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1-1.   Nanoparticles in nanotechnology 

 Nanotechnology refers to a technology that controls substances from a few 

nanometers to less than100 nanometers.1 The term "nanotechnology" was proposed by 

Norio Taniguchi in 1974. Since President Bill Clinton declared National Nanotechnology 

Initiative in 2001, the big budget was invested for nanotechnology. As the improvement 

of electronic device performances by miniaturization is required, nanotechnology have 

rapidly advanced. The representative example is the increase of the density of transistors 

integrated in an IC chip. Lithography techniques is widely used for the fabrication of precise 

nanopatterns on a substrate for electronic devices, leading the advance of fine processing 

technology. However, the attractiveness of nanoscale materials is not only small. Another 

reason for the rapid advance of nanotechnology is that the physical and chemical 

properties different from those of bulk are exhibited when the size of metals, 

semiconductors, and metal oxides becomes nanoscale.2 While the precise nanostructures 

are fabricated on a 2D substrate using lithography techniques, nanoscale particles, 

nanoparticles, can be utilized as a solution or a powder. Therefore, nanoparticle is the 

important material in nanotechnology, and attention is paid in a wide field, such as 

chemical, material, physical, and biological science. 

 

1-1-1.   Functions of inorganic nanoparticles 

 Metal, semiconductor and metal oxide nanoparticles show the novel optical, 

catalytic, magnetic functions (Figure 1-1). For example, localized surface plasmon 

resonance (LSPR) is optical property of metal nanoparticles, such as gold, silver, copper 

and platinum.3 LSPR is a phenomenon that the free electrons of the metal nanoparticles 

undergo an oscillation in the presence of the oscillating electromagnetic field of the light, 
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enhancing the electromagnetic field at the nanoparticle surface.2 Electromagnetic field 

enhanced by LSPR provides the enhancement of the Raman scattered light of molecules 

near the metal nanoparticle, called a surface-enhanced Raman scattering (SERS), and it 

is used for applications to high sensitive sensing.4,5 Nanoparticles of 1 to 10 nm composed 

of hundreds to thousands of semiconductor atoms are called quantum dots. The energy 

level at the quantum dot changes to a discrete state as the number of constituent atoms 

decreases. Therefore, the effective band gap energy increases with the band width of the 

conductor and the valence electron depending on the decrease of the number of 

constituent atoms. As the result, quantum dots emit strong fluorescence. Quantum dots 

are used for bioimaging because their robustness against photobleaching enable to long 

fluorescence observation.6 Additionally, gold nanoparticles show highly active catalysts 

for CO oxidation7 and NO reduction8 although gold is chemically inert in the bulk state. 

The nanoparticles of ferromagnetic metal or metal oxide (Fe, Co, Fe3O4 and so on) show 

superparamagnetism,9 which are used as magnetic recording materials such as hard disks 

of personal computers and magnetic tapes. The inorganic nanoparticles play important 

roles in our lives and academic researches. 

 

Figure 1-1. Variety of nanoparticles. (a) gold nanoparticles, (b) quantum dots,10 and (c) 

iron oxide nanoparticles.11 
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1-1-2.   Gold nanoparticles 

 History 

 Gold nanoparticles are one of the most ancient nanomaterials of investigation. 

Historically, colloidal golds were made around the 5th or 4th century B.C. in Egypt and 

China, which were used to make ruby glass, such as Lycurgus cup because of their ruby 

color.12 In the Middle ages, colloidal gold was used as coloring materials for stained glass. 

In 17th century, Cassius made colloidal gold using HAuCl4 and Sn(OH)2, which were 

called “purple of Cassius”, but at that time it was thought to be a compound of gold and 

tin. It was Michael Faraday (1791-1867) who initially claimed that gold exists as a colloid 

in the ruby solution. Faraday prepared gold colloids through reduction of Au ion by 

phosphorus, declaring that gold was present in the liquid as “finely divided” state by using 

Faraday-Tyndall phenomenon.13 It is noted that the term "colloid" was proposed by 

Graham in 1861.14 In 1908, Mie showed that the ruby color arose from the absorption and 

scattering of light by gold nanosphere.15,16 In the 20th century, an electron microscope 

and a scanning probe microscope are invested, and research on nanoparticles including 

gold has accelerated. Today, GNPs have been widely used for fundamental researches and 

practical applications as they can easily control their shape and surface property. 

 

 Size and shape control of gold nanoparticles 

 The shape and size are directly influence to the optical and physical properties. 

Basically, spherical GNPs (GNSs) were synthesized by the reduction of Au ion (HAuCl4) 

in the presence of capping reagent. As the plasmon absorption is strongly dependent on 

the size of a GNS, the precise and convenient size control method is necessary.12 The 

GNS size is determined by the reduction rate and the type of capping reagents. The 
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versatile synthetic method of GNSs using citrate as reduction agent of HAuCl4 in water 

was reported by Turkevich (referred to as Turkevich method) at 1951, which produces 

almost spherical particles over a tunable range of sizes.17 This method has been improved 

by many groups,18–20 including Frens.21 The representative synthesis in organic solvent 

was reported by Brust and Schiffrin, which referred to as Brust-Schiffrin method.22 Using 

two-phase (water-toluene) reduction of AuCl4
- by NaBH4 in the presence of an alkanethiol, 

dispersions of 1-3 nm GNSs coated with thiol have been prepared. 

 The wavelength of light absorbed by LSPR of a GNP is dependent not only size 

but also its shape. The morphology of GNPs is easily controlled via a seed growth 

method,23,24 and anisotropic GNPs with various shapes (nanorod,25 nanocube,26 triangular 

nanoplate,27–29 and so on) were synthesized. The seed growth method includes the two 

steps; the seed-synthesis step and growth step. In the first step, the small “seed” GNPs 

were synthesized by strong reagent, such as NaBH4. In the second step, the seeds are 

added to a “growth” solution containing HAuCl4, the stabilizing and reducing agents, then 

the newly reduced Au0 grows on the seed surface to form large-size GNPs. The shape of 

the gold nanoparticles depends on the growth rate and selective surface passivation in 

growth step.30 Among the various anisotropic-shaped GNPs, gold nanorods (GNRs) have 

attracted much attention due to two modes of LSPR corresponding to a transverse and 

longitudinal LSPR.31 GNRs are also synthesized via the seed growth method,32,33 and the 

peak of longitudinal LSPR mode of GNRs can be tuned in the visible-near infrared region 

by controlling the aspect ratio.34 Therefore, controllability of size and shape of gold 

nanoparticles is high  
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 Surface modification 

 To control the function of a GNP, the surface modification also plays an 

important role. The dispersibility in solvent is determined by chemical property of ligand 

molecules on a GNP surface. The interparticle interaction is also controlled by surface 

modification. For modification of GNPs, molecular assembly technique is used. 

Molecules with functional groups strongly binding with gold form the monolayer on the 

GNP surface, which is called self-assembled monolayers (SAMs).35 Formation of SAM 

is also used for surface modification of metal nanoparticles other than GNPs. The most 

used functional group for GNP modification is a thiol group (-SH). SAMs of thiolate 

molecules on GNP surface are formed via a ligand exchange reaction; i.e. existing ligands 

are displaced by different incoming ligands.36 Ligands bound to a GNP surface with 

weaker interaction, such as citrate, is easily displaced by thiolate molecules bound with 

stronger Au-S bond. While the binding energy of Au-OCOOH is ~2 kcal/mol,37 the Au-S 

bond is robust and its binding energy is ~40 kJ/mol.38 By modification using ω-

functionalized thiols, cationic,39,40 hydrophobic,22 hydrophilic,41 and fluorinated42 GNPs 

were synthesized. Additionally, since the drugs also can be loaded via gold-sulfate bond 

or electrostatic interaction on the surface, GNPs were used for drug carrier.43–45 Therefore, 

the design of ligand molecules is important to control the GNP property as well as their 

shape and size. 
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1-2.   Assembly of nanoparticles 

1-2-1.   Assembly in chemistry 

 Assembly of disordered components into ordered structures, specific shape 

and/or patterns provides functions. Assemblies are occurred by physical, chemical, and 

social interactions, which leads to “emergence”. The most ingenious chemical assembly 

is achieved by life. The countless assemblies of individual molecules (lipids, amino acids, 

nucleic acids, sugars and so on) emerge the complex and dynamic functions of life. 

According to one theory, one of the first assembly events in the origin of life four billion 

years ago was the formation of a primitive vesicle composed by amphiphilic molecules. 

While biomaterials were constructed based on organic materials, artificially-programmed 

assembly which can also utilize the inorganic materials and semiconductors enables to 

create novel functional materials, such as metamaterials. Therefore, the control of 

assembly of chemical components is crucial to create new materials which have functions 

beyond natural ones to build a sustainable society.46  

 

1-2-2.   Nanoparticle assembly and functions 

 As nanoparticles display properties that differ from those of the bulk state, 

assemblies of inorganic nanoparticles can emerge collective functions that are different 

to those displayed by individual nanoparticles and bulk states. Attractively, assemblies of 

nanoparticles can emerge collective functions that are different to those displayed by 

individual nanoparticles and the bulk state. Assembly process in which components 

automatically organize into patterns or structures without human intervention is called 

“self-assembly”.47 Self-assembly, as a typical bottom-up system, is a powerful technique 

for the fabrication of 1D, 2D , and 3D nanostructures (Figure 1-2). While a top-down 
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approach including photolithography and electron-beam lithography is widely used for the 

fabrication of precise nanopatterns on substrate for electronic devices, self-assembly is 

suitable for construct the 3D nanostructures, especially in solution. Self-assembly of 

nanoparticles into large structures has attracted much attention due to their strong and 

specific interactions with light and magnetic fields,48 opening the possibility for a wide 

range of applications in the field from material science and biology. For example, plasmon 

oscillations on adjacent metal nanoparticles can couple via their near-field interaction in 

assembly of nanoparticles.49 The function of a nanoparticle assembly is determined by 

the assembled structure. For past several decades, it has been investigated the assembly 

of nanoparticles, and assembled structures such as linear,50–52 vesicles,53–59 and 

superlattice structures60–65 were reported, and they are applied for drug delivery 

carriers,66,67 electrodes,68 sensors.69–73  

  

Figure 1-2. Self-assembly of nanoparticles into 1D,52 2D,74 3D53 and hierarchical 

structures75 



Chapter 1 

9 

 To control the assembled structures, assembly of nanoparticles require 

anisotropic interactions, which are provided to nanoparticles by surface modification or 

morphologic control. For instance, nanoparticles on which surface has two distinct 

chemical properties (Janus nanoparticles76) have shown micelle-like assembly.77 Non-

spherical nanoparticles (nanorods, nanocubes, nanoplates, and so on) are assembled by 

direction-dependent interactions, such as a depletion force or van der Waals force, and 

form the specific assembled structure.78 For example, Mirkin et al. have reported the 

columnar superlattices of gold nanoprisms by a depletion force under excess amounts of 

free surfactant.79 Furthermore, anisotropic-shaped nanoparticles with site-specific 

modification have been developed.80–82 Kumacheva et al. synthesized GNRs coated with 

CTAB along their long face and with polystyrene at the edge, forming rings, chains, and 

capsule structures as assemblies depending on the solvent.83,84 Therefore, for the 

construction of the desired structure of nanoparticle assemblies, the control of 

interparticle interactions is indispensable.  

 Additionally, control of assembled and dispersed state in response to 

environmental changes induces the dynamic changes of the optical and magnetic 

properties. To induce stimuli-responsive assembly/disassembly, nanoparticles are 

modified with stimuli-responsive ligands. For example, Klajn et al. reported the photo-

responsive GNPs coated with azobenzene derivatives. Similar strategy are apply other 

nanoparticles in the response to various stimuli, such as temperature,85–90 pH,91–93 and 

light.94,95 Stimulus responsive assemblies advance with applications spanning 

nanomedicine, renewable energy, biology, and even information technology. 

 Recently, the fabrication of hierarchical structures has been one of the hottest 

subjects in material sciences due to their potential functionalities.96–100 To date, however, 
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only a few hierarchical structures fabricated in solution have been reported.75,101 These 

hierarchical assemblies were made by varying the polarity of the solvent. However, the 

reversibility of the multi-step assembly process has not been exploited sufficiently. For 

the fabrication of sophisticated assemblies with dynamic structural changes, hierarchical 

structures composed of nanoparticles require controllable reversibility of 

assembly/disassembly in response to changes in the environment.  
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1-3.   Self-assembly in biomolecules 

 The assemblies in natural products have been sophisticated over a long time. The 

representative biomaterial with elaborate structure and complex functions is protein. 

Proteins are composed of sequential amino acids as a fundamental unit (a primary 

structure), and construct hierarchical structures through multi-step folding processes. The 

primary structure determines the higher order structure of the protein. Secondary and 

tertiary structures are automatically formed via folding of a polypeptide through 

intramolecular interactions. Tertiary structures have heterogeneous surface and 

anisotropic shape, and some of these subsequently form quaternary structures and higher 

order hierarchical structures via intermolecular assemblies. Additionally, the assembly 

and disassembly of the tertiary structures to form the quaternary structure occur reversibly 

in response to environmental changes that induce dynamic functions. For example, actin, 

which is abundant protein expressed in eukaryotic cells, forms actin filament by 

polymerization (Figure 1-3). The interactions for protein folding include hydrogen bond, 

electrostatic interaction, and hydrophobic interaction. Here, when focusing on the 

hydrophobicity of amino acids, the tertiary structure has a heterogeneous surface pattern 

and disk-like shape. Actin filaments form cytoskeleton, and they play important roles in 

cellular adhesion, division, and motility. Actin regulates the movement of cells through 

binding and dissociation of the tertiary structures, caused by reversible change of in ATP 

and ADP actin state.102 The control of assembly/disassembly in response to the 

environment emerges the dynamic system. 
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Figure 1-3. The tertiary structure of actin, actin filament, and cytoskeleton. The red 

and balls in the tertiary structure are hydrophobic and hydrophobic amino acids, 

respectively.  
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1-4.   Objective 

 Metal nanoparticles have optical, magnetic and chemical functions different 

from the bulk state. In addition, the assemblies of metal nanoparticles display functions 

different from both the bulk state and the individual particles. As the function of the metal 

nanoparticle assembly strongly depends on its structure, structural control is important. 

Recently, attention has been drawn to the fabrication of hierarchical structures. However, 

there are few report examples of hierarchical structure, and its dynamic structure control 

has not been adequately studied. As control of dynamic and spatially controlled 

interparticle interactions is required for the self-assembly into desired structures in the 

response to environment, surface design by modification using ligand molecules is 

important. Furthermore, the control of the assembled and dispersed state in the response 

to environmental change provides dynamic function. On the other hand, proteins 

construct hierarchical structures with dynamic functions through multi-step folding 

processes. Their structures are determined from the heterogeneous surface patterns and 

shape. Thus, in this study, I focused on gold nanoparticles as core metal nanoparticles for 

building blocks since they are easy to control their shape, including the size, and the 

surface property. I aimed to control the assembled structures, leading the hierarchical 

structures, and induce the dynamic self-assembly via surface design (Figure 1-4). 

 In Chapter 2, I aimed to control the distribution of the two kinds of ligands. The 

control of ligand distribution is important to induce the anisotropic interactions. To 

control the distribution of the two kinds of ligands, I focused on the phase segregation of 

two kinds of ligand driven by hydrophobic interaction. I synthesized a series of thiolate 

ligands with alkyl chains of different lengths and investigated the effects on phase 

segregation on the GNPs. Especially, Janus nanoparticles with two different surface 
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properties on a single sphere, providing hydrophilic and hydrophobic characteristics, have 

been demonstrated to provide various types of 3D nanoparticle assemblies inspired by 

amphiphilic biomolecules, including lipids and some proteins. I investigated the 

difference of the assembly behavior of Janus nanoparticles and domain-formed 

nanoparticles in which the two ligands formed partial domains on the surface. 

 In Chapter 3, I show the reversible thermoreponsive assembly of the GNSs. The 

temperature is one of the simplest stimuli, which can be changed easily, gradually, and 

reversibly. Previously, the thermoresponsive nanoparticles were fabricated by the 

modification of polymer, such as pNIPAM. However, as polymers (>1000 g/mol) grafted 

on nanoparticles form the thick ligand shell, the nanoparticle shape effects to the 

assembled structures and assembly behavior is small. Therefore, inspired from nonionic 

surfactants showing a cloud point, I synthesized new series of ligands with low molecular 

weight (~500 g/mol) (HS-(CH2)x-(OCH2CH2)6-OR, x = 11 and 3, R; alkyl group). I 

investigate the assembly behavior and the factors influencing the assembly temperature 

of GNSs. 

 In Chapter 4, to induce the multi-step assembly into hierarchical structures, I 

focused on the difference of curvature of anisotropic nanoparticles. I found that the 

temperature at which assembly occurred are depend on the curvature (Chapter 3). Thus, 

I expected that dehydration from ligand molecules on the nanoparticles with anisotropic 

shape will occur at different temperatures depending on the position, even using the single 

kind of ligand. I show the thermoreponsive two-step assembly process of gold nanorods 

coated with a single kind of ligand for the fabrication of hierarchical structures. 

 In Chapter 5, I summarize the thesis and afford the significance and prospects. 

 



Chapter 1 

15 

 

 

  

Figure 1-4.  Schematic illustration of my doctoral thesis. 
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Abstract: 

This study aims at the synthesis of Janus gold nanospheres (Janus GNSs) with 

hydrophilic/hydrophobic faces by a simple ligand exchange reaction in an homogeneous 

system and at the elucidation of the self-assembled structures of the Janus GNSs in water. 

As hydrophilic surface ligands, I synthesized hexaethylene glycol (E6)-terminated 

thiolate ligands with C3, C7, or C11 alkyl chains, referred to as E6C3, E6C7, and E6C11, 

respectively. As a hydrophobic ligand, a butyl-headed thiolate ligand C4-E6C11, in 

which a C4 alkyl was introduced on the E6C11 terminus, was synthesized. The degree of 

segregation between the two ligands on the GNSs (5 nm in diameter) was examined by 

matrix-assisted laser desorption/ionization time-of fright mass spectrometry (MALDI-

TOF MS) analysis. I found that the choice of immobilization methods, one-step or two-

step addition of the two ligands to the GNS solution, crucially affects the degree of 

segregation. The two-step addition of a hydrophilic ligand (E6C3) followed by a 

hydrophobic ligand (C4-E6C11) produced a large degree of segregation on the GNSs, 

providing Janus-like GNSs. When dispersed in water, these Janus-like GNSs formed 

assemblies of ∼160 nm in diameter, whereas Domain GNSs, in which the two ligands 

formed partial domains on the surface, were precipitated even when the molar ratio of the 

hydrophilic ligand and the hydrophobic ligand on the surface of the GNSs was almost 1:1. 

The assembled structure of the Janus-like GNSs in water was directly observed by pulsed 

coherent X-ray solution scattering using an X-ray free-electron laser, revealing irregular 

spherical structures with uneven surfaces.  
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2-1.   Introduction 

 For the controlled assembly of nano- or micro-particles, anisotropic surface 

modification has been proposed and applied to the synthesis of smart building blocks.1–5 

In particular, Janus nanoparticles with two different surface properties on a single sphere, 

providing hydrophilic and hydrophobic characteristics, have been demonstrated to 

provide various types of 3D nanoparticle assemblies2,6,7 inspired by amphiphilic 

biomolecules, including lipids and some proteins, which spontaneously assemble into 

various structures in water. The biomimetic assembly of amphiphilic nanoparticles is 

expected to afford complex, hierarchical and controlled systems made up of functional 

nanoparticles. 

Several simulation studies have demonstrated that Janus particles self-assemble into 

micelle- or worm-like string structures.8–10 Granick et al. reported that amphiphilic Janus 

microparticles (1 μm in diameter) could assemble into specific clusters and strings as 

predicted by simulation studies.8 In particular, as the size and shape of gold nanoparticles 

(GNPs) assemblies can be easily controlled,11,12 GNPs can be good building blocks for 

the investigation of the self-assembly behaviors of nanoparticles into large 3D structures. 

Furthermore, GNP assemblies offer an intriguing candidate for the construction of 

building blocks due to their optical and electronic properties, making them suitable for 

applications to optical and medical therapeutic devices.13  

Surface modification of spherical GNPs (GNSs) to produce Janus particles has been 

achieved at the air-liquid, air-solid, and liquid-liquid interfaces.14–17 For example, Bishop 

et al. reported the synthesis of amphiphilic GNSs at the toluene-water interface.14 They 

also proposed nanoparticles with an adaptive surface, where hydrophobic and hydrophilic 

surface ligands toothless on GNSs, were able to be rearranged to promote the assembly 
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of nanoparticles.17 Li et al. demonstrated a synthetic route to amphiphilic Janus GNSs 

displaying both hydrophilic and hydrophobic polymers via a combination of “grafting-to” 

and “grafting-from” methods on a solid surface.15 

The synthesis of such amphiphilic Janus GNSs in homogeneous systems offers the 

advantages of simplicity with applicability to large-scale production. Stellacci et al. 

reported that two immiscible ligands form Janus GNSs when the core size is smaller than 

3 nm.18 Cliffel et al. reported the synthesis of Janus GNSs (2~3 nm in a diameter) using 

phase segregation of two ligands on a surface and the analytical method of the phase 

segregation using matrix-assisted laser desorption/ionization ion mobility-mass 

spectrometry (MALDI-IM MS).19 However, for the application of nanoparticle 

assemblies to optical devices, the large nanoparticles are often required due to their strong 

coupling with light. 

