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Abstract 

 

This thesis focused on the fabrication of multi-component nanomaterials in 

colloidal solution. The optical properties of these novel structures also have 

been studied. Multi-component nanostructures usually have abundant structural 

variety. They can provide not only the properties of each individual, but also 

the new feature originated from the interaction of them. Therefore, insight into 

the multi-component system may offer new synthetic strategies and novel 

architectures, satisfying the requirement of future nanodevices. Two strategies 

have been adopted for the fabrication of multi-component nanomaterials in this 

dissertation: rational assembly of nano-objects; direct synthesis based on wet 

chemistry. 

We demonstrate a complete nanoreaction system whereby colloidal 

nanoparticles are rationally assembled and purified (Chapter 2). Two types of 

functionalized gold nanoparticles (A and B) are bonded to give specific 

products AB, AB2, AB3 and AB4. The stoichiometry control is realized by 

fine-tuning the charge repulsion among the B’s. The products are protected by 

polymer, which allowed their isolation in high purity. With the concrete 

integration of hetero-assembly, stoichiometry control, protection scheme, and 

separation method, we attempt to create a scalable means to fabricate 

sophisticated nanostructures. By using this strategy, many nanostructures, 
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which cannot be obtained through the routine method, also have been 

fabricated.  

Recently, the creation of nanostructures with environment-responsive shape 

transformation behavior is one hot topic. With the shape conversion of 

nanostructures, mechanical energies will represent, ensuring the application in 

smart nanodevices. In Chapter 3, one new type of ultrathin Au-Ag alloy 

nanowires has been synthesized in colloidal solution. This nanowire can exhibit 

shape transformation behavior: by growing a thin metal (Pd, Pt, or Au) layer, 

the NW can wind around itself to form double helix. We conclude that the 

winding action originates from the chirality within the synthesized Au-Ag alloy 

nanowires, which likely have the Boerdijk-Coxeter-Bernal type twisted lattice.  

The exploration of nano-chiral science is still very limited due to the 

challenge of the manufacture of helical nanostructures. The synthesis of 

metallic helical nanostructure is especially rare. In Chapter 4, helical gold 

nanowires have been synthesized in colloidal solution without any hard 

template. This is the first case of metallic nanosprings synthesized in colloidal 

solution. By analyzing the reaction conditions, we find that the growth solution 

consists of several small organic molecules derived from 4-mercaptobenzonic 

acid. However, the yield is still very low, which prevents insight into the 

formation mechanism. The continuous study will be carried out in the future 

work.  
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It has been witnessed that wet chemistry synthesis strategy is one powerful 

weapon to create multi-component nanostructures, especially since the 

seed-mediated growth process was used. Two kinds of polycrystalline NPs are 

used as seeds to synthesize heterodimers (Chapter 5). Pt-M, (M = Au, or Ag) 

heterodimers have been obtained owing to the large lattice mismatching of 

Pt-Au and Pt-Ag, in which Volmer-Weber growth mode is adopted. Au-M (M = 

Au, or Ag) heterodimers are obtained by tuning the surface molecules coating 

of the Au seeds. When the molecules coat on the Au seeds surface, the interface 

energy will increase, thus the Stranski-Krastanov growth mode, even the 

Volmer-Weber growth mode will be adopted. 

In Chapter 6, one kind of Ag cluster superlattices has been synthesized in 

colloidal solution. These superlattices structures can be encapsulated into the 

copolymer cavity and docked onto other nanostructures by the polymer coating 

procedure. We propose that the superlattices are formed by the close packing of 

Ag domains, which are fully coated by thiol-ended hydrophobic molecules. 

This assembly mode can decrease the surface energy of each Ag domain as 

much as possible.  

