indicate that inorganic Janus nanosheets can be prepared 

by regioselective surface modification using K4Nb6O17·3H2O and 

organophosphonic acids and phosphoric acid with subsequent exfoliation. 

Furthermore, changing the functional group of the surface modifiers could lead to 

Janus nanosheets that can be employed as functional materials, such as a 

two-dimensional surfactant and a cation adsorbent that can be used as an aqueous 

dispersion. The present strategy for preparing K4Nb6O17·3H2O-based Janus 
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nanosheets is an important approach to realizing applications for inorganic Janus 

nanosheets, because it offers significant potential for preparation of various 

functional Janus nanosheets. 
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