In this chapter, I present the synthesis of Janus-like GNSs with 

hydrophilic/hydrophobic faces with a diameter of 5 nm. This study has two objectives: 

(1) quantitative analysis of the phase segregation of the two ligands with different alkyl 

chain lengths toward the formation of Janus GNSs with hydrophilic/hydrophobic faces 

and (2) the observation of self-assembled GNS structures with a Janus-type surface in 

water. Two thiolated ligands with different alkyl chains have been shown to segregate into 

patched monolayers on a flat gold surface.20,21 With the aim of inducing phase segregation 

of the GNSs to give Janus-type separation, I synthesized various hexaethylene glycol 

ligands with different alkyl chains (C3, C7 and C11, see scheme 1-1). The degree of 

segregation of the two ligands was analyzed by matrix-assisted laser 

desorption/ionization time-of fright mass spectrometry (MALDI-TOF MS) according to 

Cliffel’s method.19  
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Furthermore, I revealed the self-assembled structure of Janus GNSs with 

hydrophilic/hydrophobic faces in water. As GNSs with a Janus-type surface are the 

simplest anisotropic nanoparticles, the self-assembly of these NPs has been discussed as 

a model of amphiphilic molecules. Several studies have reported the self-assembled 

structures of amphiphilic Janus GNSs using atomic force microscopy (AFM) or 

transmission electron microscopy (TEM).9,10 However, as AFM or TEM observations 

were performed on a solid substrate, the observed structures might have been influenced 

by the drying process of the samples or their association with the substrates. X-ray laser 

diffraction has been proven to be a powerful method for the high-resolution imaging of 

samples without causing radiation damage.22–25 Pulsed coherent X-ray solution scattering 

(PCXSS), in particular, has been successfully applied to capture snapshots of living cells 

in solution.25,26 Here, I took direct images of the assemblies of Janus-like GNSs dispersed 

in water using the PCXSS method to investigate the self-assembled structures. 
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2-2.   Experimental section 

2-2-1.   General information 

All commercially available reagents were used without further purification. All solvents 

were purchased from Wako Pure Chemical Industries Ltd. (Japan) and used without 

further purification. Thin-layer chromatography (TLC) was performed on glass-backed 

pre-coated silica gel plates (60F254, Merck & Co., Inc., USA). Products were isolated by 

column chromatography on silica-gel (Kanto Chemical, neutral 60N, 40-50 μm). NMR 

spectra were recorded on a 400 MHz JEOL spectrometer. MALDI-TOF mass spectra were 

measured with a Voyager-DE STR-H mass spectrometer (Applied Biosystems) with 2,5-

dihydroxybenzoic acid as a matrix. Citrate-protected GNSs in aqueous solution (5 nm in 

a diameter) were purchased from British Biocell International, Ltd. (Britain). GNSs were 

concentrated with a CF-16RX centrifuge (Hitachi-Koki, Ltd., Japan). Dynamic light 

scattering (DLS) analysis was performed using a Delsa Nano HC system (Beckman 

Coulter, Inc., Japan). Scanning transmission electron microscope (STEM) images were 

obtained using a STEM HD-2000 system (Hitachi High-Tech Manufacturing & Service 

Co., Ltd., Japan) with an accelerating voltage of 200 kV. 
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2-2-2.   Thiolate ligand synthesis 

• Synthesis of E6C3 

 

3,6,9,12,15,18-hexaoxahenicos-20-en-1-ol, 1 

Hexa(ethylene)glycol (30 g, 0.11 mol) was dissolved in THF (110 ml). The solution was 

cooled on ice and added the 60% NaH in oil (3.2 g, 80 mmol) and 3-bromoprop-1-ene 

(5.2 ml, 61 mmol). The reaction was allowed to warm to room temperature and stirred 

overnight. The solvent was removed, the residue was dissolved in CHCl3 and washed 

twice with sat. NaCl solution. The organic layer was dried over anhydrous Na2SO4. The 

crude product was concentrated in vacuo and purified by flash chromatography on silica 

gel (CHCl3 to 9:1 EtOAc/MeOH) to yield 1 (13.2 g, 67 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ/ppm = 3.38-3.88 (m, 26H, -O-CH2-), 4.03 (br-d, 2H, J = 

5.8 Hz, -O-CH2-), 5.17-5.30 (m, 2H, -CH=CH2), 5.87-5.97 (m, 1H, -CH=CH2).  

MALDI-TOF-MS (m/z): [M+Na]+ calcd for C15H30O7Na, 345.19; found, 345.17. 

 

23-methyl-3,6,9,12,15,18-hexaoxa-22-thiatetracos-23-en-1-ol, 2 

Compound 1 (1.5 g, 4.7 mmol), AcSH (1.77 g, 23 mmol), and 2,2'-azobssobutyrinitrile 

(0.76 g, 4.7 mmol) were dissolved in stabilizer free dry THF (30 mL). The mixture was 

stirred for 3 h at 80°C. The crude product was concentrated in vacuo and purified by flash 

Scheme 2-1.   Synthetic route to E6C3. 
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chromatography on silica gel (4:1 CHCl3/EtOAc to 9:1 EtOAc/MeOH) to yield 2 (1.5 g, 

81 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ/ppm = 1.86 (quin, 2H, J = 6.8 Hz, -CH2-CH2-CH2-), 

2.33(br-s, 3H, CH3CO), 2.95 (t, 2H, J = 7.1 Hz, -CH2-S-), 3.51 (br-t, J = 6.2 Hz, HO-

CH2-), 3.56-3.80 (m, 22H, -O-CH2-).  

MALDI-TOF-MS (m/z): [M+Na]+ calcd for C17H34O8SNa, 421.19; found, 421.21. 

 

 

21-mercapto-3,6,9,12,15,18-hexaoxahenicosan-1-ol, 3 

Compound 2 (0.45 g, 1.1 mmol) and NaOMe (28 % MeOH solution, 15 μl, 0.077 mmol) 

were dissolved in 20 mL MeOH, and the mixture was stirred over 8 h at room temperature. 

The mixture was neutralized with Dowex (50WX8-200). After filtration through the filter 

paper, the solvent was removed under vacuum. The residue was dissolved in CHCl3 and 

washed twice with sat. NaCl solution. The organic layer was dried over anhydrous 

Na2SO4. The crude product was concentrated in vacuo and purified by flash 

chromatography on silica gel (CHCl3 to 4:1 EtOAc/MeOH) to yield 3 (0.16 g, 41 %) as 

a clear syrup. 

1H NMR (400 MHz, CDCl3): δ/ppm = 1.39 (t, 1H, J = 7.8 Hz, -SH) 1.88 (quin, 2H, J = 

6.6 Hz, -CH2-CH2-CH2-), 2.63 (q, 2H, J = 7.5 Hz, -CH2-SH), 2.79 (s, 1H, -OH), 3.54-

3.73 (m, 26H, -O-CH2-).  

MALDI-TOF-MS (m/z): [M+Na]+ calcd for C15H32O7SNa, 379.18; found, 379.21. HR-

MS (ESI): calcd for C15H32O7SNa [M+Na]+ 379.17610, found 379.17657. 
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• Synthesis of E6C7 

 

3,6,9,12,15,18-hexaoxapentacos-24-en-1-ol, 4 

Hexa(ethylene)glycol (15 g, 53 mmol) was dissolved in THF (55 ml). The solution was 

cooled on ice and added the 60% NaH in oil (1.6 g, 40 mmol) and 7-bromo-1-heptene 

(5.2 ml, 31 mmol). The reaction was allowed to warm to room temperature and stirred 

overnight. The solvent was removed, the residue was dissolved in CHCl3 and washed 

twice with sat. NaCl solution. The organic layer was dried over anhydrous Na2SO4. The 

crude product was concentrated in vacuo and purified by flash chromatography on silica 

gel (4:1 CHCl3/EtOAc to 9:1 EtOAc/MeOH) to yield 4 (8.7 g, 66 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.29-1.45 (m, 4H, alkyl chain), 1.59 (quin, 2H, J 

= 7.3 Hz, alkyl chain), 2.01-2.09 (m, 2H, =CH-CH2), 3.45 (t, 2H, J = 6.8 Hz, -O-CH2-), 

3.56-3.75 (m, 24H, -O-CH2-), 4.90-5.04 (m, 2H, -CH=CH2), 5.74-5.87 (m, 1H, -

CH=CH2).  

MALDI-TOF-MS (m/z): [M+Na]+ calcd for C19H38O7Na, 401.49; found, 401.38. 

 

S-(1-hydroxy-3,6,9,12,15,18-hexaoxapentacosan-25-yl) ethanethioate, 5 

Compound 4 (1.5 g, 4.0 mmol), AcSH (1.5 g, 2.0 mmol), and 2,2'-azobssobutyrinitrile 

(0.65 g, 4.0 mmol) were dissolved in stabilizer free dry THF (30 mL). The mixture was 

Scheme 2-2.   Synthetic route to E6C7. 
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stirred for 3 h at 80°C. The mixture was evaporated under vacuum. The residue was 

dissolved in CHCl3 washed twice with sat. NaCl solution. The organic layer was dried 

over Na2SO4. The crude product was concentrated in vacuo and purified by flash 

chromatography on silica gel (4:1 CHCl3/EtOAc to 9:1 EtOAc/MeOH) to yield 5 (1.5 g, 

81 %) as a clear syrup. 

1H NMR (400MHz, CDCl3): δ/ppm = 1.22-1.41 (m, 6H, alkyl chain), 1.50-1.62(m, 4H, 

alkyl chain), 2.32 (s, 3H, CH3-CO-), 2.86 (t, 2H, J = 7.3 Hz, -CH2-S-), 3.44 (t, 2H, J = 

6.9 Hz, HO-CH2-), 3.55-3.76 (m, 22H, -O-CH2-).  

MALDI-TOF-MS (m/z): [M+Na]+ calcd for C21H42O8SNa, 477.61; found, 477.16. 

25-mercapto-3,6,9,12,15,18-hexaoxapentacosan-1-ol, 6 

Compound 5 (0.32 g, 0.70 mmol) and NaOMe (28 % MeOH solution, 20 μl, 0.10 mmol) 

were dissolved in 20 mL MeOH, and the mixture was stirred over night at 30°C. The 

mixture was neutralized with Dowex (50WX8-200). After filtration through the filter 

paper, the solvent was removed under vacuum. The residue was dissolved in CHCl3 and 

washed twice with sat. NaCl solution. The organic layer was dried over anhydrous 

Na2SO4. The crude product was concentrated in vacuo and purified by flash 

chromatography on silica gel (9:1 EtOAc/MeOH) to yield 6 (0.07 g, 23 %) as a clear 

syrup. 

1H NMR (400 MHz, CDCl3): δ/ppm = 1.23-1.44 (m, 6H, alkyl chain), 1.52-1.70 (m, 4H, 

alkyl chain), 2.52 (q, 2H, J = 6.9 Hz, -CH2-SH), 3.43 (t, 2H, J = 6.8 Hz, -O-CH2-), 3.55-

3.79 (m, 24H, -O-CH2-) 

MALDI-TOF-MS (m/z): [M+Na]+ calcd for C15H32O7SNa,435.57; found, 435.34. HR-

MS (ESI): calcd for C19H40O7SNa [M+Na]+ 435.23870, found 435.23922. 
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• Synthesis of E6C11 

 

3,6,9,12,15,18-hexaoxapentacos-24-en-1-ol, 7 

Hexa(ethylene)glycol (15 g, 53 mmol) was dissolved in THF (55 ml). The solution was 

cooled on ice and added the 60% NaH in oil (1.6 g, 40 mmol) and 11-bromo-1-undecene 

(4.2 ml, 28 mmol). The reaction was allowed to warm to room temperature and stirred 

overnight. The solvent was removed, the residue was dissolved in CHCl3 and washed 

twice with sat. NaCl solution. The organic layer was dried over anhydrous Na2SO4. The 

crude product was concentrated in vacuo and purified by flash chromatography on silica 

gel (4:1 CHCl3/EtOAc to 9:1 EtOAc/MeOH) to yield 7 (8.7 g, 66 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.21-1.42 (m, 14H, alkyl chain), 1.59 (quin, 2H, 

J = 7.32 Hz, alkyl chain), 2.01-2.09 (m, 2H, =CH-CH2), 3.45 (t, 2H, J = 6.8 Hz, -O-CH2-), 

3.56-3.75 (m, 22H, -O-CH2-), 4.90-5.04 (m, 2H, -CH=CH2), 5.74-5.87 (m, 1H, -

CH=CH2). MALDI-TOF-MS (m/z): [M+Na]+ calcd for C19H38O7Na, 457.60; found, 

457.38. 

 

S-(1-hydroxy-3,6,9,12,15,18-hexaoxapentacosan-25-yl) ethanethioate, 8 

Compound 7 (1.5 g, 3.4 mmol), AcSH (1.3 g, 1.7 mmol), and 2,2'-azobssobutyrinitrile 

(0.56 g, 3.4 mmol) were dissolved in stabilizer free dry THF (30 mL). The mixture was 

Scheme 2-3.   Synthetic route to E6C11. 
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stirred for 3 h at 80°C. The mixture was evaporated under vacuum. The residue was 

dissolved in CHCl3 washed twice with sat. NaCl solution. The organic layer was dried 

over anhydrous Na2SO4. The crude product was concentrated in vacuo and purified by 

flash chromatography on silica gel (CHCl3 to 98:2 EtOAc/MeOH) to yield 8 (0.85 g, 

49 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ/ppm = 1.20-1.41 (m, 14H, alkyl chain), 1.51-1.61 (m, 4H, 

alkyl chain), 2.32 (s, 3H, CH3-CO-), 2.86 (t, 2H, J = 7.8 Hz, -CH2-S-), 3.44 (t, 2H, J = 

6.9 Hz, HO-CH2-), 3.56-3.77 (m, 22H, -O-CH2-). MALDI-TOF-MS (m/z): [M+Na]+ 

calcd for C21H42O8SNa, 533.71; found, 533.32. 

 

25-mercapto-3,6,9,12,15,18-hexaoxapentacosan-1-ol, 9 

Compound 8 (0.40 g, 0.78 mmol) and NaOMe (28 % MeOH solution, 20 μl, 0.10 mmol) 

were dissolved in 20 mL MeOH, and the mixture was stirred over night at 30°C. The 

mixture was neutralized with Dowex (50WX8-200). After filtration through the filter 

paper, the solvent was removed under vacuum. The residue was dissolved in CHCl3 and 

washed twice with sat. NaCl solution. The organic layer was dried over anhydrous 

Na2SO4. The crude product was concentrated in vacuo and purified by flash 

chromatography on silica gel (99:1 CHCl3/MeOH) to yield 9 (0.16 g, 41 %) as a clear 

syrup. 

1H NMR (400 MHz, CDCl3): δ/ppm = 1.28-1.45 (m, 14H, alkyl chain), 1.49-1.74 (m, 4H, 

alkyl chain), 2.44-2.74 (m, 2H, CH2-SH), 3.44 (t, 2H, J = 6.9 Hz, -O-CH2-CH2), 3.51-

3.87 (m, 24H, -O-CH2-). MALDI-TOF-MS (m/z): [M+Na]+ calcd for C15H32O7SNa, 

491,30; found, 491.35. HR-MS (ESI): calcd for C23H48O7SNa [M+Na]+ 491.30130, 

found 491.30215. 



Chapter 2 

39 

• Synthesis of C4-E6C11 

 

3,6,9,12,15,18-hexaoxanonacos-28-en-1-yl 4-methylbenzenesulfonate, 10 

Compound 1 (4.2 g, 9.7 mmol) was dissolved in dry CH2Cl2 (20 mL). The solution was 

cooled on ice and added the Et3N (2.0 g, 19 mmol), trimethylamine hydrochloride (0.18 

g, 1.9 mmol), p-Tosylchloride (2.23 g, 12 mmol). The reaction was stirred on ice for 1.5 

h. The solvent was removed, the residue was dissolved in CHCl3 and wash three times 

with sat. NaCl solution. The organic layer was dried over anhydrous Na2SO4. The crude 

product was concentrated in vacuo and purified by flash chromatography on silica gel 

(99:1 CHCl3/MeOH) to yield 10 (6.1 g, 85 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.28-1.36 (m, 14H, alkyl chain) 1.58 (s, 2H, alkyl 

chain) 2.03 (s, 2H, alkyl chain), 2,45 (s, 3H, CH3 methyl) 3.45 (q, 4H, J = 5.5 Hz, -O-

CH2-), 3.44-3.68 (m, 24H, -O-CH2-), 3.26-3.70 (m, 20H, -O-CH2-), 1-2 (s, 2H, -O-CH2-), 

4.92-5.00 (m, 2H, -CH=CH2), 5.81 (m, 1H, -CH=CH2), 7.35 (br-s, 2H, phenyl) , 7.80 (br-

s, 2H, phenyl).  

MALDI-TOF-MS (m/z): [M+Na]+ calcd for C15H32O7SNa, 611.78; found, 611.68. 
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5,8,11,14,17,20,23-heptaoxatetratriacont-33-ene, 11 

1-Butanol (10 mL) was dissolved in dry THF (10 mL). The solution was cooled on ice 

and added the 60% NaH in oil (0.15 g, 3.8 mmol). After N2 gas generation, compound 10 

in THF (10 mL) was added dropwise. The reaction was allowed to warm to 40°C and 

stirred 4h. The solvent was removed, and the residue was dissolved in CHCl3 and washed 

twice with sat. NaCl solution. The organic layer was dried over anhydrous Na2SO4. The 

crude product was concentrated in vacuo and purified by flash chromatography on silica 

gel (CHCl3) to yield 11 (0.16 g, 49 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 0.91 (t, 3H, J = 7.54 Hz, CH3 methyl), 1.21-1.41 

(m, 14H, alkyl chain), 1.52-1.69 (m, 4H, alkyl chain), 2.04 (q, 2H, J = 7.4 Hz, =CH-CH2), 

3.45 (q, 4H, J = 5.5 Hz, -O-CH2-), 3.56-3.60 (m, 4H, -O-CH2-), 3.26-3.70 (m, 20H, -O-

CH2-), 4.89-5.03 (m, 2H, -CH=CH2), 5.75-5.88 (m, 1H, -CH=CH2).  

MALDI-TOF-MS (m/z): [M+Na]+ calcd for C27H54O7Na, 513.70; found, 513.35. 

 

S-5,8,11,14,17,20,23-heptaoxatetratriacontan-34-yl ethanethioate, 12 

Compound 11 (0.16 g, 0.33 mmol), AcSH (125 mg, 1.65 mmol), and 2,2'-

azobisisobutyronitrile (54 mg, 0.33 mmol) were dissolved in stabilizer free dry THF (20 

mL). The mixture was refluxed for 5 h. The solvent was removed, the residue was 

dissolved in CHCl3 and washed twice with NaCl sat. solution. The organic layer was 

dried over anhydrous Na2SO4. The crude product was concentrated in vacuo and purified 

by flash chromatography on silica gel (CHCl3) to yield 12 (0.19 g, 74 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 0.91 (t, 3H, J = 7.3 Hz, CH3 methyl), 1.21-1.42 

(m, 14H, alkyl chain), 1.50-1.65 (m, 4H, alkyl chain), 2.32 (s, 3H, J = 7.4 Hz, -CH2-SH), 

3.45 (q, 4H, J =5.5 Hz, -O-CH2-), 3.55-3.77 (m, 24H, -O-CH2-).  
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MALDI-TOF-MS (m/z): [M+Na]+ calcd for C19H38O7Na, 589.82; found, 589.31, 

[M+K]+ calcd for C15H30O7K, 605.93; found, 605.30. 