Finally, in Chapter 7, I summarize the whole work and propose the future 

work. 
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Chapter 1  Introduction 

 

1.1  Nanotechnology and Nanomaterials 

Nanoscience and nanotechnology is a new technology that was born in the 

1980s and rapidly growing up in last dozens of years. The basic concept of this 

technology is to understand and change the nature, to create new materials 

thorough direct manipulating and arranging atoms and molecules on atom scale. 

It has been imaginatively predicted by Nobel laureate Richard Feynman in his 

famous talk “There’s Plenty of Room at the Bottom” in 1959.
[1]

 The invention 

of scanning tunneling microscopy in 1981 is another milestone of 

nanoscience,
[2]

 which ideally verified the assertion of Richard Feynman and 

initiated the manipulating of individual atoms.  

Nanomaterials are defined for the solid materials composed of nanoscale 

building blocks, in which the size of these building blocks is not more than 100 

nm in at least one dimension. The nanoscale building blocks can be classified 

by shapes: zero dimension nanoclusters
[3, 4]

 (the aggregates of several dozens of 

atoms), semiconductor quantum dots
[5]

 (QDs) and nanoparticles (NPs);
[6-8]

 one 

dimension nanofibres, nanowires (NWs), nanotubes, nanorods (NRs);
[9]

 two 

dimension nanofilms, nanodisks, nanoprisms, etc.
[10]

 Since the materials drop to 

nanometer scale, the properties can be remarkably changed from the bulks, the 

development of nanoscience and technology offers the new opportunity to the 
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multidisciplinary of mechanics, material science, physics, chemistry, medicine, 

biology, etc. In the past several decades, a numerous of nanomaterials have 

been manufactured by the direct syntheses strategy or the controlled assembly 

of nano building blocks with designed properties, which have exhibited 

satisfactory applications in many fields, such as photonics, electrics, magnetic, 

sensing, detection, diagnostics, catalysis, electronic devices, fuel cell, solar cell, 

and so on.
[11-26]

 

1.2 Properties and Applications of Metallic 

Nanomaterials 

In last several decades, noble metallic NPs played an important role in the 

nanoscience and nanotechnology field. When the sizes of materials decrease to 

nanoscale, novel properties can be achieved in consequence of: size-dependent 

properties, surface effect, etc. One significant property of metallic NPs is the 

optical property.
[12]

 Gold colloid was first used in the middle of 17
th

 century for 

the ruby color glass preparation owing to the bright color. With the development 

of nanotechnology, the noble metallic NPs have been widely used in lots of 

other fields, such as catalysis,
[24]

 diagnostics,
[14]

 electrics,
[27]

 Surface Enhanced 

Raman Spectrum (SERS).
[13]

 Metallic NPs will inevitably be the critical 

building blocks for the next generation electronic, photonic, and chemical 

devices. In this thesis, I will discuss the fabrication of multi-component 

nanostructures of noble metal, such as gold (Au), silver (Ag), palladium (Pd), 

and platinum (Pt). Therefore, the noble metallic nanostructures will be focused 
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on in the following introduction. A brief introduction about the optical, catalytic 

properties of noble metallic nanomaterials will be presented. 

1.2.1 Optical Property 

Noble metallic NPs (mostly for Au and Ag) always have fancy optical 

properties (Figure 1-1).
[28-30]

 Macroscopically, these metallic colloid solutions 

are of vivid color. This special property is derived from the interaction between 

irradiation light and free electrons in the metallic NPs: the electromagnetic 

wave can travel along the interface between the metallic NPs and a dielectric 

media,
[31, 32]

 when the electromagnetic field of the light couple to the oscillation 

frequency of the free electrons, the Surface Plasmon Resonance (SPR) will 

generate. In practical, this oscillation frequency of electrons will decrease due 

to the damping, lattice defect, and inelastic collisions, etc. So in order to 

maintain this movement, these electrons will absorb energy from the light. Only 

the light with the frequency close to these electrons will be absorbed, 

consequently this selectivity results in the different optical absorption of 

different NPs in UV-Vis range. The wavelength and breadth of the absorption 

relate closely with the size, distribution, morphology, surface charge, and the 

environment,
[30, 33-39]

 thus can be controlled by tailoring the sizes, shapes, and 

assemblies of the metallic NPs.  