 

5,8,11,14,17,20,23-heptaoxatetratriacontane-34-thiol, 13 

Compound 4 (0.14 g, 0.26 mmol) and 28% NaOMe in MeOH (15 μL, 0.077 mmol) were 

dissolved in MeOH (10 mL), and the mixture was stirred over 4 h at 50°C. The 

neutralization was carried out by the addition of Dowex (50WX8-200). After the filtration 

through the filter paper, the solvent was removed under vacuum. The residue was 

dissolved in CHCl3 and washed twice with NaCl sat. solution. The organic layer was 

dried over anhydrous Na2SO4. The crude product was concentrated in vacuo and purified 

by flash chromatography on silica gel (9:1 CHCl3/Hexane) to yield 13 (32.7 mg, 25 %) 

as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 0.91 (t, 3H, J = 7.3 Hz, CH3 methyl), 1.23-1.43 

(m, 14H, alkyl chain), 1.52-1.65 (m, 4H, alkyl chain), 2.52 (q, 2H, J = 7.3 Hz, CH3-CO-), 

3.45 (q, 4H, J =6.4 Hz, -O-CH2-), 3.56-3.70 (m, 24H, -O-CH2-).  

MALDI-TOF-MS (m/z): [M+Na]+ calcd for C27H56O7Na, 547.78; found, 547.44. HR-

MS (ESI): calcd for C27H56O7SNa [M+Na]+ 547.36390, found 547.36465. 
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• 1H-NMR spectra of ligands 

 

 

 

 

 

 

Figure 2-1.   1H NMR spectrum of E6C3.  

Figure 2-2.   1H NMR spectrum of E6C7. Residual water signal was suppressed. 
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2-2-3.   One-step or two-step ligand exchange reactions 

 Citrate-protected GNSs (1 mL, 60 nM) with a diameter of 5 nm were 

concentrated by centrifugation (x2, 10,000 g for 10 min) using an Amicon Ultra 100K 

filter (Merck MilliPore) to 3 μM (total 20 μL). For the one-step ligand exchange, the 

1H NMR spectrum of C4-E6C11. * represents a signal derived from 
water. 

Figure 2-3.   1H NMR spectrum of E6C11. * represents a signal derived from water. 
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concentrated GNSs were added to an aqueous solution of a mixture of the two ligands at 

desired ratios (total concentration of two ligands: 400 μM). In this exchange reaction, the 

total ligand concentration was adjusted to one equivalent each for Au atoms on the 

nanoparticle surface, assuming 642 Au atoms. After 24-hours incubation, the GNSs were 

purified by centrifugation (twice, 10,000 g for 10 min) and used for MALDI-TOF MS 

analysis. For the E6C3/C4-E6C11 system, methanol was used as a solvent. In this case, 

the GNSs were purified by centrifugation (twice, 14,100 g for 60 min). 

For the two-step ligand exchange reaction, citrate-protected GNSs were first added 

to an aqueous solution of E6C3 ligand (400 μM, 100 μL). After 24-hours incubation, the 

GNSs were purified by centrifugation using an Amicon Ultra 100K filter (twice, 10,000 

g for 10 min), and then redispersed in an aqueous solution of E6C11 ligands (final 

concentration: 400 μM). After incubation for the desired numbers of hours (hourly up to 

six hours), the GNSs were purified by centrifugation (twice, 14,100 g for 5 min). In the 

case of the E6C3/C4-E6C11 combination, methanol was used as a solvent and purified 

as above. 

 

2-2-4.   Preparation of Janus GNSs with hydrophilic/hydrophobic faces 

 The concentrated 5-nm citrate-protected GNSs (20 μL, 3 μM) were added to a 

methanol solution of E6C3 (200 μM, 100 μL). After 24-hours incubation, the GNSs were 

purified by centrifugation (x2, 14,100 g for 60 min), and then redispersed in a methanoic 

solution of C4-E6C11 (2 mM, 100 μL). After 5 hours, GNSs were purified by 

centrifugation (twice, 14,100 g for 60 min). 
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2-2-5.   MALDI-TOF MS analysis of ligand-displaying GNSs 

 The concentrated thiol-modified GNSs were analyzed by MALDI-TOF MS in 

reflector mode. A solution of the GNSs (2 μL) was deposited on a stainless steel plate, 

then a matrix solution of 2,5-dihydroxybenzoic acid (10 mg/mL) was deposited on the 

spot of the GNSs and dried. 

 

2-2-6.   PCXSS experimental setup and analysis 

 For PCXSS measurement of the Janus GNS assemblies, the suspension placed 

in a microtube was sonicated for 5 min, and then let stand for about 1.5 hours. The 

suspension was then enclosed in a micro-liquid enclosure array (MLEA) chip to keep 

Janus GNS assembly in solution. I performed PCXSS experiments using the SPring-8 

Angstrom Compact Free-Electron Laser (SACLA).27 The X-ray free-electron laser 

(XFEL) pulses from the SACLA, with a photon energy of 4.0 keV and a pulse duration 

of ~10 fs, were coherently focused to a spot size of 1.5 μm x 1.6 μm.28 The focused XFEL 

beam illuminated the sample in the MLEA that was contained in a Multiple Application 

X-ray Imaging Chamber.29 Single-shot coherent X-ray diffraction (CXD) patterns were 

recorded with two multi-port charge-coupled device (MPCCD) detectors in a tandem 

arrangement:30 an octal sensor (2048 x 2048 pixels) and a dual sensor (1024 x 1024 

pixels) located 1.321 m and 2.862 m downstream from the sample, respectively. The octal 

sensor has an adjustable size aperture in the center, and the diffracted X-rays passing 

through the central aperture were captured by the dual sensor. Each pixel of the MPCCD 

detectors has a size of 50 μm x 50 μm. 

 Image reconstruction was performed for CXD patterns after 

centrosymmetrization and 6x6 pixel binning. The relaxed averaged alternating reflections 
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algorithm31 with shrink-wrap support32 (6,000 steps) and subsequently the noise-tolerant 

hybrid input-output algorithm33 with fixed support (1,000 steps) were used. The feedback 

parameter β was set to 0.85 in the both algorithms. In the shrink-wrap method, the support 

was updated every 100 iterations, and the kernel was initially set to 5 pixels and was 

gradually reduced down to 3 pixels. Using results with 100 different initial random seeds, 

I calculated correlation coefficients25 between all pairs of the results. Finally, 10 images 

with the highest similarity were selected and averaged. 
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2-3.   Results and Discussion 

2-3-1.   Phase segregation of two ligands with different alkyl chains. 

 Three kinds of the hydrophilic ligands (E6C3, E6C7, E6C11) and one kind of 

the hydrophobic ligand (C4-E6C11) were synthesized according to the previous paper 

with some modifications (See chemical structures in Figure 2-5).34 Here, the abbreviation, 

E6, represents the hexaethylene glycol moiety. 

 The ratio and degree of segregation of the surface ligands on the GNSs were 

analyzed by MALDI-TOF MS according to Cliffel’s method (Figure 2-6).19 Au4L4 ion 

species as gold–thiolate complexes (L represents a thiolate ligand) are desorbed from a 

GNS surface coated with thiolate ligands by MALDI process. When the GNSs are coated 

with two kinds of ligand (L and L’), five kinds of gold–thiolate complexes [Au4LxL’4-x 

(x=0-4)] desorbed from the surface. The immobilization ratio of the two ligands on GNSs 

can be determined by the relative intensities of these five peaks. In addition to information 

on immobilization ratio, the distribution of the two ligands can be obtained from the 

intensity pattern of the five peaks in the MALDI-TOF mass spectrum. The degree of 

phase segregation can be estimated from the value of the residual sum of squares (r), 

which is calculated from the measurement of deviation from the binomial mode. When 

two ligands are segregated into a Janus-type pattern on GNSs, the residual value, r, is 

reported to be above 0.1.38 In this paper, the qualitative assessment of the r value for Janus 

segregation is set at 0.1 and I hereafter refer to GNSs with an r value of 0.1 or greater as 

“Janus-like GNSs”. Further, considering the synthetic method by which homogeneous 

ligand exchange occurred, it is possible that not all GNSs are “Janus-like GNS”, although 

GNSs having more than two hydrophobic domains would be included. On the other hand, 

the r value less than 0.01 is thought to a minimal degree of phase segregation, and the r 
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value between 0.1 and 0.01 were thought to form some small domains, but not a 

completely random distribution. 

  

Figure 2-6.   Schematic illustration of analysis of the ratio and degree of segregation 
of the surface ligands on the GNSs by MALDI-TOF MS from ref 19. ● shows 
deviation from the theoretical model, and ○ shows experimental distributions for 
Au4LxL’4-x (x=0-4). 

Figure 2-5.   Chemical structures of the thiolate ligands with different alkyl chain 
lengths used in this work. 
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• Immobilized ratio and phase segregation of E6C3/E6C11 on 5-nm GNSs  

 E6C3 and E6C11 ligands were simultaneously added to an aqueous solution of 

5-nm GNSs and left to stand for 24 hours in water, hereafter referred to as the one-step 

approach (Figure 2-7a, b, and e). Figure 2-7a shows two sets of 5 peaks for the gold-

ligand tetramers as sodium or potassium adducted ions ([Au4-L4+Na]+ and [Au4-L4+K]+). 

In Figure 2-7b, the immobilization ratio on GNSs was plotted as a function of the mixture 

ratio in solution. The ratio of E6C11 immobilized on GNSs was found to be greater than 

the mixture ratio in solution. This indicates that E6C11 ligands preferably associate with 

the GNS surface due to strong interactions between the long alkyl chains. The 

immobilization ratio could be controlled by changing the ratio of the mixture of the two 

ligands applied in the one-step approach as plotted in Figure 2-7b. The r values for GNSs 

displaying two ligands at a ratio of almost 1:1 ratio via one-step addition was 0.04 (± 

0.029), indicating some small domains. In the previous study on the self-assembly of 

thiolate alkyl compounds with different alkyl chain lengths on a flat surface, it was found 

that the thiolate alkyl with a long alkyl chain formed domains in the monolayer of ligands 

with the shorter alkyl chain.20,21  

 Next, I examined the two-step addition of E6C3 and E6C11 to the GNS solution 

(Figure 2-7c, d, and e). First, GNSs were incubated with E6C3 (1 equiv. for Au number 

on the GNS surface) in water and purified by centrifugation to produce E6C3-GNSs. 

Then, E6C11 ligands were added to the E6C3-GNSs aqueous solution, incubated for 5 

hours and subjected to MALDI-TOF MS analysis. This two-step approach yielded a peak 

pattern that differs from that observed for the one-step approach (Figure 2-7c). The two 

peaks of Au4(E6C3)4 and Au4(E6C11)4 were relatively higher than those of the other 

peaks. In the two-step approach, the immobilization ratio could be controlled by adjusting 



Chapter 2 

50 

the incubation time of E6C11 (Figure 2-7d). The incubation of the E6C3-GNSs in an 

aqueous solution with E6C11 for 4 hours produced an E6C11 immobilization ratio of 

almost 50%. The r values for GNSs displaying two ligands at a ratio of almost 1:1 ratio 

via two-step addition was 0.13 ± 0.066, indicating that Janus-like GNSs formed. When I 

changed the order of the ligand addition to GNSs from E6C11-GNSs to E6C3, very little 

ligand exchange was observed. This indicates that the ligand with a long alkyl chain 

provides a stable monolayer on the GNSs, suppressing ligand exchange to the ligand with 

a short (C3) alkyl chain. Similarly, it has been reported that it was difficult to exchange 

ligands from a surface ligand with a long alkyl chain to a short-chained ligand.35  
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Figure 2-7.   (a, b) Ratio of two ligands on GNSs obtained by ligand exchange 
reaction using the one-step addition of E6C3 and E6C11 in water. (a) Typical MALDI-
TOF mass spectrum of Au-ligand complexes, (b) the ratio of E6C11 on GNSs as a 
function of the ratio in a solution before the reaction. The result shows that the 
immobilization ratio can be controlled by adjusting the mixture ratio of the two 
ligands. (c, d) Ligand distributions on GNSs in the two-step ligand exchange reaction 
with E6C3 and E6C11 in water. (a) Typical MALDI-TOF mass spectrum of Au-ligand 
complexes of E6C3/E6C11 GNPs formed by adding E6C11 (10 equiv for Au number 
on the GNP surface) to E6C3-GNPs (E6C3:E6C11=43:57). (b) Dependency of the 
immobilization ratio of E6C11 on the incubation time of E6C11. The result shows that 
the immobilization ratio can be controlled by adjusting the incubation time. Error bar 
represents SD (n = 3). (e) The schematic illustration of the degree of the phase 
segregation via one-step and two-step addition. 
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 The r values for GNSs displaying two ligands at a ratio of almost 1:1 ratio are 

summarized in Table 2-1. A large r value means a greater degree of phase segregation of 

surface ligands on the GNSs. The r values obtained from the two-step approach were 

larger than those obtained from the one-step addition, showing that the two-step approach 

is more effective in inducing E6C11 segregation. The r values were almost constant at 

0.1 for the immobilization ratios of E6C11 between 25% and 60% in the two-step 

approach. This result indicates that the two-step addition is advantageous in the formation 

of Janus-like GNSs with a controlled surface area consisting of the two ligands. For one-

step approach, based on the r value of 4.9 x 10-2, the ligands were thought to form some 

small domains, but not forming completely random distribution. Thereby, hereafter, I 

describe the GNSs with r value between 0.1 and 0.01 as Domain GNSs. 

 As alkyl-packing between C11 chains is much stronger than that between C3 and 

C11 chains, the growth of the C11 domain at the second step was preferred to the random 

distribution of C11 in the C3 layer. Weinstock et al. reported that nucleation and 

subsequent island growth process are involved in the domain formation process upon 

ligand exchange reaction.36 Similarly, the data suggests the E6C11 phase is grown in the 

E6C3 monolayer on the GNSs to generate Janus-like E6C3/E6C11 GNSs under an 

appropriate concentration of E6C11. When two-step ligand exchange from E6C3 to 

E6C11 was carried out in methanol, the r value (1.1 x 10-2) was significantly decreased 

compared to that in water (r = 13 x 10-2, Table 2-1). This indicates that the island growth 

process of E6C11 was inhibited in methanol as the hydrophobic interaction between 

E6C11 molecules are weaken in an organic solvent. Thermodynamic stability of the 

ligand segregation was then tested using Domain E6C3/E6C11 GNSs. The MALDI-TOF 

signal pattern from E6C3/E6C11 GNSs were unchanged after incubation in water at 50°C 
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for 24 hours (Figure 2-8). This indicates that little ligand transfer on the GNS surface 

occurs. Cliffel et al. reported a similar observation of no transfer of ligand molecules on 

GNSs.19  

Table 2-1. Effects of ligand combination as well as solvent and mixing procedure on 
phase segregation (r value). GNSs coated with two ligands were categorized into three 
types. GNSs with r-values of more than 0.1, between 0.1 and 0.01, less than 0.01 were 
referred to as Janus, Domain and Random GNSs, respectively. 

Figure 2-8.   A comparison of the MALDI-TOF mass spectra of Au-ligand complexes 
of E6C3/E6C11 GNPs (a) before and (b) after incubation in water at 50°C for 1 day. 
From these patterns, the immobilization ratios of E6C3:E6C11 are (a) 47:53 and (b) 
45:55, respectively. The r values are (a) 0.046 and (b) 0.037, respectively. This means 
that the degree of segregation degree formed by the two ligands on the GNPs remained 
for 1 day. 
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• Phase segregation of E6C7 and E6C11 on 5-nm GNSs 

 The above trend for the two-step approach was also observed for the combination 

of E6C7 and E6C11, suggesting the general induction of a greater degree of segregation 

by the two-step approach (Table 2-1). However, the r values for E6C7/E6C11 were 

smaller than those for E6C3/E6C11, indicating that E6C11 ligands were relatively less 

segregated in the E6C7 layer due to the similarity in alkyl chain length between C7 and 

C11. The combination of E6C7 and E6C11 yielded an r value of 3.2 x 10-2, indicating 

the formation of partial domains but not Janus-like segregation. These data reveal that for 

Janus-like nanoparticles, a large difference in alkyl length, as shown in the combination 

of C3 and C11, is necessary via the two-step approach.  

 

• Size effect on phase segregation (E6C3/E6C11) 

 I next investigated the effect of GNS size on the degree of phase separation. The 

r value of GNSs with diameters of 10 and 15 nm modified with the E6C3/E6C11 system 

using the two-step method were 3.5 x 10-2 and 3.4 x 10-2, respectively (Figure 2-9). These 

values are much smaller than that observed for 5-nm GNSs, indicating that increases in 

the size of the GNSs lead to decreases in the degree of phase segregation, and 5 nm being 

the maximum limit for Janus-like GNSs, even when using the two-step method. Glotzer 

et al. reported that the domain morphology made by two surface ligands of different 

molecular lengths depends on the particle size. Smaller particles tend to produce Janus-

type phase separation.18,37 The data support the notion that smaller particles favor the 

Janus-type phase separation of two surface ligands even for the two-step approach.   
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Figure 2-9.   Effect of GNS diameter on the E6C3/E6C11 phase segregation (r values) 
using the two-step approach. The 5-nm GNSs provided the larger phase segregation 
compared to 10- and 15-nm GNSs. Error bar for 5-nm GNSs represents SD (n = 3). 
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2-3-2.   Synthesis of Janus GNSs with hydrophilic/hydrophobic faces 

 The two-step approach using E6C3 and E6C11 afforded a large degree of 

segregation on the GNSs; however, the nanoparticle surface remains hydrophilic due to 

both ligands having the same E6 terminus. In order to make Janus nanoparticles with 

hydrophilic/hydrophobic faces, I prepared a butyl-headed ligand, C4-E6C11 (Scheme 2-

1), in which the E6 segment was capped with a C4 alkyl chain. When coating GNSs with 

E6C3 and C4-E6C11 in both the one-step and two-step processes, methanol was used as 

a solvent because of the low solubility of C4-E6C11 in water. Figure 2-10 shows the 

MALDI-TOF mass spectra of GNSs made using the one-step and two-step approach with 

E6C3 and C4-E6C11. For the one-step addition, a ratio of E6C3 to C4-E6C11 of 53:47 

(nearly 50:50) was obtained on the GNS surface by using a mixture ratio of 30:70 in 

solution before reaction. The one-step addition of E6C3/C4-E6C11 to GNSs resulted in 

formation of some domains of the two ligands with r value of 4.0 x 10-2 (Figure 2-10a). 

For the two-step addition, the ratio of two ligands on the surface was significantly 

dependent on the concentration of the subsequently added C4-E6C11. Therefore, I 

adjusted the ligand ratio to 44:56, which is nearly 50%, by adding 5 equivalent of C4-

E6C11 (2 mM) to the surface Au atoms for the two-step addition. For the two-step 

approach, two strong signals for Au4(E6C3)4 and Au4(C4-E6C11)4 were observed 

(Figure 2-10b), and the r value was 22 x 10-2. This indicates that the two-step approach 

afforded Janus-like GNSs in which the C4-E6C11 and E6C3 regions were largely 

segregated. Figure 2-11 shows the r values for the combinations of E6C3/E6C11 in 

methanol and water, and E6C3/C4-E6C11 in methanol (see also Table 2-1). As discussed 

in the previous section, the two-step approach “in water” using the E6C3/E6C11 

produced Janus-like GNSs. However, “in methanol”, even the two-step approach failed 
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to produce Janus-like GNSs, but nearly Random GNSs. Interestingly, for the E6C3/C4-

E6C11 combination, the two-step approach in methanol clearly provided a larger r value 

(22 x10-2) than that produced in the one-step approach. This large difference in r values 

observed between E6C3/E6C11 and E6C3/C4-E6C11 in the two-step approach indicates 

that a short C4 alkyl head is effective in promoting island growth of C4-E6C11 even in 

methanol due to their hydrophobic interaction. 
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Figure 2-10.   A comparison of MALDI-TOF mass spectra of Au-ligand complexes 
for the (a) one-step and (b) two-step ligand exchange of E6C3 and C4-E6C11. The 
immobilized ratios of E6C3:C4-E6C11 on the GNSs are 53:47 and 44:56, 
respectively. The two strong signals for Au4(E6C3)4 and Au4(C4-E6C11)4 observed 
in the two-step approach indicate the formation of Janus-like GNSs. 

Figure 2-11.   A Comparison of r values for the combinations of E6C3/E6C11 and 
E6C3/C4-E6C11. Detailed r values and immobilization ratios of the two ligands are 
shown in Table 1. For E6C3+C4-E6C11, short C4 alkyl head assisted the successful 
formation of Janus-like GNSs even in methanol. Error bar represents SD (n = 3). 
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2-3-3.   Differences in self-assembly behavior in water between Domain and 

Janus-like GNSs 

The dispersity of E6C3/C4-E6C11 (ratio was adjusted to nearly 50:50)-coated Janus-like 

and Domain GNSs in water was next compared. The solvent was removed from the 

methanoic solutions of GNSs by centrifugation and the GNSs were resuspended in water. 

Domain GNSs, synthesized by one-step approach, were well-dispersed in methanol; 

however, they were precipitated in water after 12 hours (Figure 2-12a). Janus-like GNSs, 

synthesized by two-step approach, remained dispersed in water for 12 hours although 

some precipitation was observed. and formed an assembled structure in water with an 

average size of 160 ± 50 nm after 2 hours (Figure 2-12b). Dynamic light scattering (DLS) 

measurement revealed that the Domain and Janus-like GNSs were monodispersed in 

methanol (Figure 2-12c, d). Bianchi et al. reported the gas-liquid phase separation using 

the spot-like patch model and the decreasing the patch number on a surface leads to the 

suppression of gas-liquid phase separation.38 Based on this model, the observation that 

Domain GNSs were more easily precipitated compared to Janus-like GNSs (Figure 2-

12a) appears reasonable, as Domain GNSs have a larger patch number than do Janus-like 

GNSs. 

 STEM observations indicate that Janus-like GNSs formed spherical aggregation 

(Figure 2-13). The diameter of the assemblies was around 200-800 nm, and this size was 

larger than that obtained from DLS analysis, probably due to a decrease in the height of 

the assemblies in the drying process. To observe the structure of the nanoparticle 

assemblies in water, the PCXSS method using X-ray laser diffraction was applied, which 

is expected to provide high-resolution imaging of samples in solution without causing 

radiation damage. The CXD patterns of the assemblies was obtained and images were 
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reconstructed according to the reported procedure (Figure 2-14). The CXD signal from 

the Janus-like GNS in Figure 2-14a extends up to a spatial frequency of 1/(15 nm) as 

determined with a signal threshold of 2.3 photons per 6x6 detector pixels, which is 3 times 

as large as the standard deviation of background noise. The full-period spatial resolution 

of Figure 2-14b is estimated to be 23 nm from the phase retrieval transfer function.39  

 The average diameter of the assemblies was found to be around 150 nm, which 

agrees with the DLS data. Typical image shown in Figure 9b reveals that Janus-like GNSs 

are self-assembled into spherical structures with uneven surfaces. The self-assembly of 

amphiphilic Janus-like particles into a worm-like string has been predicted by simulation 

studies and, in fact, string assemblies have been experimentally demonstrated for Janus 

particles.8,40  

 For Janus-like GNSs consisting of E6C3/C4-E6C11 ligands, neither TEM nor 

PCXSS images support the specific formation of such string- or worm-like structures. 

Instead, images indicated the spherical aggregation of GNSs, suggesting that the Janus-

like GNSs can be dispersed in water by exposure of the hydrophilic face. However, 

micelle- or vesicle-like structures were not observed, and the interior of the assembly was 

packed. This suggests that a part of Janus-like GNSs behave as patchy particles, which 

have several attractive sites on the surface rather than the assembly of perfect Janus 

particles.  
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 (a) Pictures of solutions of Janus-like GNSs and Domain GNSs in 
water. (b) Dynamic light scattering analysis of Janus-like GNSs in water. Domain 
GNSs were precipitated faster than Janus-like GNSs. (c, d) Dynamic light scattering 
analysis of (c) Janus-like GNPs and (d) Domain GNPs in methanol. GNPs display both 
E6C3 and C4-E6C11  

STEM images of a Janus-like GNS assembly. 
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Figure 2-14.   Experimental CXD pattern of (a) a Janus-like GNS assembly in water, 
and (b) the reconstructed image. 



Chapter 2 

63 

2-4.   Conclusion 

 Janus-like GNSs with hydrophobic and hydrophilic faces were successfully 

synthesized by a two-step approach using two ligands with alkyl chains of different 

lengths. The segregation degree of the two ligands on the GNSs was estimated using 

MALDI-TOF MS analysis based on Cliffel’s method. In the case of the one-step approach, 

it was found that the segregation degree was much smaller than that formed by the two-

step approach. By two-step approach, the large phase segregation was achieved for GNSs 

large as 5 nm. From the view point of ligand design, there are two factors necessary to 

yield a large degree of segregation; the first, and most important, is a large difference in 

the length of the thiolated alkyl chains of the two ligands. The other is the presence of an 

alkyl head (the C4 moiety) on a hydrophobic ligand (C4-E6C11) to assist in the formation 

of the domain through hydrophobic interactions between the ligand heads. Interestingly, 

I found that the assemblies of Janus-like GNSs with hydrophilic/hydrophobic faces were 

more stably dispersed in water than were Domain GNSs, which are easily precipitated. 

PCXSS using X-ray laser diffraction provided an image of each assembly and showed 

that Janus-like GNSs assembled into an irregular spherical structure with an uneven 

surface.  
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Abstract: 

 

This chapter presents the thermoresponsive assembly behaviors of gold nanospheres (GNSs; 3, 5, and 

10 nm in diameter) that are coated with a self-assembled monolayer of oligo(ethylene glycol) (OEG) 

ligands terminated with alkyl heads. GNSs (5 nm in diameter) coated with OEG ligands without an 

alkyl head did not assemble within a temperature range from 20 to 70°C. However, GNSs coated with 

ethyl, iso-propyl, and propyl-headed OEG afforded assembly at temperatures of 56, 33, and 19°C, 

respectively, indicating that the assembly temperature can be tuned over a wide range by slight changes 

in the hydrophobicity of the alkyl head. Almost no hysteresis during the heating/cooling cycles was 

observed for the assembly/disassembly process. The diameter of the GNSs also affected the assembly 

temperature, with increases in the diameter of the GNS affording a lower assembly temperature. The 

ligand with the shorter alkyl tail length provided the lower assembly temperature of GNSs than the 

ligand with longer tail.  
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3-1.   Introduction 

 The control of gold nanoparticle (GNP) assembly systems by external stimuli 

renders the on/off switching and tuning functions to plasmon-based materials.1 Previously, 

the control of GNP assembly has been explored using external stimuli, such as 

temperature,2,3 pH,4–6 light,7,8 and metal ions.9–11 The surface modification of 

nanoparticles with stimuli-responsive molecules is a promising and important approach 

to achieve the stimuli-responsive colloidal assembly.  

 Thermoresponsiveness by cooling or by heating is one of the simplest 

approaches to induce nanoparticle assembly. Nanoparticles assembled by cooling have 

been fabricated by grafting polymers with an upper critical solution temperature, such as 

poly(N-acryloylglycinamide)12 or poly(N,N’-dimethyl(methacrylamido propyl) 

ammonium propanesulfonate).13 On the other hand, the nanoparticles assembled by 

heating have often been made by coating with a thermoresponsive polymer with a lower 

critical solution temperature (LCST), such as poly(N-isopropylacrylamide) (pNIPAm)14–

17, poly(N-vinyl caprolactam)18, or oligo(ethylene glycol)-appending polymers including 

low-molecular weight (<2000 Da) PEG,19 copolymers of oligo(ethylene glycol) acrylates 

and di(ethylene glycol) acrylates,20 and poly(ethylene oxide-st-propylene oxide).21 These 

nanoparticles can provide a wide range of applications related to various heat generation 

systems, such as photothermal conversion of plasmonic nanoparticles upon light 

irradiation22,23. The temperature-dependent assembly/disassembly switching was utilized 

to prompt cellular internalization of nanoparticles24. Hereafter, GNPs assembled by 

heating are referred as to “thermoresponsive GNPs”.  

 pNIPAm is a well-known polymer that undergoes phase transition at the LCST, 

around 31-32°C.25 pNIPAm forms a coil conformation in water and collapses into an 
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insoluble globular structure at the LCST, resulting in precipitation. The assembly of GNPs 

displaying a thermoresponsive polymer basically relies on the phase transition property 

of the polymer. Polyethylene glycol (PEG) also shows thermoresponsive behavior in 

water at high temperature or at a high ionic concentration.26–28 Therefore, it was reported 

that PEG-coated GNPs also show a thermal-response at a high ionic concentration.19 

Additionally, ligand density is an important factor in determining the thermoresponsive 

property of nanoparticles. In general, the LCST of pPINAm remains almost constant as a 

function of the concentration of the polymer.29 In fact, densely pNIPAm-coated GNPs 

prepared by a grafting-from approach showed a similar assembly temperature to free 

pNIPAm, while the assembly response was slower than that for free polymers.15 

 Beside polymers, it is known that nonionic surfactants with a hydrophilic 

oligo(ethylene glycol) (OEG) group show a clouding point due to micelle aggregation.30 

Direct force measurement between nonionic surfactant layers immobilized on a mica has 

been investigated using AFM, with the interaction shown to be increased with increases 

in water temperature due to dehydration from the OEG moieties.31 In principle, 

dehydration from OEG moieties at increased water temperature induces the attractive 

force between two nonionic surfactant layers by decreasing the steric repulsive force. I 

focus on the OEG modification of gold nanospheres (GNSs) using a self-assembled 

monolayer (SAM). The SAM formation using thiol ligands with a long alkyl chain is the 

simple and versatile approach to display functional groups on a gold substrate.32,33 

Despite of the structural similarities between surfactant-based micelles and OEG-coated 

GNSs, there has been no study of the thermoresponsive behaviors of OEG-tethered self-

assembled monolayer-coated GNSs to date. 

 Herein, I demonstrate that GNSs coated with a SAM of thiol-terminated 
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hexa(ethylene glycol) (HEG) derivatives (Scheme 3-1) show clear assembly/disassembly 

process. The alkyl-head capping of the terminal HEG was important to conferring the 

thermoresponsive function of GNSs in water. In this system, the phase transition of GNSs 

was determined by the surface properties originating from the SAM rather than the 

properties of the single molecule. In comparison with conventional polymer coating, the 

HEG is a small molecule without any molecular weight distribution, so that the HEG-

GNSs show a thin homogeneous layer formed by the self-assembly of the alkyl thiol. 

 A slight difference in alkyl head structure has a large influence on the surface 

hydrophobicity of GNSs, so that the dehydration temperature would be affected by the 

alkyl head structure. In other words, I can easily tune the assembly temperature (TA) by 

changing the alkyl head structure. Additionally, I investigated the effect of alkyl tail length 

on the thiol group side. This is the noticeable report on the thermoresponsive behaviors 

of GNSs coated with HEG-terminated SAMs. This simple approach based on a self-

assembled monolayer with the surface ligand of low molecular weight will provide a new 

approach to the design of stimuli-responsive nanoparticles.  
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Scheme 3-1.  Chemical structures of the HEG derivatives used in this chapter 
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3-2.   Experimental section 

3-2-1.   General information. 

All commercially available reagents were used without further purification. All solvents 

were purchased from Wako Pure Chemical Industries Ltd. (Japan). Citrate-protected 

GNSs in aqueous solution (5 or 10 nm in diameter) were purchased from BBI Solutions 

(UK). According to the BBI Solutions website, GNSs with a diameter of 5 nm and 10 nm 

have maximum coefficients of variation of 15% and 10%, respectively46. GNSs were 

concentrated using a CF-16RX centrifuge (Hitachi-Koki, Ltd., Japan).  

 

3-2-2.   Thiol ligand synthesis. 

HEG derivatives with a hydroxyl, ethyl, iso-propyl, or propyl head and an alkyl-thiol tail, 

referred to as OH-E6C11, C2-E6C11, iC3-E6C11, and C3-E6C11, respectively, were 

synthesized (Scheme 1). I also synthesized a derivative with an ethyl head and a truncated 

alkyl-thiol tail (C2-E6C3). 
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• Synthesis of C2-E6C11 

 

3,6,9,12,15,18-hexaoxapentacos-24-en-1-ol, 1 

Hexa(ethylene)glycol (15 g, 53 mmol) was dissolved in THF (55 ml). The solution was 

cooled on ice and added the 60% NaH in oil (1.6 g, 40 mmol) and 11-bromo-1-undecene 

(6.7 ml, 31 mmol). The reaction was allowed to warm to room temperature and stirred 

overnight. The solvent was removed, the residue was dissolved in CHCl3 and washed 

twice with a saturated NaCl solution. The organic layer was dried over anhydrous Na2SO4. 

The crude product was concentrated in vacuo and purified by flash chromatography on 

silica gel (CHCl3/EtOAc = 4:1 (v/v) to EtOAc/MeOH = 9:1 (v/v)) to yield 1 (8.7 g, 66 %) 

as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.21-1.42 (m, 14H, alkyl chain), 1.59 (quin, 2H, 

J = 6.9 Hz, 6.9 Hz, alkyl chain), 2.01-2.09 (m, 2H, =CH-CH2), 3.45 (t, 2H, J = 6.8 Hz, -

O-CH2-), 3.56-3.75 (m, 22H, -O-CH2-), 4.90-5.04 (m, 2H, -CH=CH2), 5.74-5.87 (m, 1H, 

-CH=CH2). MALDI-TOF-MS (m/z): [M+Na]+ calcd for C23H46O7Na, 457.60; found, 

457.38. 

Scheme 3-2.  Synthetic route to C2-E6C11 ligand. 
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3,6,9,12,15,18-hexaoxanonacos-28-en-1-yl 4-methylbenzenesulfonate, 2 

Compound 1 (4.2 g, 9.7 mmol) was dissolved in dry CH2Cl2 (20 mL). The solution was 

cooled on ice and added the Et3N (2.0 g, 19 mmol), trimethylamine hydrochloride (0.18 

g, 1.9 mmol), p-tosylchloride (2.23 g, 12 mmol). The reaction was stirred on ice for 1.5 

h. The solvent was removed, the residue was dissolved in CHCl3 and wash three times 

with a saturated NaCl solution. The organic layer was dried over anhydrous Na2SO4. The 

crude product was concentrated in vacuo and purified by flash chromatography on silica 

gel (CHCl3/MeOH =99:1 (v/v)) to yield 2 (6.1 g, 85 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.28-1.36 (m, 14H, alkyl chain) 1.58 (s, 2H, alkyl 

chain) 2.03 (s, 2H, alkyl chain), 2,45 (s, 3H, CH3 methyl) 3.44 (t, 4H, J = 5.5 Hz, -O-

CH2-), 3.55-3.68 (m, 24H, -O-CH2-), 3.26-3.70 (m, 20H, -O-CH2-), 4.92-5.00 (m, 2H, -

CH=CH2), 5.81 (m, 1H, -CH=CH2), 7.35 (br-s, 2H, phenyl) , 7.80 (br-s, 2H, phenyl). 

MALDI-TOF-MS (m/z): [M+Na]+ calcd for C30H52O9SNa, 611.78; found, 611.68. 

 

5,8,11,14,17,20,23-heptaoxatetratriacont-33-ene, 3 

Ethanol (10 mL) was dissolved in dry THF (10 mL). The solution was cooled on ice and 

added the 60% NaH in oil (0.15 g, 3.8 mmol). After N2 gas generation, compound 2 in 

THF (10 mL) was added dropwise. The reaction was allowed to warm to 40 °C and stirred 

4h. The solvent was removed, and the residue was dissolved in CHCl3 and washed twice 

with a saturated NaCl solution. The organic layer was dried over Na2SO4. The residue 

was evaporated under vacuum. The residue was chromatographed on a silica-gel column 

using CHCl3 to yield 3 as a clear syrup (0.16 g, 49%). 

1H NMR (400 MHz, CDCl3): δ /ppm = 0.91 (t, 3H, J = 7.54 Hz, CH3 methyl), 1.21-1.41 

(m, 14H, alkyl chain), 1.52-1.69 (m, 4H, alkyl chain), 2.04 (dt, 2H, J = 7.8 Hz, 7.3 Hz, 
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=CH-CH2-CH2), 3.44 (t, 2H, J = 6.8 Hz, -O-CH2-), 3.49-3.70 (m, 24H, -O-CH2-), 4.89-

5.03 (m, 2H, -CH=CH2), 5.75-5.88 (m, 1H, -CH=CH2) 

MALDI-TOF-MS (m/z) : [M+Na] calcd for C25H50O7Na, 485.65; found,484.90. 

 

S-5,8,11,14,17,20,23-heptaoxatetratriacontan-34-yl ethanethioate, 4  

Compound 3 (0.16 g, 0.33 mmol), AcSH (125 mg, 1.65 mmol), and 2,2'-

azobisisobutyronitrile (54 mg, 0.33 mmol) were dissolved in stabilizer free dry THF (20 

mL). The mixture was refluxed for 5 h. The solvent was removed, the residue was 

dissolved in CHCl3 and washed twice with a saturated NaCl solution. The organic layer 

was dried over Na2SO4 and evaporated under vacuum. The residue was chromatographed 

on silica-gel column using CHCl3 to yield 4 as a clear syrup (0.19 g, 74%). 

1H NMR (400 MHz, CDCl3): δ /ppm = 0.91 (t, 3H, J = 7.3 Hz, CH3 methyl), 1.21-1.42 

(m, 14H, alkyl chain), 1.50-1.65 (m, 4H, alkyl chain), 2.32 (s, 3H, J = 7.4 Hz, -CO-CH3), 

3.45 (t, 2H, J = 6.9 Hz, -O-CH2-), 3.50-3.72 (m, 24H, -O-CH2-) 

MALDI-TOF-MS (m/z) : [M+Na] calcd for C27H54O8Na, 561.77; found, 561.29. 

 

5,8,11,14,17,20,23-heptaoxatetratriacontane-34-thiol, 5 

Compound 4 (0.14 g, 0.26 mmol) and 28% NaOMe in MeOH (15 μL, 0.077 mmol) were 

dissolved in MeOH (10 mL), and the mixture was stirred over 4 hrs at 50 °C. The 

neutralization was carried out by the addition of DOWEX50WX8-200. After the filtration 

through the filter paper, the solvent was removed under vacuum. The residue was 

dissolved in CHCl3 and washed twice with a saturated NaCl solution. The organic layer 

was dried over Na2SO4 and evaporated under vacuum. The residue was purified by flash 

chromatography on silica gel (CHCl3/Hexane = 9:1 (v/v)) to yield 5 as a clear syrup (32.7 
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mg, 25.1%). 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.21 (t, 3H, J = 6.9 Hz, CH3 methyl), 1.24-1.41 

(m, 14H, alkyl chain), 1.52-1.65 (m, 4H, alkyl chain), 2.52 (dt, 2H, J = 7.2 Hz, 7.4 Hz, 

CH2-CH2-SH), 3.44 (t, 2H, J =6.4 Hz, -O-CH2-), 3.50-3.68 (m, 24H, -O-CH2-) 

MALDI-TOF-MS (m/z): [M+Na] calcd for C27H56O7Na, 519.33; found, 518.73. HR-MS 

(ESI): calcd for C27H56O7SNa [M+Na]+ 519.33260, found 519.3310. 

 

 

 

 

  

Figure 3-1.   1H NMR spectrum of C2-E6C11. * represents a signal derived from 

water. 
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• Synthesis of iC3-E6C11 ligand 

 

2-methyl-3,6,9,12,15,18,21-heptaoxadotriacont-31-ene, 6 

2-Propanol (10 mL) was cooled on ice and added the 60% NaH in oil (0.33 g, 6.4 mmol) 

under N2 atmosphere. After H2 gas generation, compound 2 (0.75 g) in THF (10 mL) was 

added dropwise. The reaction was allowed to room temperaute and stirred 4 hrs. The 

solvent was removed, and the residue was dissolved in CHCl3 and washed twice with a 

saturated NaCl solution. The organic layer was dried over anhydrous Na2SO4. The crude 

product was concentrated in vacuo and purified by flash chromatography on silica gel 

(CHCl3/EtOAc = 9:1 (v/v) to CHCl3/EtOAc =8:2 (v/v)) to yield 6 (0.53 g, 87 %) as a clear 

syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.16 (d, 6H, J = 6.2 Hz, (CH3)2-CH-), 1.21-1.45 

(m, 14H, alkyl chain), 1.57 (tt, 2H, J = 7.2 Hz, 7.2 Hz, alkyl chain), 2.04 (dt, 2H, J = 8.0 

Hz, 7.3 Hz, =CH-CH2-CH2), 3.44 (t, 2H, J = 6.9 Hz, -O-CH2-), 3.56-3.60 (m, 4H, -O-

CH2-), 3.54-3.71 (m, 20H, -O-CH2-), 4.89-5.03 (m, 2H, -CH=CH2), 5.75-5.88 (m, 1H, -

CH=CH2). MALDI-TOF-MS (m/z): [M+Na]+ calcd for C26H52O7Na, 499.68; found, 

499.10. [M+K]+ calcd for C26H52O7, 515.79; found, 514.91. 

 

S-(2-methyl-3,6,9,12,15,18,21-heptaoxadotriacontan-32-yl) ethanethioate, 7 

Scheme 3-3.  Synthetic route to iC3-E6C11 ligand. 
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Compound 6 (0.53 g, 1.11 mmol), AcSH (0.41 g, 5.55 mmol), and 2,2'-

azobisisobutyronitrile (0.18 mg, 1.11 mmol) were dissolved in stabilizer free dry THF 

(20 mL). The mixture was refluxed for 4 hrs. The solvent was removed, the residue was 

dissolved in CHCl3 and washed twice with a saturated NaCl solution. The organic layer 

was dried over anhydrous Na2SO4. The crude product was concentrated in vacuo and 

purified by flash chromatography on silica gel (CHCl3/EtOAc = 9:1 (v/v) to 

CHCl3/EtOAc =7:3 (v/v)) to yield 7 (0.46 g, 75 %) as a clear syrup. 