One typical example of the shape-dependent SPR is the nanospheres (NSs) 

and NRs.
[28]

 Au NSs only show one characteristic peak at about 520-530 nm; 

Au NRs exhibit two peaks. Because the oscillation of electrons in NSs is 
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isotropy, just one identical oscillation frequency is represented. For the NRs, the 

oscillation frequencies at long and short axes are obviously different, thus two 

distinct oscillation frequencies are exhibited, i.e. longitudinal and transverse 

SPR. 

 

Figure 1-1 Transmission electron micrographs (top), optical spectra (left), and 

photographs of (right) aqueous solutions of gold nanorods of various aspect 

ratios. Seed sample:  aspect ratio 1; sample a, aspect ratio 1.35 ± 0.32; sample b, 

aspect ratio 1.95 ± 0.34; sample c, aspect ratio 3.06 ±0.28; sample d, aspect 

ratio 3.50 ± 0.29; sample e, aspect ratio 4.42 ± 0.23. Scale bars:  500 nm for a 

and b, 100 nm for c, d, e. Reprinted with permission from ref. [30]. Copyright 

(2005) American Chemical Society. 

When metallic NPs are assembled together with very small gaps, the 

inter-particle plasmon coupling will appear. Our group has devoted many 

efforts on the small size aggregates of NPs (dimers and trimers), in which clear 

longitudinal SPR appeared in the UV-Vis spectra, indicating strong coupling 

within the nanoclusters (Figure 1-2).
[40, 41]

 Recently, the plasmon coupling is 

widely used in SERS labeling and sensing application, because of the highly 

enhancement and sensitivity.
[42-46]
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The SPR and the derived applications have been widely studied via the 

experimental and theoretic methods.
[47-56]

 Discrete dipole approximation (DDA) 

is one popular simulation approach towards to reproduce the light absorption, 

scattering, as well as the electromagnetic field distribution of NPs with arbitrary 

shapes and sizes in theoretical modeling.
[57]

 In comparison to the previous Mie 

theory,
[58, 59]

 this approach can properly resolve the complex systems, such as 

coupled NPs, multi-composite nano-assemblies, and so on.
[60]

 In DDA 

simulation, NP is divided into small grids, which are interrelating with each 

other through the dipole-dipole interactions. The optical properties of NPs can 

be simulated through the self-consistent field calculation of the whole system.  

 

Figure 1-2 (a-c) TEM images and (d) UV-Vis spectra of the samples enriched 

with Au@Ag monomers (a), dimers (b), and trimers (c). The inset in (d) shows 



 6 

a typical outcome of the differential centrifugation, where monomers, dimers, 

and trimers were enriched in distinct yellow, brown, and green bands, 

respectively. Scale bars: 200 nm. Reprinted with permission from ref. [41]. 

Copyright (2005) American Chemical Society. 

Because the SPR is highly size-dependent, the absorption peak of the SPR 

will shift along with the aggregation of the NPs, resulting in the colloid solution 

color change. This optical speciality can be directly adopted for the fast DNA 

analysis and detection.
[12, 61, 62]

 Another application is the cancer therapy and 

detection owing to the near-infrared absorption.
[63-65]

 Designed 

nano-composites can absorb near-infrared radiation, while the tissue of human 

body usually cannot absorb this low energy radiation. When the 

nano-composites are targeted to the tumors, and irradiated, they can play the 

role of nanoscale heating source, killing the cancer cells by the generating heat. 

Surface Raman Enhancement Scattering (SERS), is named for the 

phenomenon that Raman signal can be enhanced when the molecules are 

absorbed on the metal surface.
[13, 42, 66-70]

 One important contribution to this 

effect is the electromagnetic enhancement, which is owing to the SPR property 

of the NPs. When the SPR appears, strong electrons collection and oscillation 

will arise on some special area of the NPs, generating strong localized 

electromagnetic field. 

One important application of SERS is the labelling and sensing.
[71, 72]

 Several 

Raman reporters can be assembled on the same metal surface simultaneously, 

and excited with a single light source to give multiple sets of characteristic 

fingerprint of the individual analytes. Moreover, in comparison to the 
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fluorescence technique, the reporters close to the NPs have good photostability. 

These advantages lead SERS labels as the ideal material in multi-complex 

bio-systems.
[73-75]

 Our group have developed one general strategy to bind the 

Raman analytes onto the surface of polymer encapsulated noble NPs.
[76]

 As the 

polymer encapsulation method is very general to all of the noble NPs, and the 

polymer shell is easy to be further functionalized, this kind of SERS labels is 

promised to be widely applied. 

1.2.2 Catalytic Property 

For catalytic reaction, the catalytic activity is almost dependent on the 

surface atoms of the metallic catalysts. At nanoscale, the surface/volume ratio is 

very high, thus NPs always exhibit more excellent catalytic properties, such as 

Pt NPs usually showing higher catalytic activity than the traditional Pt black. 

Generally, metallic catalysts can be catalogued to two kinds: metallic NP 

catalysts; supported metallic NP catalysts. For the metallic NP itself, there are 

usually two strategies to improve the catalytic activity: component, determining 

the electronic structure;
[24, 77]

 shape of the NP, organizing the surface atoms.
[78]

 

Many researchers have devoted their great efforts on exploring the new 

catalysts and improving the activity based on these two aspects. 

One important approach is the shape control of the NPs. It is proved that NPs 

with high index facets usually show higher catalytic activity than that with 

normal low index facets.
[78-81]

 The high index facets contain abundant atomic 

steps and kinks, which can be used as active sites for the chemical bonds 
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splitting.
[82]

 Sun and Wang group have reported the tetrahexahedral platinum 

nanocrystals enclosed by high index facets like {730} represented high activity. 

Such NPs have high intensity of atomic steps and dangling bonds, which can 

largely enhance the catalytic activity of formic acid oxidation.
[78]

 Recently, two 

types of Au-Pd core-shell NPs enclosed by high-index facets also have prepared 

through hetero-epitaxial growth of Pd shell on high-index-faceted AuNPs. They 

also show high catalytic activity for the Suzuki coupling reaction.
[80]

 Dendritic 

nanostructures also show excellent catalytic properties.
[24, 83-86]

 The typical 

example is the Pd-Pt bimetallic dendritic nanostructures, which were 

synthesized by depositing Pt on the Pd seed in aqueous solution (Figure 1-3). 

These NPs show high activity for oxygen reduction reaction.
[24]

 

 

Figure 1-3 (A) TEM image of truncated octahedral Pd NCs. The inset shows a 

geometrical model of the truncated octahedron, where the green and yellow 
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colors denote the {100} and {111} facets, respectively. (B) HRTEM image of a 

single truncated octahedron of Pd recorded along the [011] zone axis and the 

corresponding FT pattern (inset). (C) TEM image of Pd-Pt nanodendrites. (D) 

HAADF-STEM image of Pd-Pt nanodendrites. (permission from ref. [24], 

copyright 2009 American Association for the Advancement of Science) 

The other approach is the synthesis of multi-component nanostructures. 

Bimetallic core-shell NPs or alloys have exhibited wonderful catalytic 

activity.
[23, 24, 86-90]

 As Pt and Pd have good catalytic activity, many bimetallic 

NPs with Pt or Pd were synthesized, in which the activity has been enhanced 

due to the low relative quantity of noble metal usage and the improvement of 

high active facets. Yang and co-workers have demonstrated that Pd can be 

localized deposited on the cubic Pt nanocrystals, which showed enhanced 

electrocatalytic oxidation of formic acid.
[88]

 Recently, Han and co-workers 

selectively deposited Pt on the AuNPs with different shapes (cube, rod, and 

octahedron). These Au@Pt core-shell nanostructures showed excellent 

enhancement of electrocatalytic activity toward oxygen reduction reaction. 