MALDI-TOF-MS (m/z): [M+Na]+ calcd for C28H56O8Na, 575.79; found, 575.63. 

 

2-methyl-3,6,9,12,15,18,21-heptaoxadotriacontane-32-thiol, 8 

Compound 7 (0.10 g, 0.18 mmol) and 28% NaOMe in MeOH (20 μL) were dissolved in 

MeOH (20 mL), and the mixture was stirred over 3 hrs at room temperature. The 

neutralization was carried out by the addition of Dowex (50WX8-200). After the filtration 

through the filter paper, the solvent was removed under vacuum. The residue was 

dissolved in CHCl3 and washed twice with a saturated NaCl solution. The organic layer 

was dried over anhydrous Na2SO4. The crude product was concentrated in vacuo and 

purified by flash chromatography on silica gel (CHCl3/EtOAc = 8:2 (v/v) to 

CHCl3/EtOAc = 5:5 (v/v)) to yield 8 (10.2 mg, 11 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.14 (d, 6H, J = 6.4 Hz, CH3 methyl), 1.20-1.40 

(m, 14H, alkyl chain), 1.50-1.64 (m, 4H, alkyl chain), 2.50 (dt, 2H, J = 7.4 Hz, 7.4 Hz, 

CH2-CH2-SH), 3.42 (t, 2H, J = 6.9 Hz, -O-CH2-), 3.52-3.70 (m, 26H, -O-CH2-). MALDI-

TOF-MS (m/z): [M+Na]+ calcd for C26H54O7Na, 533.76; found, 533.42.  
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• Synthesis of C3-E6C11 ligand 

 

4,7,10,13,16,19,22-heptaoxatritriacont-32-ene, 9 

1-Propanol (10 mL) was cooled on ice and added the 60% NaH in oil (0.33 g, 6.4 mmol) 

under N2 atmosphere. After H2 gas generation, compound 2 (0.75 g) in THF (10 mL) was 

Figure 3-2.   1H NMR spectrum of iC3-E6C11. * represents a signal derived 

from water. 

Scheme 3-4.  Synthetic route to C3-E6C11 ligand. 
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added dropwise. The reaction was allowed to room temperaute and stirred for 4 hrs. The 

solvent was removed, and the residue was dissolved in CHCl3 and washed twice with a 

saturated NaCl solution. The organic layer was dried over anhydrous Na2SO4. The crude 

product was concentrated in vacuo and purified by flash chromatography on silica gel 

(CHCl3 to CHCl3/EtOAc = 8:2 (v/v)) to yield 9 (0.52 g, 85 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 0.91 (t, 3H, J = 7.4 Hz, CH3 methyl), 1.24-1.41 

(m, 14H, alkyl chain), 1.53-1.65 (m, 4H, alkyl chain), 2.04 (dt, 2H, J = 7.8 Hz, 7.3 Hz, 

=CH-CH2-CH2), 3.42 (t, 2H, J = 6.8 Hz, -O-CH2-), 3.44 (t, 2H, J = 7.3 Hz, -O-CH2-), 

3.56-3.60 (m, 4H, -O-CH2-), 3.26-3.70 (m, 20H, -O-CH2-), 4.89-5.03 (m, 2H, -CH=CH2), 

5.75-5.88 (m, 1H, -CH=CH2). MALDI-TOF-MS (m/z): [M+Na]+ calcd for C26H52O7Na, 

499.68; found, 499.09. [M+K]+ calcd for C26H52O7K, 499.68; found,499.09. 

 

S-4,7,10,13,16,19,22-heptaoxatritriacontan-33-yl ethanethioate, 10 

Compound 9 (0.52 g, 1.1 mmol), AcSH (0.41 g, 5.5 mmol), and 2,2'-

azobisisobutyronitrile (0.18 mg, 1.1 mmol) were dissolved in stabilizer free dry THF (20 

mL). The mixture was refluxed for 4 hrs. The solvent was removed, the residue was 

dissolved in CHCl3 and washed twice with a saturated NaCl solution. The organic layer 

was dried over anhydrous Na2SO4. The crude product was concentrated in vacuo and 

purified by flash chromatography on silica gel (CHCl3/EtOAc = 9:1 (v/v) to 

CHCl3/EtOAc =8:2 (v/v)) to yield 10 (0.50 g, 83 %) as a clear syrup. 

MALDI-TOF-MS (m/z): [M+Na]+ calcd for C28H56O8Na, 575.79; found, 575.69. 
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5,8,11,14,17,20,23-heptaoxatetratriacontane-34-thiol, 11 

Compound 10 (0.10 g, 0.18 mmol) and 28% NaOMe in MeOH (20 μL) were dissolved 

in MeOH (20 mL), and the mixture was stirred for 3 hrs at room temperature. The 

neutralization was carried out by the addition of Dowex (50WX8-200). After the filtration 

through the filter paper, the solvent was removed under vacuum. The residue was 

dissolved in CHCl3 and washed twice with a saturated NaCl solution. The organic layer 

was dried over anhydrous Na2SO4. The crude product was concentrated in vacuo and 

purified by flash chromatography on silica gel (CHCl3/EtOAc = 8:2 (v/v) to 

CHCl3/EtOAc = 1:1 (v/v)) to yield 11 (68.2 mg, 74 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 0.89 (t, 3H, J = 7.5 Hz, CH3 methyl), 1.20-1.41 

(m, 14H, alkyl chain), 1.50-1.65 (m, 4H, alkyl chain), 2.52 (dt, 2H, J = 7.3 Hz, 7.3 Hz, 

CH2-CH2-SH), 3.44-3.76 (m, 4H, -O-CH2-), 3.52-3.70 (m, 26H, -O-CH2-). MALDI-TOF-

MS (m/z): [M+Na]+ calcd for C26H54O7Na, 533.76; found, 532.86.  

Figure 3-3.   1H NMR spectrum of C3-E6C11. * represents a signal derived from 

water. 
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• Synthesis of C2-E6C11 ligand 

 

3,6,9,12,15,18-hexaoxahenicos-20-en-1-ol, 12 

Hexa(ethylene)glycol (30 g, 0.11 mol) was dissolved in THF (110 ml). The solution was 

cooled on ice and the 60% NaH in oil (3.2 g, 80 mmol) and 3-bromoprop-1-ene (5.2 ml, 

61 mmol). The reaction was allowed to warm to room temperature and stirred overnight. 

The solvent was removed, the residue was dissolved in CHCl3 and washed twice with a 

saturated NaCl solution. The organic layer was dried over anhydrous Na2SO4. The crude 

product was concentrated in vacuo and purified by flash chromatography on silica gel 

(CHCl3 to EtOAc/MeOH = 9:1 (v/v)) to yield 12 (13.2 g, 67 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ/ppm = 3.38-3.88 (m, 26H, -O-CH2-), 4.03 (br-d, 2H, J = 

5.8 Hz, -O-CH2-), 5.17-5.30 (m, 2H, -CH=CH2), 5.87-5.97 (m, 1H,-CH=CH2). MALDI-

TOF-MS (m/z): [M+Na]+ calcd for C15H30O7Na, 345.19; found, 345.17. 

 

 

 

Scheme 3-5.  Synthetic route to C2-E6C3 ligand. 
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3,6,9,12,15,18-hexaoxanonacos-28-en-1-yl 4-methylbenzenesulfonate, 13 

Compound 12 (2.5 g, 7.9 mmol) was dissolved in dry CH2Cl2 (20 mL). The solution was 

cooled on ice and added the Et3N (1.6 g, 16 mmol), trimethylamine hydrochloride (0.15 

g, 1.6 mmol), p-tosylchloride (1.8 g, 9.5 mmol). The reaction was stirred on ice for 3 h. 

The solvent was removed, the residue was dissolved in CHCl3 and wash three times with 

a saturated NaCl solution. The organic layer was dried over anhydrous Na2SO4. The crude 

product was concentrated in vacuo and purified by flash chromatography on silica gel 

(CHCl3/EtOAc = 1:1 (v/v)) to yield 13 (3.1 g, 83 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 2.42 (s, 3H, CH3 methyl) 3.44 (t, 4H, J = 5.5 Hz, 

-O-CH2-), 3.51-3.69 (m, 22H, -O-CH2-), 3.97-4.02 (m, 2H, -O-CH2-), 5.11-5.26 (m, 2H, 

-CH=CH2) 5.83-5.95 (m, 1H, -CH=CH2), 7.32 (d, 2H, J = 7.8 Hz, phenyl) , 7.78 (br-d, 

2H, J = 8.3 Hz phenyl). MALDI-TOF-MS (m/z): [M+Na]+ calcd for C22H36O9SNa, 

499.57; found, 499.05. 

 

3,6,9,12,15,18,21-heptaoxatetracos-23-ene, 14 

Ethanol (20 mL) was dissolved in dry THF (10 mL). The solution was cooled on ice and 

added the 60% NaH in oil (0.63 g, 1.6 mmol). After N2 gas generation, compound 13 (1.5 

g, 3.2 mmol) in dry THF (10 mL) was added dropwise. The reaction was allowed to warm 

to 40 °C and stirred for 4 h. The solvent was removed, and the residue was dissolved in 

CHCl3 and washed twice with a saturated NaCl solution. The organic layer was dried over 

Na2SO4. The residue was evaporated under vacuum and was purified by flash 

chromatography on silica gel (CHCl3/EtOAc = 1:2 (v/v)) to yield 14 as a clear syrup (0.93 

g, 81%). 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.12 (t, 3H, J = 7.2 Hz, CH3 methyl), 3.42-3.84 
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(m, 26H, -O-CH2-), 4.04 (m, 2H, -O-CH2-CH=CH2), 5.13-5.28 (m, 2H, -CH=CH2), 5.85-

5.93 (m, 1H, -CH=CH2) 

MALDI-TOF-MS (m/z): [M+Na] calcd for C17H34O7Na, 373.44; found, 373.10. 

 

S-3,6,9,12,15,18,21-heptaoxatetracosan-24-yl ethanethioate, 15 

Compound 14 (0.50 g, 1.4 mmol), AcSH (0.54 mg, 7.1 mmol), and 2,2'-

azobisisobutyronitrile (54 mg, 1.4 mmol) were dissolved in stabilizer free dry THF (20 

mL). The mixture was refluxed for 5 h. The solvent was removed, the residue was 

dissolved in CHCl3 and washed twice with a saturated NaCl solution. The organic layer 

was dried over Na2SO4 and evaporated under vacuum. The residue was purified by flash 

chromatography on silica gel (CHCl3/EtOAc = 5:5 (v/v) to CHCl3/EtOAc = 3:7 (v/v)) to 

yield 15 as a clear syrup (0.37 g, 61%). 

1H NMR (400 MHz, CDCl3): δ /ppm = 0.96 (t, 3H, J = 7.3 Hz, CH3 methyl), 1.82 (tt, 2H, 

J = 7.3 Hz, alkyl chain), 2.32 (s, 3H, CO-CH3), 2.83 (t, 2H, J = 7.3 Hz, -CH2-S), 3.40-

3.72 (m, 28H, -O-CH2-) 

MALDI-TOF-MS (m/z): [M+Na] calcd for C19H38O7Na, 449.56; found, 449.10. 

 

3,6,9,12,15,18,21-heptaoxatetracosane-24-thiol, 16 

Compound 15 (0.11 g, 0.23 mmol) was dissolved in MeOH (18 mL), and conc. HCl was 

added to the solution. Then, the mixture was refluxed for 4 hrs. The solvent was removed 

under vacuum. The residue was dissolved in CHCl3 and washed twice with a saturated 

NaCl solution. The organic layer was dried over Na2SO4 and evaporated under vacuum 

to yield 16 as a clear syrup (99.2 mg, 95%). 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.19 (t, 3H, J = 6.9 Hz, CH3 methyl), 1.36 (t, 1H, 
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J = 7.8 Hz, -SH), 1.85 (tt, 2H, J = 7.3 Hz, 7.3 Hz,-CH2-CH2-CH2-), 2.52 (dt, 2H, J = 7.8 

Hz, 7.8 Hz, CH2-CH2-SH), 3.44-3.68 (m, 28H, -O-CH2-) 

MALDI-TOF-MS (m/z): [M+Na] calcd for C17H36O7SNa, 407.52; found, 407.14. 

 

 

3-2-3.   Surface modification of GNSs 

GNSs (5 and 10 nm in diameter) coated with hexa(ethylene glycol) derivatives were 

prepared via a ligand exchange reaction. Briefly, citrate-protected GNSs (5 nm) were 

concentrated up to 3.1 μM by ultrafiltration using an Amicon Ultra 100 K filter (Merck 

MilliPore, Germany) with centrifugation (10,000 g for 10 min). 10-nm GNSs were 

concentrated up to 370 nM by centrifugation (10,000 g for 10 min). The concentrated 

citrate-protected GNSs (20 μL) were added to a methanol solution of the thiolate ligand 

molecules (100 μL). In this exchange reaction, the total ligand concentration was adjusted 

to 10 equiv. Au atoms on the surface of each nanoparticle. Based on the size distribution 

1H NMR spectrum of C2-E6C3. 
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of 5- and 10-nm GNSs, this equivalent corresponds to 7.6-14 equiv. and 8.3-12 equiv., 

respectively. In the case of 5-nm GNSs, the concentration of the ligand solution was set 

at 6.2 mM, and the number of surface Au atoms was calculated to be 998/particle 

according to the literature.34 In the case of 10-nm GNSs, the number of surface Au atoms 

was 4192/particle and the concentration of the ligand solution was 3.1 mM. After 

incubation for 12 hours at 4°C, the ligand-exchanged GNSs were washed 3 times by the 

addition of methanol up to 500 μL, centrifugation (5-nm GNSs: 14,000 g for 60 min; 10-

nm GNSs: 10,000 g for 10 min), and the removal of the supernatant (about 480 μL) to 

remove the free thiol ligands. After the removal of the residual methanol using a 

centrifugal evaporator, pure water was added to the dried GNSs down to OD520 = 1.  

 

3-2-4.   Synthesis of 3-nm GNSs coated with C2 ligand 

3-nm GNSs modified with C2-E6C11 ligands were synthesized according to previous 

method reported by Brust and co-workers.35 HAuCl4·3H2O (31.4 mg) and acetic acid (0.5 

mL) were mixed to iso-propanol (50 mL). After the C2-E6C11 ligand (12.6 mg) was 

dissolved into this solution, a freshly prepared methanol solution of NaBH4 (5 mL, 0.5 

M) was added under vigorous stirring at room temperature. The color of the solution was 

swiftly changed from yellow to brown. After stirring for 3 hours, the solvent was removed 

by evaporation in vacuo and resolved in a mixture of water and ethanol (1:1 (v/v)). The 

prepared 3-nm GNSs were washed with the water/ethanol (1:1 (v/v)) to remove the free 

C2-E6C11 ligands and then twice with pure water to remove the ethanol by ultrafiltration 

using Amikon Ultra filter (10 K cut off) with centrifugation (12,000 g for 15 min). The 

size was 3.3±1.0 nm as confirmed from STEM images. 
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3-2-5.   Characterization 

• UV-Vis Extinction Spectroscopy  

 The UV-Vis spectra of the GNSs and transmittance of all ligand solutions were 

measured using a UV-Vis spectrophotometer UV-2600 (Shimadzu Corporation, Japan). 

For measurement of the thermoresponsive assembly of GNSs, the heating rate was 

0.5°C/min. The concentrations of 3-, 5-, and 10-nm GNSs were 530 nM, 83 nM, and 9.5 

nM, respectively. The extinction spectra were normalized at the wavelength with the 

highest absorbance in the range from 400 to 700 nm. The TA was defined as the 

temperature at which the slope of the plot of plasmonic extinction peak shifts vs. 

temperature reached a maximum value by curve fitting. Transmittance at 500 nm of all 

ligand solutions was measured at a concentration of 10 mM and a heating rate of 

1.0°C/min. The clouding point is defined as the temperature at which the transmittance 

of the ligand solution is located at 50% intensity. 

• Dynamic light scattering (DLS) and zeta-potential measurement 

The size of the GNSs or their assembly were measured using a Zeta-potential & Particle 

size Analyzer ELSZ-2000 (Otsuka Electronics Co., Ltd., Japan). The emission 

wavelength for the measurements was 633 nm. In prior to the measurement, the 

temperature was kept constant for 10 min. Cumulant analysis was applied to determine 

the hydrodynamic diameter. Zeta-potential of GNSs was measured by a Delsa Nano HC 

system (Beckman Coulter, Inc., USA). 

• STEM measurement 

Scanning transmission electron microscope (STEM) images were obtained using STEM 

HD-2000 (Hitachi High-Tech Manufacturing & Service Co., Ltd, Japan) with a 200 kV 
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accelerating voltage. STEM samples were prepared by adding a drop of the GNS solution 

onto the collodion membrane attachment mesh (Nisshin EM, Japan) and dried in a 

desiccator. For observations of the assembled structure at 60°C, water in the solvent was 

evaporated at 60°C in a thermostatic oven.  

• Inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

 The ligand densities on the GNSs were determined with an ICPE-9000 

spectroscope (Shimadzu Corporation, Japan). After removal of the solvent by centrifugal 

evaporator, the ligand-exchanged GNSs were treated with aqua regia (1 mL) for 30 min. 

The resultant solutions were diluted with pure water (9 mL). The concentrations of gold 

and sulfur ions were determined by ICP-AES after obtaining a calibration curve for the 

gold and sulfur ions at various concentrations. Ligand densities were calculated from the 

ratio of S and Au.  
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3-3.   Results and Discussion 

3-3-1.   Clouding points of free ligand molecules 

HEG derivatives with a hydroxyl, ethyl, iso-propyl, or propyl head and an alkyl-thiol tail, 

referred to as OH-E6C11, C2-E6C11, iC3-E6C11, and C3-E6C11, respectively, were 

synthesized. In chapter 3, the headed functional group influences to the thermoresponsive 

behaivior, so that E6C11 in chapter 3 is referred to as OH-E6C11 to emphasize the 

headed functional group. First, the thermoresponsiveness of free ligand molecules (OH-

E6C11, C2-E6C11, and iC3-E6C11 ligands, but not C3-E6C11 ligand) in water were 

investigated by monitoring optical transmittance. The OH-E6C11, C2-E6C11, and iC3-

E6C11 ligands were soluble in water, whereas C3-E6C11 was insoluble. Figure 3-5 

shows the transmittance vs. temperature plots for the ligand solutions (10 mM). The 

clouding points of the OH-E6C11, C2-E6C11, and iC3-E6C11 ligands were 49, 25, and 

15°C, respectively (Table 3-1).  

 When the hydrophobicity of the head group was increased, the clouding point 

was significantly decreased. The insolubility of C3-E6C11 ligand in water might result 

from its lower clouding point. The different hydrophobicity of the ligands can affect both 

the dehydration temperature and the hydrophobic attraction between the outermost 

surfaces of the ligand shell on two micelles.  
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Ligand 
Clouding point 

of free molecules 
TA of 5-nm GNSs 

C3-E6C11 Insolublea 19°C 

iC3-E6C11 15°C 33°C 

C2-E6C11 25°C 56°C 

OH-E6C11 49°C Not detecteda 

atemperature range from 5 to 70°C 

Table 3-1. Summary of the clouding points of each ligand in water and assembly 

temperatures of HEG-derivative-modified GNSs (5 nm) 

Figure 3-5.   Transmittance vs. temperature for aqueous solutions of OH-E6C11 

(red), C2-E6C11 (blue), and iC3-E6C11 (green) ligands (10 mM). 
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3-3-2.   Thermoresponsive assembly of 5-nm GNSs 

• Assembly behavior upon heating 

 The surface modification of 5-nm GNSs with HEG-derivatives was performed 

in water through ligand exchange reaction on citrate-protected GNSs and confirmed by 

zeta-potential measurements. The zeta-potential of the GNSs was changed from strongly 

negative (-49 mV) for the original citrate-protected GNSs to close to neutral (Table 3-2). 

This result supports the notion that the citrate on the GNSs was practically replaced with 

the HEG ligand by ligand exchange reaction under these conditions. The UV-Vis 

extinction spectra of the obtained GNSs showed a maximum wavelength ~520 nm, which 

is consistent with that of well-dispersed citrate-protected GNSs in aqueous solution 

(Figure 3-6a, c: blue line). 