Meanwhile, they concluded that the different enhancement degree is relied on 

the specific facet of the seed, which can induce different nucleation and growth 

of the shell.
[23]

 Ultra-long Pd NWs also can be served as seed for the Pt 

overgrowth. This kind of core-shell nanodendritic structure can enhance 

electrocatalytic activity significantly.
[87]

 Very recently, one type of Ag@Pd 

core-shell structures have been used for the producing hydrogen from the 
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decomposition of formic acid at room temperature. The results also showed that 

the core-shell structure was crucial and better than the alloys.
[91]

 

Metallic NPs are often produced in colloidal solution with the help of 

surfactants. However, the surfactant molecules may influence the catalytic 

properties of the NPs. El-Sayed and co-workers found that the catalytic activity 

of PVP coated Pd NPs was weakened for the catalysed Suzuki reaction. This is 

because the surfactant on the NPs can prevent the NPs from adsorbing new 

atoms to perform the reaction.
[92]

 

1.3 Strategies for the Manufacture of Nanomaterials 

With the development of nanotechnology, more and more NPs with 

morphology control, well-tuning component and scale-up quantities are 

required. Thus numerous strategies towards abundant kinds of NPs are 

developing. Generally, there are two big species: physical method and chemical 

method. For the physical method, special techniques or instruments (such as 

molecular beam epitaxy,
[93]

 scanning probe microscope,
[94, 95]

 and so on) are 

usually required, which dependent on severe conditions. Thus, the physical 

method is usually used for the accurate materials and cannot expand to large 

regions. In contrast, chemical method can offer wide platform for the NPs 

synthesis under friendly conditions. In chemical method, the idea “bottom-up” 

is usually used; it contains the NPs synthesis from atoms and the assembly of 

NPs.
[96-98]

 In the following, I will briefly introduce the chemical strategies. 
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1.3.1  Synthesis of Nanoparticles 

Since the advancement of characterization means and nanotechnology, 

numerous methods have been developed to synthesize NPs, especially for the 

metallic NPs. One famous approach is the chemical vapor deposition (CVD) 

method, in which the precursor was evaporate at high temperature firstly, and 

deposited on the substrate to form solid materials with high-purity and 

high-performance. This method is often used for the semiconductor 

fabrication.
[99-107]

  

Another widely used method is wet chemistry synthesis, in which the NPs 

were synthesized in colloidal solution, guaranteeing the scale up possibility. For 

metallic NPs, the wet chemistry synthesis set-up usually is very simple: 

reducing agent was added into the solution containing metallic precursor and 

stabilizer to reduce the metal ions to atoms, followed by aggregating the atoms 

to NPs. The typical and well-known method for the synthesis of AuNPs was 

developed by Fens.
[108]

 Varying sizes of sodium citrate stabilized Au 

nanospheres (AuNSs) have been synthesized by using sodium citrate to reduce 

the HAuCl4 in boiling water. This method can be used to synthesize small 

AuNSs (<20 nm) with narrow distribution, and large AuNSs with the help of 

seeds.
[109-111]

 Similarly, AgNSs also can be synthesized by reducing AgNO3 with 

ascorbic acid in the presence of seeds.
[41]

 Metallic NPs (Au, Ag, and Au3Pd) 

capped with hydrophobic ligand, which can be dispersed in organic solvent also 

have been synthesized at either high or room temperature.
[112, 113]
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Many anisotropic metallic nanostructures have been widely used for 

bio-sensing, imaging, and cancer treatment based on the specific SPR. 