 The thermoresponsive assembly of the GNSs was analyzed by UV-Vis 

spectrometry, DLS measurements, and STEM imaging. The extinction spectra of 

dispersed 5-nm GNSs modified with OH-E6C11 (OH-5-GNSs) at between 25 and 70°C 

are shown in Figure 3-6a and b. No spectral changes were observed on the changes in 

temperature within this range. The absence of TA for OH-5-GNSs in this range indicates 

that water molecules were not removed from the HEG portion, the terminals of which 

were immobilized on the GNS surface. C2-5-GNSs, on which the ethyl head is exposed 

on the outermost surface, was also dispersed in water at room temperature. However, the 

solution of C2-5-GNSs showed a red shift in the maximum wavelength at around 56°C 

due to plasmon coupling and broadening of the peak when the temperature was increased 

from 25°C to 70°C (Figure 3-6c, d). This peak shift indicated that C2-5-GNSs were 

assembled at temperatures over 50°C. The broadening of the peak means large scattering 

so that this also supports the notion of assembly formation. This spectral shift supports 
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that the alkyl head could more effectively induce the dehydration of the HEG portion than 

the hydroxyl head. Interestingly, the change in color of this solution with change in 

temperature was completed within 15 s.  

 

 

Sample Zeta-potential 

Citrate-5-GNSs -49 mV 

C2-5-GNSs -1.5 mV 

Citrate-10-GNSs -48 mV 

C2-10-GNSs 6.4 mV 

C2-3-GNSs -4.5 mV 

Figure 3-6.   Normalized optical extinction spectra of (a) OH-5-GNSs and (c) C2-5-

GNSs at 25 and 70°C in water. Temperature-dependent changes in plasmon peak 

between 25 and 70°C was plotted for (b) OH-5-GNSs and (d) C2-5-GNSs. Heating 

rate was 0.5°C/min. The extinction spectra were normalized at the wavelength with 

the highest absorbance in the range from 400 to 700 nm. 

Table. 3-2 Summary of zeta-potential of the GNSs 
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 DLS measurements also revealed the temperature-dependent assembly of C2-5-

GNSs. Two peaks (around 10 nm and 100 nm) were observed in the intensity distributions 

vs. hydrodynamic diameter of C2-5-GNSs at 25°C, corresponding to the dispersed GNSs 

and the assembly (Figure 3-7a). Hence, a portion of the C2-5-GNSs were assembled even 

below TA. However, number distributions (Figure 3-7c) show that the number of 

assemblies was very small. Therefore, the hydrodynamic diameter of C2-5-GNSs upon 

heating, as calculated by cumulant analysis, showed a gradual increase from ca. 50°C, 

reaching around 600 nm at over 60°C, and the temperature range of these changes 

corresponded with that of the extinction peak shift (Figure 3-7b). STEM observations also 

supported this assembly (Figure 3-8). Additionally, re-shifts (shift back) of the plasmon 

peak and hydrodynamic diameter by sequential heating was observed over 65°C (Figure 

3-6d and 3-7b). The re-shifts can be explained that large aggregates exhibiting a large 

plasmon peak shift were partially precipitated in a UV cuvette and did not participate in 

the UV-vis spectrum and light scattering, while smaller aggregates stayed in suspension.  

 In the case of micelles or liposomes, it is well known that the exposure of the 

hydrophobic part can induce fusion.36,37 This means that the exposure, to a degree, of the 

hydrophobic part is an important factor. Therefore, the reason why no assembly of OH-

5-GNSs was observed is probably that hydrophobic part of the ligand at the alkyl tail was 

isolated on the inner side of the SAM with the HEG part when it was immobilized on the 

GNSs at high density. In fact, a clouding point was observed for the ligand molecules in 

aqueous solution as shown above. 
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Figure 3-7.   DLS analyses of C2-5-GNSs at different temperatures. (a) Intensity 

distribution vs. hydrodynamic diameter of C2-5-GNSs at different temperatures and 

(b) temperature-dependent change of the hydrodynamic diameter of C2-5-GNSs 

determined by the cumulant analysis. (c) Number distribution vs. hydrodynamic 

diameter of C2-5-GNSs at different temperatures. 

Figure 3-8.   STEM images of C2-5-GNSs dried at 25 and 60°C. 
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• The reversibility of thermoresponsive assembly 

 To examine the reversibility of this assembly/disassembly process using C2-5-

GNSs, the heating-cooling cycles were tested. Figure 3-9 shows the reversible changes 

of the maximum wavelength between 25 and 70°C. Figure 3-9a shows the temperature-

dependent changes in the plasmon peak of C2-5-GNSs. This heating-cooling process can 

be repeated many times (Figure 3-9b). Further, little hysteresis was observed between the 

heating and cooling processes. In some previously reported cases using polymers (e.g., 

pNIPAm), obvious hysteresis was observed during the heating-cooling process due to the 

intermolecular hydrogen bonds.38 The pNIPAm aggregations are induced by van der 

Waals interaction and hydrogen bonds between the polymers are then formed after 

aggregation. pNIPAm-coated nanoparticles also showed significant hysteresis.39 On the 

other hand, it has been reported that polymers composed of ethylene glycol analogues 

exhibit a more uniform thermal profile.40 Lequeux et al. reported that GNSs coated with 

poly(ethylene oxide-st-propylene oxide) exhibited slight hysteresis.21 Therefore, the 

reason why little hysteresis was observed for the C2-5-GNSs is that they did not form 

additional interparticle bonds, such as hydrogen bonds, after aggregation. 

Figure 3-9.   (a) Temperature-dependent changes in the plasmon peak of C2-5-GNSs 

(orange line: heating process; blue line: cooling process). (b) Reversible changes in 

the plasmon peak at 25 and 70°C. 
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• The assembly temperature of 5-nm GNSs in NaCl solution 

  It is well known that ionic concentration can affect the clouding point of nonionic 

surfactants or polymers.26 In general, a higher ionic concentration renders a lower LCST 

for polymers by promoting dehydration. Therefore, I examined the effects of NaCl on TA 

(Figure 3-10a). When the NaCl concentration was increased, the TA of C2-5-GNSs fell: 

56, 45, 38, and 28°C for 0, 0.5, 1, and 2 M NaCl solutions, respectively. This shift in TA 

with changes in salt concentration was similar to the shift in clouding point for the C2 

ligand in free solution, although the TA themselves were different (Figure 3-10b). These 

results also support the notion that the thermoresponsive assembly of C2-5-GNSs is 

mainly driven by the dehydration of the HEG part.   

   

Figure 3-10.   (a) Temperature-dependent plasmon peak shifts of C2-5-GNSs under 

various NaCl concentrations. [NaCl] = 0M (Blue), 0.5 M (Orange), 1 M (Green), 2 M 

(Red). (b) Assembly temperatures (TA) of C2-5-AuNPs (red dots) and the clouding 

point of free C2-E6C11 ligand (blue dots) in water with various NaCl concentrations. 
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3-3-3.   Effects of the Alkyl heads 

 It is already shown that the thermoresponsiveness of the OH-E6C11 and C2-

E6C11 ligands clearly differed. Therefore, I then investigated the effects of the alkyl head 

group, which is exposed on the outermost surface of the GNSs. I then also fabricated iC3- 

and C3-5-GNSs additionally to examine the effects of the alkyl heads of ligand molecules 

on the assembly of GNSs. Normalized optical extinction spectra of iC3- and C3-5-GNSs 

were shown in Figure 3-11a and b. TA was determined by plasmonic extinction peak shift 

(Figure 3-11c). The TA of C2-, iC3-, and C3-5-GNSs were 56, 33, and 19°C, respectively. 

The clouding points of the ligand molecules in water and assembly temperatures of HEG-

derivative-modified GNSs (5 nm) are summarized in Table 1. The TA was also changed 

by the hydrophobicity of the head of the ligands. I consider that the increased 

hydrophobicity of alkyl head on GNS surface can induce a further decrease in the 

dehydration temperature. It is worth mentioning that even small changes in the alkyl head 

structure can cause large changes in the thermoresponsive assembly of GNSs. Further, I 

also observed that the TAs of the GNSs were higher than the clouding points of ligand 

molecules in solution. This result indicates that the effect of the hydrophobic part of the 

undecanethiol tail was diminished by attachment on the surface of the GNSs due to its 

isolation and restricted mobility on the inner side of the SAM. 
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Figure 3-11.   (a, b) Normalized optical absorption spectra of (a) iC3- and (b) C3-5-

AuNPs at 5°C (blue) and 40°C (orange). Temperature-dependent plasmon peak shifts 

of C2- (blue), iC3- (orange), and C3-5-GNSs (green) between 5 and 70°C. 
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3-3-4.   Effects of GNS size  

 Nanoparticle size is one of the most important parameters that determine the 

interparticle interaction. However, for the thermoresponsive assembly of GNSs, the study 

of the effect of nanoparticle size on the TA is still limited.21 Therefore, to investigate the 

effects of GNS size on thermoresponsive assembly in more detail, I synthesized 3.3-nm 

GNSs modified with the C2-E6C11 ligand, referred to as C2-3-GNSs. The detailed 

analysis of C2-3-AuNPs is shown in Figure 3-12. 10-nm GNSs modified with C2 ligand, 

referred to as C2-10-GNSs, were prepared via ligand exchange reaction, in the same way 

as the 5-nm GNSs. The extinction spectra of C2-3- and C2-10-GNSs are shown in Figure 

3-13a and b.The normalized maximum wavelength as a function of temperature for C2-

3-, C2-5-, and C2-10-GNSs is shown in Figure 3-13c. The assembly temperatures of C2-

3-, C2-5-, and C2-10-GNSs were 67, 56, and 39°C, respectively. Although the same 

ligand was used, the assembly temperatures differed notably with nanoparticle size. It has 

been reported that higher concentration of nonionic surfactants (a surfactant weight 

fraction of 0.1-0.5) showed higher clouding points.42 The ligand densities on the surface 

of different sized GNSs were determined by ICP-AES. From the ratio of the Au to S atoms 

obtained by ICP-AES, the ligand densities of C2-3-, C2-5-, and C2-10-GNSs were found 

to be 7.5, 4.7, 6.1 ligands/nm2 (in a weight fraction range of 0.25-0.5), respectively (Table 

3-3). These calculated ligand densities were in good agreement with those in previous 

reports (3-7 ligands/nm2),41,42 and were relatively independent of GNS size. This result 

indicates that the local concentration of the ligand on larger GNS surface, which was 

estimated from the free volume (Figure 3-14), is higher than that on smaller one; in other 

words, GNSs with a higher ligand local concentration showed a lower TA. Interestingly, 

this trend is inconsistent with the concentration dependency of the nonionic surfactant.30 
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Figure 3-12.  Characterization of C2-3-AuNPs using STEM and UV-Vis 

spectroscopy. (a) STEM image and (b) size distribution (300 counts). The size was 

3.3±1.0 nm. (c) Absorption spectrum of C2-3-AuNPs in water at 25°C. 

Figure 3-13.  Temperature-dependent changes in the normalized peak shift of C2-3- 

(orange), C2-5- (blue), and C2-10-GNSs (green). 
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Sample 
Ligand density on GNS surface 

(Ligands/nm2) 

C2-3-GNSs 7.5 ± 0.27 

C2-5-GNSs 4.7 ± 0.28 

sC2-5-GNSs 4.8 ± 0.25 

C2-10-GNSs 6.1 ± 0.81 

Table 3-3. Ligand densities on the GNS surface as determined by ICP-AES. 

Figure 3-14.  Schematic illustration of the relationship between TA and free volume 

for one surface ligand molecule on different sized GNSs. 
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 When the particle size increases, the free volume (occupied volume) for a single 

C2-E6C11 ligand becomes smaller (Figure 3-14).21 This means that HEG moieties on a 

larger GNS would be more structurally restricted due to the smaller free volume compared 

with those bound on smaller GNSs. Lequeux et al. reported that the smaller curvature 

induced a compression and a stretching of the polymer chains on the GNS surface.21 From 

my findings, I speculate that the effect of size on the TA suggests that the release of 

hydrated waters bound to the HEG moiety depends on the structure of the HEG. When 

the HEG moiety was conformationally restricted (i.e., when the free volume was limited 

as on GNSs of a large size), hydrated waters are more easily detached compared to those 

bound to less conformationally restricted HEGs on smaller GNSs. In addition, the more 

densely packed alkyl-head moieties on larger GNSs might disturb the hydration network 

around the HEG moiety. The smaller free volume would induce a decrease of the 

hydration state, resulting in a lowering dehydration temperature and consequent TA.  

 As another hypothesis, I need to consider van der Waals (vdW) attraction 

dependent on GNS diameter. That is, I can explain that assembly of larger GNSs with 

higher vdW attraction occurrs with a small amount of dehydration if the dehydration 

occurs in a wide temperature range. The size of the effect of vdW attraction remains 

unclear. This point will be discussed again in Chapter 4. 
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3-3-5.   Effect of alkyl tail length 

 I investigated the effect of the alkyl tail length on the thiol group side. In the 

previous sections, I mentioned that alkyl heads exposed on the outermost surface 

influenced the TA and the effect of the hydrophobic part of the undecanethiol tail was 

diminished by attachment on the surface of the GNSs. Hence, I synthesized an ethyl-

headed ligand with a shorter alkyl linker on the thiol group side (referred to as the C2-

E6C3 ligand, Scheme 3-1). Here, the GNSs coated with C2-E6C3 were sC2-GNSs. I had 

expected that sC2-5-GNSs would have a similar TA to C2-5-GNSs. Figure 10 shows the 

transmittance vs. temperature plots for the free C2-E6C3 ligand and the temperature-

dependent plasmon peak shift for sC2-5-GNSs in 5 mM NaCl solution. Interestingly, the 

sC2-5-GNSs provided a clear plasmon peak shift upon heating in 5 mM NaCl solution, 

rather than pure water. Even though the ligand itself does not show a clouding point in 

the range from 15 to 80°C (blue dots in Figure 3-15), their grafting on GNSs afforded 

assembly behavior. This means that the part of the ligand displayed on the outermost 

surface of the GNSs is important in determination of thermoresponsive behavior. While 

the sC2-5-GNSs assembled at 37°C (red dots in Figure 3-15), unexpectedly, this TA was 

much smaller than that of the C2-5-GNSs (56°C). There are two possibilities, as with size, 

effect to explain the difference in the aggregation temperature between sC2-5-GNSs and 

C2-5-GNSs. The first possibility is the effect of the free volume, which is discussed in 

the previous section; Effects of GNS size. ICP measurement shows that the ligand 

densities of C2-5-GNSs and sC2-5-GNSs are almost the same (Table 3-3), so that the 

HEG portion of the C2-E6C3 ligand on the surface has a smaller free volume than that 

of the C2-E6C3 ligand (schematic illustration is shown in Figure 3-16). The second 

possibility is the change in vdW attraction between GNSs. The lower TA for sC2-5-GNS 
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compared with C2-5-GNS can be explained by the shorter distance of the effective steric 

repulsion of the C2-E6C3 ligand, which cannot counterbalance the vdW attraction. 

Currently, I cannot conclude in detail the mechanism underlying the tail length effect; 

however, it is intriguing that the C2-E6C3 ligand which did not have a clouding point in 

a free state, induced thermoresponsive assembly on immobilization on the GNS surface. 

 

 

  

Figure 3-16.  Schematic illustration of the relationship between TA and free volume 

for one surface ligand molecule with different tail lengths. 

Figure 3-15.  Transmittance vs. temperature for aqueous solutions of C2-E6C3 

(blue dots) and temperature-dependent changes in the plasmon peak of sC2-5-GNSs 

(red dots). [C2-E6C3] = 10 mM, [sC2-5-GNSs] = 80 nM. Both experiments were 

performed in water containing 5 mM NaCl. 
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3-4.   Conclusion 

I synthesized a series of alkyl-headed HEG-undecanethiol as surface ligands and prepared 

GNSs coated with a self-assembled monolayer of these ligands. GNSs coated with alkyl-

headed HEG derivatives showed thermoresponsive behavior; i.e., assembly and 

disassembly in an aqueous solution in a response to temperature change. I found that alkyl 

heads, GNS size, and the length of alkyl tail influenced TA. Slight changes in the alkyl-

head structure (ethyl, iso-propyl, and propyl) caused large shifts in the TA. The size of the 

GNSs was also critical to the TA, suggesting that the degree of hydration of the HEG part 

depends on the free volume of the HEG parts, which is in turn determined by the curvature 

of the GNSs. These data demonstrated that thermal responsiveness of the HEG-based 

GNSs is very sensitive to both the hydrophobicity of the alkyl head and the diameter of 

the GNSs, indicates that the TA is widely controllable by changes in the alkyl head and 

nanoparticle size. Additionally, the ligand with shorter alkyl tail length afforded 

thermoresponsive behavior on immobilization on the GNS surface, even though the free 

ligand itself did not have a clouding point. This SAM-based approach to the construction 

of thermoresponsive GNSs is both simple and versatile compared to the use of 

conventional themoresponsive polymers. Therefore, this approach could provide new 

guidelines for the design of functional nanoparticles with stimuli-responsive properties. 
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Abstract: 

 

 In this report, I show the thermoreponsive two-step assembly of gold nanorods (GNRs) 

coated with a single kind of ligand, to provide a hierarchical structure. Newly synthesized 

GNRs covered with hexa(ethylene glycol) (HEG) derivatives with an ethyl head afforded 

the thermoreponsive assembly driven by dehydration. The prepared GNRs (33x14 nm in 

length and diameter) formed side-by-side assemblies in water, in the expected disk shape, 

at 30°C (TA1) as a steady state for at least 3 hours. The hydrodynamic diameter of these 

assemblies was about 100 nm as determined by dynamic light scattering. By further 

heating over 40°C (TA2), larger assemblies (about 500 nm), which are composed of the 

side-by-side assembled units, were formed as hierarchical structures. This two-step 

assembly was reversible and repeatable. The dehydration temperature of the HEG 

derivatives varied depending on the free volume of the HEG unit corresponding to the 

curvature of GNRs. Dehydration first occurred from the ligands on the side portions with 

a lower curvature, and then from the ligands on edge portions with a higher curvature 

upon heating. The different sized GNRs (33x8 and 54x15 nm) also showed two-step 

assembly. Both TA1 and TA2 were dependent of diameter of the GNRs, but independent of 

the length. This result supports the notion that the dehydration was dependent on the free 

volume, which corresponds to the curvature. Anisotropic assembly focusing on 

differences in curvature could provide new guidelines for the fabrication of hierarchical 

structures. 
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4-1.   Introduction 

 Self-assembly, as a typical bottom-up system, is a powerful technique for the 

fabrication of 1D, 2D, and 3D nanostructures.1,2 Recently, the fabrication of hierarchical 

structures has been one of the hottest subjects in material sciences due to their potential 

functionalities.3–7 To date, however, only a few hierarchical structures fabricated via 

multi-step assembly in solution, similar to the quaternary structures of proteins composed 

of several tertiary structures, have been reported.8,9 These hierarchical assemblies were 

made by varying the polarity of the solvent. However, the reversibility of the multi-step 

assembly process has not been exploited sufficiently. For the fabrication of sophisticated 

assemblies with dynamic structural changes, hierarchical structures composed of 

nanoparticles require controllable reversibility of assembly/disassembly in response to 

changes in the environment,10 such as temperature,11–16 pH,17–19 and light.20,21  

 The fabrication of sophisticated assembled structures has relied on site-specific 

modification using several kinds of ligand.22 In Chapter 2, Janus-like GNSs with 

hydrophobic and hydrophilic faces were synthesized. Furthermore, anisotropic-shaped 

nanoparticles with site-specific modification have been develop by other groups.23–25 

Kumacheva et al. synthesized the GNRs coated with CTAB along their long face and with 

polystyrene at the edge, forming rings, chains, and capsules structures as assemblies 

depending on the solvent.26,27 Although complex surface modification could provide 

sophisticated structures, the intricate steps necessary for the surface modification impede 

the progress of the artificially programmed self-assembly of nanoparticles. Therefore, a 

simple approach is desired for the establishment of the guidelines for reversible multi-

step assembly. 

 In Chapter 3, The GNSs covered with alkyl-headed hexa(ethylene glycol) (HEG) 
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derivatives (Figure 4-1a) showed reversible thermoresponsive assembly behavior driven 

by the dehydration of the HEG part. Additionally, I found that the assembly temperature 

decreased as the GNS diameter increased; that is, the free volume of a single ligand on 

the surface, which depended on the curvature affected the temperature at which 

dehydration occurred. Thus, it is expected that dehydration from ligand molecules on the 

nanoparticles with an anisotropic shape occurs at different temperatures depending on 

their position, even when a single kind of ligand used. Here, I focused on the curvature 

of nanoparticles to perform allow reversible multi-step assembly through a simple 

approach. In the case of proteins, information for folding is programmed to a primary 

structure as only chemical structures of 20 amino acids. Free volume of a ligand is 

information for self-assembly unique to nanoparticles. 