Seed-mediated growth approach is the most popular method for the AuNRs 

since Prof. El-Sayed, and Murphy first reported.
[114, 115]

 The aspect ratio, 

diameter, and shape of the AuNRs can be easily tuning through the addition of 

AgNO3 or the control of pH, concentration, seeds amount, and so on.
[116-119]

 By 

using the similar method, AgNRs and NWs also have been synthesized.
[120]

 In 

one recent review, metallic NPs with various shapes synthesized via wet 

chemical method have been discussed.
[121]

 The seeds and the surfactant play 

import roles in controlling the shape of final products.  

Recently, some ultrathin metallic NWs (Au, Pt, PtFe) have been synthesized 

in non-polar solvent using oleylamine as the capping agent and reducing 

agent.
[122]

 These NWs have been used for the fabrication of multi-component 

nanomaterials with excellent properties.
[123]

 The application of these NWs may 

be limited due to the hydrophobic capping agent. However, the synthesis of 

ultrathin NWs in polar solvent is still very rare.
[124, 125]

 So it is critical to 

develop new synthesis strategy. In Chapter 3, I will discuss one new type of 

ultrathin Au-Ag NWs. 

Finally, template-mediated synthesis is also a powerful method. Very 

recently, silver microcoil has been synthesized through one biotemplate.
[126]

 

This left-handed coil structure may be applied in electromagnetic-responsive 

fields. Several other kinds of helical metallic nanosprings were synthesized 
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with the help of template,
[127, 128]

 which will be discussed in detail later. It is 

also demonstrated that metallic NRs (Au, Ag, Pt, Pd) can be fabricated in silica 

nanotube template.
[129]

  

1.3.2  Assembly of Nanoparticles 

With the primitive structural control that has been developed so far, NP 

assemblies have shown great promise in photonic crystals, sensors, nanowire 

growth (as catalysts), and for exploring fundamental electronic and optical 

properties.
[14, 106, 130-135]

 However, the future fabrication of advanced 

nanodevices will require sophisticated assembly techniques. To this end, it is 

critical to develop methodologies to assemble heterologous nano-objects with 

finite size and precise stoichiometry.  

Previously, homo-aggregates of AuNPs such as dimers and trimers were 

prepared by exploiting either aggregation kinetics
[40, 136, 137]

 or steric effects.
[133, 

138, 139]
 Specific bonding of heterologous NPs was achieved only through the use 

of atypical NPs with anisotropic surface functionalities (e.g., NP with a single 

DNA molecule).
[140-147]

 

Our group has paid more attention to assembling NPs into nanoclusters with 

smaller size. The idea of our homo-aggregation is to control the charge 

repulsion of the NPs by tuning the ionic strength of the solution.
[40, 41, 136, 148]

 

Copolymer was added to stop the aggregation, and encapsulate the clusters, 

consequently protect them from further dissociation during purification (Figure 

1-4). 
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Figure 1-4 Illustration for the preparation of dimeric AuNPs and Dimeric ZnO 

NWs. (Reprinted with permission from ref. [136]. Copyright (2008) American 

Chemical Society.) 

The previous strategies for the hetero-assembly is mainly based on the 

synthesis of anisotropic functionalization of the NPs. Usually NPs were stuck 

on the surface of substrate via DNA or small molecule linkers, and then 

functionalized by another linkers. Thus Janus NPs were produced by remove 

the NPs from substrate, and used for the performance of hetero-assembly 

(Figure 1-5). The hetero-assembly is believed to be the development orientation 

towards the fabrication of future nanodevices. However, these methods 

developed so far have some disadvantages: more expensive DNA molecules are 

used; the substrates are often in small scale. To improve the restricted 

applications, more intelligent technique is highly demanded. 
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Figure 1-5 Scheme for the synthesis of gold nanoparticle dimmers. (Reprinted 

with permission from ref. [145]. Copyright (2007) American Chemical 

Society.) 