 In this Chapter 4, I show the reversible thermoresponsive two-step assembly of 

GNRs as a representative anisotropic nanoparticle. The GNRs have different curvatures 

between the side and edge portions; the ligands bound on the side (side-ligands) have 

smaller free volume than the ligands bound on the edge (edge-ligands) (Figure 4-1b). As 

the dehydration temperature decreased with the decrease in the free volume of a single 

ligand on the GNR surface, the GNRs covered with the HEG derivatives first formed 

side-by-side assembly first through the dehydration of the side-ligands upon heating, and 

subsequent structural change was induced by further dehydration of the edge-ligands 

(Figure 4-1c). This is a new approach to the fabrication of hierarchical structures based 

on a reversible two-step assembly process using GNRs through simple surface 

modification with a single kind of ligand.  
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Figure 4-1.   (a) Chemical structures of the HEG derivatives used in this study. (b) 

Schematic illustration of the ligands immobilized on the GNR surface. (c) Hydration 

states and assembled structures of GNRs upon heating. The temperature for the first 

and second assemblies is defined as TA1 and TA2, respectively. 
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4-2.   Experimental section 

4-2-1.   Materials 

 HAuCl4·3H2O was purchased from Acros Organics (USA). 

Hexadecyltrimethylammonium bromide (CTAB) (>98.0%), NaBH4 (>95.0%), sodium 3-

methylsalicylate, (>97.0%) were purchased from Tokyo Chemical Industry Co., Ltd. 

(Japan). 1.0 mol/L NaOH were purchased from Wako Pure Chemical Industries (Japan). 

Ultrapure water (18.2 MΩ cm–1, Milli-Q, Millipore, USA) was used for all solution 

preparations and experiments. GNRs [33 x 14 nm, 33 x 8 nm, and 54 x 15 nm; hereafter 

referred to as GNRs(33x14), GNRs(33x8), and GNRs(54x15), respectively] were 

synthesized via a seed-mediated process according to previous reports.28,29  

 

4-2-2.   The synthesis and characterization of GNRs coated with CTAB 

• Synthesis of GNRs(33x14)28 

 To prepare the seed solution, 0.36 g of CTAB was dissolved in 5 mL of water in 

a 50-mL plastic tube. Five mL of 0.5 mM HAuCl4 was added to the CTAB solution. Then, 

0.6 mL of fresh ice-cold 6 mM NaBH4 aqueous solution was injectd into the Au(III)–

CTAB solution under vigorous stirring. The color of the solution immediately changed 

from pale yellow to brown. The stirring was stopped after 2 min. The seed solution was 

used in the growth step after incubation for 30 min at 30°C. For preparation of the growth 

solution, CTAB (0.18 g) and sodium 3-methylsalicylate (0.22 g) were dissolved in 50 mL 

of warm water (70°C) in a 200 mL Erlenmeyer flask. The compounds were completely 

dissolved by ultrasonic irradiation. The solution was cooled to 30°C, and then, 4 mM 

AgNO3 solution was added. The mixture was kept undisturbed at 30°C for 15 min, after 
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which 50 mL of 1 mM HAuCl4 solution was added. After 15 min of gentle stirring, 200 

μL of ascorbic acid (64 mM) was added, and the solution was vigorously stirred for 30 

sec. Finally, 0.16 mL of seed solution was injected into the solution. The resultant mixture 

was stirred for 30 seconds and left undisturbed at 30°C for 12 hours for GNR growth.  

 

• Synthesis of GNRs(33x8) and GNRs(54x15)29 

 For the preparation of the seed solution, an aqueous 0.01 M HAuCl4 solution 

(250 μL) was added to 0.1 M CTAB aq. (7.5 mL) in a 50-mL plastic tube. Freshly 

prepared 0.01 M ice-cold NaBH4 aq. (600 μL) was added to the mixture at once and 

gently shaken. Then, the mixture was kept undisturbed at 30°C for 4 hours.   

 Then, for the seed-growth step for the synthesis of GNRs(33x8), 95 mL of 100 

mM CTAB aq., 4 mL of 10 mM HAuCl4 aq., 600 μL of 10 mM AgNO3 aq., and 650 μL 

of 100 mM ascorbic acid aq. were added in that order, one by one, to a 100-mL plastic 

tube. After the addition of the ascorbic acid aq., the color of the solution changed from a 

dark yellow to colorless. Then, 2 mL of seed solution was added to the reaction mixture 

and mixed gently for 10 seconds. The solution was kept undisturbed at 30°C overnight 

and the color of the solution turned brown.  

 To synthesize GNRs(54x15), 76 mL of 100 mM CTAB aq., 5 mL of 10 mM 

HAuCl4 aq., 700 μL of 10 mM AgNO3 aq., and 540 μL of 0.1 M ascorbic acid aq. were 

added in that order, one by one, to a 100-mL plastic tube. Then, 200 μL of seed solution 

was added to the reaction mixture and mixed for 10 seconds. The solution was kept 

undisturbed at 30°C overnight and the color of the solution turned brown. the reaction 

products were isolated by centrifugation at 7000 g for 20 min followed by removal of the 

supernatant (about 80 mL). Ultra pure water was added to the solution up to 10 mL.  
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• Synthesis of C1-E6C11 

 

 

2,5,8,11,14,17,20-heptaoxahentriacont-30-ene (2). Methanol (20 mL) was cooled on ice 

and added the 60% NaH in oil (0.43 g, 1.1 x 10-2 mol) under N2 atmosphere. After H2 gas 

generation, compound 1 (see Chapter 3) in MeOH (10 mL) was added dropwise. The 

reaction was allowed to warm to room temperature and stirred overnight. The solvent was 

removed by evaporation under a reduced pressure. The residue was dissolved in CHCl3 

and washed twice with sat. NaCl solution. The organic layer was dried over anhydrous 

Na2SO4. The crude product was evaporated under vacuum and purified by flash 

chromatography on silica gel (2:8 CHCl3/EtOAc to EtOAc) to yield 2 as a clear syrup 

(0.49 g, 51%). 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.22-1.44 (m, 14H, alkyl chain), 1.50-1.62 (m, 

4H, alkyl chain), 2.04 (q, 2H, J = 7.8 Hz, 7.3 Hz, =CH-CH2-CH2), 3.38 (s, 3H, CH3-O-), 

3.44 (t, 2H, J = 6.9 Hz, -O-CH2-), 3.52-3.76 (m, 24H, -O-CH2-), 4.89-5.03 (m, 2H, -

CH=CH2), 5.75-5.88 (m, 1H, -CH=CH2) 

 

S-2,5,8,11,14,17,20-heptaoxahentriacontan-31-yl ethanethioate (3). Compound 2 

(0.35 g, 7.8 x 10-4 mol), AcSH (0.30 g, 3.9 x 10-3 mol), and 2,2'-azobisisobutyronitrile 

Scheme 4-1. Synthetic route to C1-E6C11. 
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(0.13 g, 7.8 x 10-4 mol) were dissolved in stabilizer free dry THF (20 mL). The mixture 

was refluxed for 4 hours. The solvent was removed, the residue was dissolved in CHCl3 

and washed twice with sat. NaCl solution. The organic layer was dried over anhydrous 

Na2SO4. The crude product was concentrated in vacuo and purified by flash 

chromatography on silica gel (3:7 CHCl3/EtOAc to 1:9 CHCl3/EtOAc) to yield 3 (0.26 g, 

68 %) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.18-1.40 (m, 14H, alkyl chain), 1.49-1.63 (m, 

4H, alkyl chain), 2.32 (s, 3H, CH3-C(=O)-), 2.85 (t, 2H, J = 7.4 Hz, -CH2-S-), 3.45 (t, 4H, 

J =5.5 Hz, -O-CH2-), 3.38 (s, 3H, CH3-O-), 3.44 (t, 2H, J = 6.8 Hz, -O-CH2-), 3.51-3.71 

(m, 24H, -O-CH2-) 

 

2,5,8,11,14,17,20-heptaoxahentriacontane-31-thiol (4, C1). Compound 3 (0.10 g, 1.9 x 

10-4 mol) was dissolved in methanol (20 mL) and conc. HCl (175 μL) was added to the 

solution. The mixture was refluxed for 12 hours. The solvent was removed, the residue 

was dissolved in CHCl3 and washed twice with sat. NaCl solution. The organic layer was 

dried over anhydrous Na2SO4. The crude product was evaporated under vacuum and 

purified by flash chromatography on silica gel (2:8 CHCl3/EtOAc) to yield 4 (78 mg, 

85%) as a clear syrup. 

1H NMR (400 MHz, CDCl3): δ /ppm = 1.19-1.43 (m, 15H, alkyl chain and -SH), 1.51-

1.68 (m, 4H, alkyl chain), 2.52 (q, 2H, J = 7.5 Hz, -CH2-SH), 3.38 (s, 3H, CH3-O-), 3.44 

(t, 2H, J = 6.6 Hz, -O-CH2-), 3.52-3.70 (m, 24H, -O-CH2-) 
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4-2-3.   Surface modification of GNRs 

 The as-prepared CTAB-protected GNRs dispersion (500 μL) was purified by 

centrifugation [GNRs(33x14): 7,000 g for 20 min; GNRs(33x8): 12,000 g for 40 min; 

GNRs(54x15): 6,000 g for 10 min] and the supernatant removed (480 μL). Pure water 

(67.5 μL) and 40 mM ligand aqueous solution (12.5 μL) were added to the concentrated 

GNR solution to a final volume of 100 μL, and a final ligand concentration of 5 mM.  

The reaction solution was shaken using a Cute Mixer CM-1000 (Tokyo Rikakikai Co, 

LTD) at 1,500 rpm for 1 hour followed by the addition of ethanol (400 μL). The reaction 

mixture was then shaken at 1,500 rpm for 11 hours. The ligand-exchanged GNRs were 

washed by 3 cycles of centrifugation, removal of the supernatant (about 480 μL) to 

remove the free thiol ligands, and the addition of ethanol up to 500 μL. The GNRs were 

then washed twice using 1 mM NaOH aq. Finally, the GNRs were dispersed in 1 mM 

Figure 4-2.   1H NMR spectrum of C1-E6C11 
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NaOH. The concentrations of the GNRs (33 x 14 nm, 33 x 8 nm, and 54 x 15 nm) were 

0.3, 0.1, and 0.1 nM, respectively. 

 

• Preparation of C2-GNSs 

 Citrate-protected GNPs in aqueous solution (15 or 30 nm in diameter) were 

purchased from BBI Solutions (UK). The original concentration of each GNP, the 

centrifugation conditions, the number of surface Au atoms, and the final concentration of 

thiolate ligands are summarized in Table 4-1. The GNPs were concentrated 50-fold by 

centrifugation. The concentrated citrate-protected GNPs (20 μL) were added to a MeOH 

solution of the C2-E6C11 ligand (80 μL) (Final concentrations of the C2-E6C11 ligand 

are shown in Table S1). In this exchange reaction, the total ligand concentration was 

adjusted to 10 equiv. After incubation for 12 hours at room temperature, the ligand-

exchanged GNSs were washed by 3 cycles of centrifugation, the removal of the 

supernatant (about 480 μL) to remove the free thiol ligands, and the addition of ethanol 

up to 500 μL. Then, the GNSs were washed twice using 1 mM NaOH aq. Finally, the 

GNRs were dispersed in 1 mM NaOH. The prepared 15-nm and 30-nm GNSs with C2-

E6C11 ligand were referred to as C2-15-GNSs and C2-30-GNSs. The concentrations of 

the 15-nm and 30-nm GNSs were 0.8 and 0.1 nM, respectively. 
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Size 
Original 

concentration 

Number of surface 

Au atoms 

Final concentration of 

the C2-E6C11 ligands 
Centrifugation 

15 nm 2.3 nM 9585 2.0 mM 10,000 g for 20 min 

30 nm 0.33 nM 38959 1.3 mM 8,000 g for 15 min 

 

 

 

4-2-4.   Characterization 

• UV-vis-NIR spectroscopy 

The UV-vis spectra of the GNRs were measured using a V-770 UV-Visible/NIR 

Spectrophotometer with PAC-743R Automatic 6 position Peltier cell changer (JASCO, 

Japan). The heating and cooling rate was 0.5°C/min for the temperature-change 

measurements of the GNR spectra.   

 

• Dynamic light scattering and zeta-potential 

The hydrodynamic diameter of the GNRs or their assemblies was measured using a Zeta-

potential & Particle Size Analyzer ELSZ-2000S (Otsuka Electronics Co., Ltd., Japan). 

The emission wavelength for the measurement was 633 nm. Prior to measurement, the 

temperature was kept constant for 10 min. Cumulant analysis was applied to determine 

the hydrodynamic diameter. The zeta-potential of the GNRs was measured using a Delsa 

Nano HC system (Beckman Coulter, Inc., USA). 

 

Table 4-1.  The original concentration, the number of surface Au atoms, and the final 

concentration of the C2 ligands, and the centrifugation condition. 
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• Scanning transmission electron microscopy observation 

Scanning transmission electron microscopic (STEM) images were obtained using a 

STEM HD-2000 system (Hitachi High-Tech Manufacturing & Service Co., Ltd., Japan) 

with 200 kV acceleration voltage. STEM samples were prepared by adding a drop of the 

GNR solution on to the collodion membrane attachment mesh (Nisshin EM, Japan) and 

dried in a desiccator overnight. For the observation of assembled structures, the solvent 

was evaporated at an appropriate temperature in a thermostatic oven. 

 

 

• Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)  

 After purification to remove the residual thiol ligands, the solvent was removed 

using a centrifugal evaporator. Aqua regia (2 mL) was added to the dried C2-

GNRs(33x14) and then diluted with MilliQ water up to 10 mL, to provide a sample for 

the measurement of S atom concentration.  However, the concentration of the Au atom 

constituting the C2-GNRs(33x14) exceeds the upper limit of detection in order to detect 

the S atom of the ligand. Therefore, 100 μL of the sample for S atom detection was diluted 

with MilliQ water up to 10 mL to measure the concentration of Au atom. All ICP-AES 

measurements were repeated independently three times. The concentrations of Au and S 

atoms in the original solution as determined by ICP-AES were 40100±800 ppb and 

220±25 ppb, respectively. 

 

• Calculation of the ligand density on the GNR(33x14) from the Au and S 

atoms concentration 

The concentrations of Au and S atoms (CAu and CS) were determined by ICP-AES. Then, 



  Chapter 4 

 

128 

the concentration of GNRs (CGNR) was calculated.  

 𝐶𝑁𝑃 = 𝐶𝐴/(𝑉𝐺𝑁𝑅/𝑉𝐴𝑢) (1) 

VAu represents the volume of a gold atom (= 0.017 nm3). VGNR is the volume of a GNR, 

which is calculated using eq (2). 

 𝑉𝐺𝑁𝑅 =
4𝜋𝑟3

3
+ 𝜋𝑟2(𝑙 − 2𝑟)   (2) 

The r and l are the diameter and length of the GNR(33x14), respectively. The molecular 

number per nanoparticle (Nm) is:  

 𝑁𝑚 = 𝐶𝑆/𝐶𝑁𝑃  (3) 

Then, the ligand density (D) can be obtained by dividing the Nm by the surface area 

(SAGNR): 

 𝐷 = 𝑁𝑚/𝑆𝐴𝐺𝑁𝑅 (4) 

Here, SAGNR is calculated using eq (5) 

 𝑆𝐴𝐺𝑁𝑅 = 4𝜋𝑟2 + 2𝜋𝑟(𝑙 − 2𝑟)  (5). 

The free volume of the ligand (VF) was determined by dividing the volume of the shell of 

the ligand (VS) by Nm. The thickness of the shell was assumed to be the length of the 

ligand molecule (Lm = 3.9 nm).  

 𝑉𝐹 = 𝑉𝑠/𝑁𝑚  (6) 
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4-3.   Results and discussion 

4-3-1.   Preparation of the thermoresponsive GNRs coated with thiolate 

ligands 

The size of the prepared GNRs coated with CTAB was 33 nm in length and 14 nm in 

diameter as determined by STEM observation (Figure 4-3a and 4-4a, b). Thus, they are 

referred to as CTAB-GNRs(33x14). The transverse and longitudinal localized surface 

plasmon resonance (T-LSPR and L-LSPR) peaks were 517 and 653 nm, respectively 

(Figure 4-3b). These plasmon peaks were reasonable in terms of aspect ratio.28 The zeta-

potential was 46 ± 3.3 mV. The GNRs(33x14) modified with the C2-E6C11 ligand, 

referred to as C2-GNRs(33x14), were prepared via a ligand exchange reaction and 

dispersed in 1 mM NaOH aqueous solution. The zeta-potential value was changed from 

strongly positive for original CTAB-GNRs(33x14) to slightly negative (-14 ± 1.3mV). 

The surface ligand density of C2-GNRs(33x14) was determined by ICP-AES. From the 

ratio of the Au to S atoms obtained by ICP-AES, the ligand density of the C2-

GNRs(33x14) was found to be 6.0 ligands/nm2. This density is considered reasonable 

when compared to the previously reported values on a GNS (4-8 ligands/nm2).30–32  
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Figure 4-3.   (a-c) STEM images of (a) CTAB-GNRs(33x14), (b) CTAB-

GNRs(33x8), and (c) CTAB-GNRs(54x15). (d-f) Extinction spectra of (d) CTAB-

GNRs(33x14), (e) CTAB-GNRs(33x8), and (f) CTAB-GNRs(54x15).  
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Figure 4-4.   The histograms of the diameter and length of (a, b) GNRs(33x8), (c, d) 

GNRs(33x14), and (e, f) GNRs(54x15). The size was calculated as the average of 

over 300 particles based on STEM images.  
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4-3-2.    Two-step assembly upon heating 

 First, I observed color changes in the C2-GNR dispersion upon heating. The dispersion 

appeared blue, magenta, and purple at 10, 30, and 60°C, respectively (Figure 4-5a). I note 

that the shape of GNRs(33x14) modified with thiolate ligands was unchanged on heating 

at 60°C for 1 hour, while heating at 60°C induced shape deformation of GNRs coated 

with CTAB. I synthesized GNRs(33x14) modified with thioalkylated hexa(ethylene 

glycol) with a hydroxy group (HS-(CH2)x-(OCH2CH2)6-OH, x = 11, OH-E6C11) shown 

in Figure 4-1a. In Chapter 3, I have mentioned that the OH-E6C11 ligands did not afford 

the thermoreponsive assembly of GNSs. Therefore, the OH-GNRs(33x14) do not show 

thermoresponsive assembly. To investigate the thermal stability of the shape, the CTAB- 

and OH-GNRs(33x14) were heated. The L-LSPR of CTAB-GNRs(33x14) was shifted to 

a shorter wavelength by heating at 60°C for 1 hour, indicating their deformation (Figure 

4-6a).33,34 In contrast, the spectra of the OH-GNRs(33x14) barely changed (Figure 4-6b). 

Hence, the modification of the GNR surface with thiol ligands could improve the thermal 

stability of GNRs. However, heating to 80°C induced shape deformation of the OH-

GNRs(33x14). Thiol ligands densely absorbed on the GNR surface were thought to 

suppress the motility/diffusion of surface Au atoms on the GNRs better than CTAB, 

probably because CTAB is bound to the surface through weaker electrostatic interactions 

between the cationic head group (quaternary ammonium) and anionic sites on the gold 

surface rather than by gold-sulfur bonds.33,34 Therefore, these color changes indicate the 

formation of GNR assemblies, but not the deformation of GNRs. 

 The extinction spectra of the C2-GNRs(33x14) were measured between 10 and 

60°C at every 5°C (Figure 4-7a). Figure 4-5b shows the extinction spectra at 10, 30, and 

60°C. From 10 to 25°C, the L-LSPR peaks stayed around 651 nm (Figure 4-5c), which is 
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in close agreement with the wavelength of the dispersed CTAB-GNRs(33x14), supporting 

the notion that the C2-GNRs(33x14) were dispersed below 25°C. DLS measurement also 

indicated the dispersed state of C2-GNRs(33x14) at below 25°C (Figure 4-7d). From 25 

to 30°C, the L-LSPR was shifted to a shorter wavelength and merged with the T-LSPR. 

It has been reported that the blue shift in the L-LSPR and the concurrent red shift in T-

LSPR occur on the formation of side-by-side assemblies.35–39 Therefore, the observed 

spectrum at 30°C indicates the formation of a side-by-side assembly. The extinction peaks 

plotted against temperature upon heating also clearly show that side-by-side assembly 

occurred between 25 and 30°C (Figure 4-5c). The hydrodynamic diameter of the 

assemblies measured by DLS was ~100 nm at 30°C, which is larger than that of the 

dispersed state at 25°C (Figure 4-7d). By further heating, from 35 to 60°C, the extinction 

peak shifted to a longer wavelength and the spectra became broader than that at 30°C. 

The plot of extinction peak vs. temperature shows that the peak gradually shifted up to 

60°C (Figure 4-5c). As the hydrodynamic diameter measured by DLS was increased from 

100 nm to 500 nm upon heating, the gradual shift of the extinction peak occurring within 

the range from 30 to 60°C was correlated with the increase in size (Figure 4-5c, d). This 

subsequent stractural change in assembly suggests the occurence of two-step assembly. 

 The C2-GNRs(33x14) dispersion was dried at 30 or 60°C on the TEM grid for 

STEM observation. Even after the drying process, side-by-side assemblies, which were 

aligned perpendicular to the grid, were observed as expected from the spectrum around 

30°C (Figure 4-5e).38 On the other hand, the assembly structures at 60°C looked like a 

random aggregation at first glance (Figure 4-5f). However, detailed observation revealed 

that the assembly at 60°C was composed of units of side-by-side assembly (enlarged view 

in Figure 4-5f). I refer to this a large assembly with a hierarchical structure as to an 
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“assembled-assembly” to distinguish it from a random aggregation. Importantly, side-by-

side assemblies and assembled-assemblies were observed at different temperatures (30 

and 60°C, respectively), suggesting the sequential, two-step assembly of GNRs in 

solution upon heating. 

 The extinction spectra measured every 1°C between 25 and 30°C were shown in 

Figure 4-7b. Side-by-side assembly leads the shift of L-LSPR to shorter wavelength and 

T-LSPR to longer wavelength. However, L-LSPR hardly shifted to shorter wavelength, 

but the shift of T-LSPR occurred. Thisdi suggests that dispersed GNRs and side-by-side-

assembly are co-existed between 25 and 30°C, which implies that the dehydration 

occurred quickly. The observation of a peak derived from scattering due to rotational 

diffusion (1-1.5 nm) by DLS supports co-existence of dispersed and assembled states.  
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(a) Photographs of a C2-GNRs(33x14) dispersion in a glass cuvette (40 

x 10 x 10 mm) at 10, 30, and 60°C. (b) Extinction spectra of the C2-GNRs(33x14) at 

10, 30, and 60°C. (c, d) Temperature-dependent changes in (c) theextinction peak and 

(d) the hydrodynamic diameter as determined by cumulant analysis on DLS between 

10 and 60°C. Error bars represent SD (n = 3). When there were multiple peaks, the 

peak top with the larger extinction was plotted. (e, f) STEM images of C2-

GNRs(33x14) dried at (e) 30 and (f) 60°C.  Note that some units of the side-by-side 

assembly were discolored in the enlarged image.  
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(a, b) Normalized extinction spectra of (a) CTAB-, (b) OH-

GNRs(33x14) after heating for 1 hour. Black line shows the original spectra of each 

sample before heating. The dispersions of each GNR were incubated at 60°C (blue 

line) and 80°C (red line) for 1 hour. These spectra were normalized at 400 nm. 

(a, b, c) Extinction spectra of the C2-GNRs(33x14) at different 

temperatures upon heating measured (a) every 5°C and (b) every 1°C, and (c) cooling. 

(d, e) Intensity distribution of the hydrodynamic diameter of C2-GNRs(33x14) at 

different temperatures (d) upon heating and (e) cooling. 
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4-3-3.   Reversibility of the two-step assembly on thermal cycling 

 To confirm the reversibility of the two-step assembly, I investigated the cooling 

process. After the temperature reached at 60°C by heating, the solution was cooled. The 

broad spectra indicating the formation of an assembled-assembly structure were observed 

within the range from 55 to 35°C (Figure 4-7c). Surprisingly, the peak showed no shift to 

a shorter wavelength upon cooling (Figure 4-8a), and the hydrodynamic diameter also 

remained around 500 nm in this temperature range (Figure 4-8b). The clear hysteresis 

between the heating and cooling processes for C2-GNRs(33x14) was not observed for 5-

nm GNS coated with C2-E6C11 ligands (Chapter 2). Then, intriguingly, the extinction 

peak was shifted to a shorter wavelength at 30°C (Figure 4-8a and the green line in the 

extinction spectra shown in Figure 4-7c), indicating that side-by-side assemblies were 

regenerated by cooling. This suggests that the edge-ligands were hydrated again by 

cooling though while the side-ligands remained in a dehydrated state. On further cooling, 

two peaks appeared, corresponding to the peaks for the original dispersed C2-

GNRs(33x14). Although a part of dispersed GNRs was precipitated when large 

assemblies were formed, they were re-dispersed by gentle stirring. The spectrum at 10°C 

after cooling with gentle stirring was consistent with that before heating. Figure 4-8c 

show the gradient cooling process of the C2-GNRs dispersion in the glass cuvette on ice. 

The three different colors (purple, magenta, and blue) were observed in the cuvette. 

Additionally, this reversible thermoresponsive two-step assembly was repeatable over 

several times (Figure 4-8d).  

 I note that the extinction peak shifts during the cooling process show the two-

step structural change more clearly than does the heating process; an initial shift to a 

shorter wavelength and a subsequent shift to longer wavelength. These two different peak 
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shifts correspond to the re-formation of the side-by-side assembly and the disassembly of 

the side-by-side assembly into dispersed C2-GNRs(33x14), respectively. Thus, I 

determined the temperature ranges of assembly temperatures, TA1 and TA2, from the 

cooling process. The TA1 and TA2 of C2-GNRs(33x14) were 25-30°C and 30-35°C, 

respectively.  

 

 

 

  

Figure 4-8.   (a, b) Temperature-dependent changes in (a) the extinction peak and (b) 

the hydrodynamic diameter determined by cumulant analysis on DLS between 10 and 

60°C (red dots: heating process; blue dots: cooling process). Error bars represent SD 

(n = 3). (c) Photographs of C2-GNRs(33x14) dispersion in a glass cuvette (40 x 10 x 

10 mm) on ice. (d) Reversible changes in the extinction peak are observed at 10, 30 

and 60°C. 
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4-3-4.   Examination of assembly mechanism by time course experiments 

 As mentioned above, hysteresis observed between 35-60°C. This suggests that 

the size growth of the assembled-assembly includes a time-dependent factor; therefore, 

incubation time should be taken into consideration. To clarify the assembly mechanism, 

I investigated the effect of incubation time on the thermoresponsive assembly of C2-

GNRs(33x14). The temperature of the solution was maintained at 30 or 40°C, and the 

time course of the extinction spectra and hydrodynamic diameter were monitored. The 

extinction spectra at 30°C, which indicate the formation of a side-by-side assembly, 

remained unchanged for three hours (Figure 4-9a). The time-course plots of the extinction 

peak at each temperature show that the peak at 30°C remained at around 555 nm (blue 

dots in Figure 4-9c). The hydrodynamic diameter at 30°C was also independent on time 

and was around 100 nm, which is in close agreement with the value measured upon 

heating (Figure 4-5d and blue circles in Figure 4-9d). The side-by-side assembly was 

observed as a steady state at a temperature between TA1 and TA2, supporting the notion 

that the edge-ligands remained in a hydrated state. Meanwhile, the extinction spectra at 

40°C; i.e., over the TA2, became broader after incubation for 3 hours (Figure 4-9b), and 

the peak gradually shifted from 555 to 590 nm within 2 hours (red dots in Figure 4-9c). 

The hydrodynamic diameter at 40°C also increased from 250 to 550 nm (red circles in 

Figure 4-9d), indicating the time-dependent growth of the assembled-assembly.  

Moreover, the size of the assembled-assembly incubated at 40°C for 3 hours (550 nm) is 

consistent with the size when temperature reached at 60°C upon heating. The eventual 

size at 40 and 60°C was similar regardless of the temperature, indicating that the 

dehydration state at 40°C is same as that at 60°C.  
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 The assembly mechanism revealed by the time course study is as follows (Figure 

4-9e). When the solution temperature reached TA1 by heating, the side-by-side assembly 

was formed as a steady state (or an equilibrium state) by the dehydration of the side-

ligands to reduce the surface area where the dehydration occurred. By further heating, 

when the temperature reached TA2, the side-by-side assembled structures were 

reconfigured to an assembled-assembly through time-dependent growth as the edge-

ligands were also dehydrated. On cooling, the assembled-assembly structures remained 

without any disassembly above TA2 as the dehydration state was unchanged. When the 

temperature reached TA2, the re-formation of side-by-side assembly occurred, indicating 

that the edge-ligands were re-hydrated. Therefore, the results described above showed 

that two assembly temperatures exist and that the two-step assembly was induced by 

stepwise dehydration. 

 Generally, dehydration is known as a phenomenon that occurs cooperatively in 

a narrow temperature range. One-step dehydration occurs was also considered as another 

possibility (Figure 4-10). If all ligands on the GNR surface regardless of their location 

are dehydrated at TA1, side-by-side assembly might be observed transiently. However, 

there is no reason for the structure to remain in a steady state. The subsequent structural 

change in assembly is expected to with the passage of time. In fact, the time course study 

showed the side-by-side assembly remained in a steady state at 30°C. Therefore, the 

existence of a stepwise dehydration process was supported by the results of the time 

course study.  
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Figure 4-9.   (a, b) Extinction spectra of a C2-GNRs(33x14) dispersion maintained at 

(a) 30 and (b) 40°C for 30 and 180 min. (c, d) Time-dependent changes in (c) the 

extinction peak and (d) the hydrodynamic diameter between 0 and 180 min (blue dots: 

30°C; red square: 40°C). (e) Schematic illustration of the two-step thermoreponsive 

GNR assembly process. 

Figure 4-10.   Another possible mechanism for the assembly process: one-step 

dehydration. 
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4-3-5.   Factors determining assembly temperature 

• Effects of GNR length and diameter  

 I showed the two-step thermoresponsive assembly caused by the dehydration of 

the edge- and side-ligands at different temperatures. Here, I describe the factors 

determining the two assembly temperatures. In Chapter 3, I have reported that the 

assembly temperature of GNSs was dependent on the nanoparticle curvature and the 

hydrophobicity of the alkyl head on the ligand. However, I could not eliminate the 

contribution of van der Waals interactions to the assembly temperature as the size of the 

GNSs increased with decreases in the curvature. In the case of GNRs, the curvature varies 

with diameter, but is independent of length. Therefore, the effect of van der Waals 

interaction could be clarified by a comparison of different shaped GNRs. To compare the 

assembly temperatures of the C2-GNRs, I synthesized GNRs of 33 nm x 8.3 nm and 54 

nm x 15 nm in size covered with C2-E6C11 ligands [referred to as C2-GNRs(33x8) and 

C2-GNRs(54x15), respectively] (Figure 4-3, 4-4 and 4-11). The C2-GNRs(33x8) have 

the same length but smaller diameter, and C2-GNRs(54x15) have a greater length with a 

similar diameter to the C2-GNRs(33x14). 

 

 

 

 

 

 

 

  

Figure 4-11.   Schematic illustration of GNRs(33x8), GNRs(33x14), and 

GNRs(54x15). 
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 Similar assembly behavior was observed for the C2-GNRs(33x8) and C2-

GNRs(54x15) (Figure 4-12 and 4-13). The temperature range of TA1 and TA2 for C2-

GNRs(33x8) were determined from the cooling process. Shifts to a shorter wavelength of 

the peak, indicating the formation of the side-by-side assembly, occurred from 50 to 40°C 

(Figure 4-14a, b). The re-dispersion by cooling took place from 40 to 35°C. Hence, the 

TA1 and TA2 of the C2-GNRs(33x8) were around 35-40°C and 40-50°C, respectively, 

which were higher than those of the C2-GNRs(33x14) (Table 4-2). Therefore, this result 

shows that larger free volume induced higher assembly temperatures for the GNRs as 

with the GNSs. On the other hand, the TA1 and TA2 of C2-GNRs(54x15) determined from 

the cooling process were around 25-30°C and 30-35°C, which were similar with those of 

the C2-GNRs(33x14) (Figure 4-14c, d). The TA1 and TA2 values for C2-GNRs of various 

sizes are summarized in Table 4-2. These results clearly showed that the assembly 

temperatures were independent of length while van der Waals interactions varied 

depending on length. Therefore, the curvature of the GNRs, but not van der Waals 

interaction between GNRs themselves, is a dominant factor in determining the assembly 

temperatures.  

 

 

 

Sample Length (nm) Dimeter (nm) TA1 (°C) TA2 (°C) 

C2-GNRs(33x8) 33 8 35-40 40-50 

C2-GNRs(33x14) 33 14 25-30 30-35 

C2-GNRs(54x15) 54 15 25-30 30-35 

 

Table 4-2. Effects of GNR size effects on TA1 and TA2 of the C2-GNRs 
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STEM images of (a-c) C2-GNRs(33x8) and (d-f) C2-GNRs(54x15) at 

different temperatures. The samples were dried for stem observation at (a) 25°C, (b) 

45°C, (c) 70°C, (d)10°C, (e) 30°C, and (f) 60°C 

(a-c) C2-GNRs(33x8) and (d-f) C2-GNRs(54x15). (a, d) Extinction 

spectra at different temperatures upon heating. (b, e) The plot of temperature-

dependent changes in extinction peak upon heating. (c, f) Photographs of (c) C2-

GNRs(33x8) and (f) C2-GNRs(54x15) in a glass cuvette (40 x 10 x 10 mm) at different 

temperatures.  
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Figure 4-14.   (a, b) Extinction spectra and temperature-dependent changes in 

extinction peak upon cooling of C2-GNRs(33x8). (c, d) Extinction spectra and 

temperature-dependent changes in extinction peak upon cooling of C2-GNRs(54x15) 

at different temperatures. 
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• Comparison of the C2-GNRs and C2-GNSs  

 Here, the TA1 and TA2 of GNRs were compared with that of GNSs. The TA for 

GNSs was also dependent on the curvature corresponding to the free volume of the bound 

ligand. Assuming that the ligand density is independent of its location on the GNRs, the 

free volumes of the side- and edge-ligands were calculated. The free volume per single 

ligand for the side- and edge-ligands were calculated as 0.83 nm3 and 1.1 nm3, which are 

similar to those for the ligands grafted on 30-nm and 15-nm GNSs (Table 4-3). The TA 

for 30-nm and 15-nm GNSs coated with the C2-E6C11 ligand (referred to as C2-30- and 

C2-15-GNSs) were 32 and 48°C, respectively (Figure 4-15). The observed TA1 from the 

results for C2-GNRs (25-30°C) was similar to the TA of the C2-30-GNSs. In contrast, the 

TA2 determined from the measurements (30-35°C) was considerably lower than the TA for 

C2-15-GNSs (48°C). This can be attributed to the cooperativity of dehydration. Side-

ligand dehydration is thought to induce subsequent dehydration from the adjacent edge-

ligands at a lower temperature. Additionally, as this calculation was based on the 

assumption that the shape of the edge portion was hemi-spherical and the crystal lattice 

on the GNR would not affect the ligand density, some minor doubts remain regarding 

these points. However, the results obtained using GNR and GNS of various sizes (in 

particular, the similarity between the TA1 for GNRs and the TA for the corresponding GNS) 

strongly support the notion that the free volume of the ligand is the dominant factor in 

determining the assembly temperatures. 
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Samples Free volume (nm3) 

C2-15-GNSs 1.0 

C2-30-GNSs 0.83 

C2-GNRs(33x14) Edge-ligand 1.1 

C2-GNRs(33x14) Side-ligand 0.83 

Figure 4-15.   (a, b) Normalized optical extinction spectra of (a) C2-15-GNSs and (b) 

C2-30-GNSs at the temperatures shown in the plots. (c) The plot of temperature-

dependent changes in extinction peak between (red dots: C2-15-GNSs; blue dots: C2-

30-GNSs). 

Table 4-3. The free volume of C2-15-GNSs, C2-30-GNS, edge-ligand, and side ligand 

on C2-GNRs(33x14). The free volumes were calculated assuming that the ligand 

density was 6.0 ligands/nm2. 
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• Effect of the alkyl head 

Finally, I also confirmed the effect of the hydrophobicity of the alkyl head on 

assembly temperatures. The C1-E6C11 ligand, which has a less hydrophobic alkyl head, 

was used (Figure 4-1a). The assembly temperatures for GNRs(33x14) coated with C1-

E6C11 ligand was 60-65°C (TA1) and 65-70°C (TA2) (Figure 4-16). Both were higher than 

the respective values for C2-GNRs(33x14). This trend was similar to the results for GNSs 

in Chapter 2. Thus, the hydrophobicity of the head is also a dominant factor, indicating 

the assembly temperatures are tunable by adjusting the GNR diameter and the alkyl head.  

Figure 4-16.   (a, b) Extinction spectra of C1-GNRs(33x14) at different temperatures 

upon (a) heating and (b) cooling. (c) The plot of temperature-dependent changes in 

extinction peak between 25 and 80°C (red dots: heating process; blue dots: cooling 

process). 
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4-4.   Conclusion 

 I showed the thermoresponsive two-step assembly of GNRs modified with alkyl-

headed hexa(ethylene glycol) derivatives. When the GNRs were assembled on heating, 

they first formed side-by-side assemblies. Subsequently, assembled-assemblies were 

formed in a temperature dependent manner via a two-step assembly process. On cooling, 

the assembled-assemblies were disassembled into side-by-side assemblies, and then re-

dispersed. This two-step assembly was reversible and repeatable. The time course study 

supported the notion that this two-step assembly was induced by stepwise dehydration. 

The assembly temperature was dependent on the diameter of the GNR, but was 

independent of length, as the curvature of GNRs does not change when the length is 

varied. This result indicates that the assembly temperatures are primarily depended on the 

curvature. Additionally, the assembly temperatures were also dependent on the 

hydrophobicity of the alkyl head of the ligand.  

 Previous reports on stimulus responsive nanoparticles were mainly focused on 

the control of assembly and disassembly state. Here, I achieved the fabrication of a 

hierarchical structure via the reversible two-step assembly of GNRs coated with a single 

kind of ligand. My approach focusing on differences in curvature allows it to be applied 

to other anisotropic nanoparticles, such as nanocubes and nanoplates, which could 

provide new guidelines for the construction of hierarchical structures. 
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 In this thesis, I focused on the surface chemistry of nanoparticles and 

investigated their self-assembly. In this chapter, I summarize the thesis and afforded the 

significance and prospects. 

 In chapter 2, I fabricated Janus-like GNPs with hydrophobic/hydrophilic faces 

using phase separation of two surface ligands induced by hydrophobic interaction, and 

investigated their self-assembly behavior. Janus-like GNSs were successfully 

synthesized by a two-step addition of two ligands with alkyl chains of different lengths. 

The assemblies of Janus-like GNSs with hydrophilic/hydrophobic faces were more 

stably dispersed in water than were Domain GNSs, which are easily precipitated. This 

result showed that the degree of phase segregation of the two kinds of ligand molecule 

on the nanoparticle surface is important for controlling the assembled structure. 

 In chapter 3, I presented the thermoresponsive assembly of GNSs coated with a 

self-assembled monolayer of hexa(ethylene glycol) (HEG) ligands terminated with alkyl 

heads. I found that the assembly temperature can be easily tuned by changing the 

structure of the hydrophobic alkyl head. I also found that the assembly temperature 

decreased as the GNS diameter increased; that is, the free volume of a single ligand on 

the surface, which depended on the curvature, affected the temperature at which 

dehydration occurred. The assembly temperature at which the dehydration of HEG 

derivatives at the nanoparticle surface occurred depends not only on the chemical 

composition of the molecule but also on the free volume. This finding provides an 

important guideline for designing the surface for dynamic self-assembly. 

In chapter 4, I showed that GNRs simply modified with a single kind of surface 

ligands performed a thermoresponsive two-step assembly driven by dehydration, 

providing hierarchical structures. On heating, they first formed side-by-side assembly 
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and then formed “assembled-assembly”, which was composed of the units of the 

side-by-side assembly. Importantly, the temperature at which dehydration of the ligand 

occurred was curvature-dependent; the dehydration occurred from the side-part first, 

and then from the edge-part subsequently upon heating. Because hierarchical structures 

as a higher order structure, which is generally constructed by sequential 

self-organization, could lead to higher functions in nature, controlled self-assemblies of 

metal nanoparticles have been attracting a great deal of attention. Up to now, complex 

surface modifications or shape controls of metal nanoparticles have been applied for the 

formation of those assemblies. In the approach focusing on differences in curvature on 

the anisotropic nanoparticles, the simple surface modification enables anisotropic 

nanoparticles to perform multi-step assembly for constructing hierarchical structures. 

 In this thesis, I showed the the rational surface design of for nanoparticle 

assembly. The concepts for the nanoparticle assemblies were inspired from protein 

folding. Living organisms dynamically control the transport and storage of energy, 

adjustment of catalytic activity, and signal transduction. They are mainly constructed 

with organic molecules. By using inorganic materials, including metal nanoparticles, in 

addition to organic molecules, it is possible to construct a system that exceeds 

biomaterials. Here, I reported the control of assembled structures and dynamic assembly 

system. The surface chemistry has made a large contribution to self-assembly, and still 

remains their importance. In future, the more sophisticated self-assembly into elaborate 

assembled stuctures, including hierarchical structures, will be achieved by excellent 

surface design. I believe that these studies have great contributions to the development 

of self-assembly. 
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