1.4 Helical Nanostructures 

As we know many biomolecules, such as RNA, DNA, protein, and so on 

contain the helical structures. Thus, the chirality is highly associated with the 

life sciences. Meanwhile, chirality is usually the active element of drugs. Thus, 

chirality is one major theme in organic chemistry and has been adequately 

studied. However, for the nanoscience, it still stays at the beginning step due to 

the challenge of the manufacture of helical nanostructures. Once you open a 

watch or a machine, macroscopic chiral components such as gears, springs, 

propellers and scissors will appear. In contrast, chiral nano-objects are of great 

importance for fabricating future nanodevices. Primary studies have 

demonstrated that the asymmetric structures are more useful for asymmetric 
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catalysis,
[149, 150]

 chiral separation,
[151, 152]

 and novel optical properties.
[153-159]

 

For these applications, metallic nanostructures have clear advantages. In the 

following, the strategies for the fabrication of helical nanostructures will be 

reviewed. 

1.4.1  Syntheses of Helical Nanostructures 

Some groups have devoted their great efforts to reduce the symmetry of NPs, 

even for the pursuing of chiral nanostructures. Up to now, most of the chiral 

nanostructures have been synthesized using CVD method.
[99-104]

 Based on the 

characterization and the growth conditions analyses, several growth 

mechanisms have been proposed, which can be further consulting for the 

fabrication of analogous structures.  

Helical carbon nanotubes have been synthesized through CVD method in the 

presence of metal NPs, which were served as the catalysts. Due to the different 

extrusion rate of the catalytic NPs, the velocity of carbon deposition is different. 

Consequently, helix-shape carbon nanotubes formed.
[101]

 Screw dislocation 

induced growth mechanism can be applied to explain some helical structures. 

For the helical semiconductors, one surface charge imbalance mechanism was 

proposed. As shown in Figure 1-6, left- and right-handed ZnO nanohelices have 

been synthesized. Because the wurtzite-structured ZnO crystal contains the 

positive charged Zn
2+

 and negative charge O
2-

 polar surfaces, the ZnO can grow 

with the helical structures to minimize the total energy.
[99]
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Figure 1-6 Morphology of nanohelices. (A to C) Typical SEM images of the 

left- and right-handed ZnO nanohelices. (D) High-magnification SEM image of 

a right-handed ZnO nanohelix, showing a uniform and perfect shape. 

(permission from ref. [99], copyright 2005 American Association for the 

Advancement of Science). 

Another important strategy is template-mediated synthesis. Stucky and 

co-workers found that the confined channels (SiO2 loaded in anodic aluminum 

oxide (AAO)) can be used as the hard template for the formation of chiral 

AgNWs through the electrochemical deposition performance (Figure 1-7). The 

shapes and morphologies of the chiral nanostructures also can be controlled by 

tuning the diameter of these channels.
[127]

 Another research group also used the 

similar method to synthesize the Pd nanosprings, in which AAO membrane was 

used as the template and Cu was used as the helper.
[128]

 Very recently, silver 

microcoil has been synthesized through the spiral vessels in lotus root as 
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bio-template.
[126]

 It can be predicted that this left-handed coil structure derived 

from the bio-template can be applied in electromagnetic-responsive fields.  

 

Figure 1-7 SEM images of PAA membrane and TEM images of free-standing 

mesoporous silica fibres and silver mesostructured nanowires.a, SEM image of 

the starting PAA membrane. b, SEM image of the PAA membrane 

cross-section after loading with mesoporous silica. c, TEM image of 

free-standing mesoporous silica fibres. d, TEM image of Ag nanowires with 

inverted mesostructures after their release from the oxide matrix. Scale bars: 

100 nm in a and b, and 50 nm in c and d. (Reprinted with permission from ref. 

[127]. Copyright 2004, Macmillan Publishers Ltd./Nature Publishing Group.) 

A kind of Au-Ag NWs with the intrinsic chirality have been produced 

several months ago.
[160]

 The synthesis process is similar to the ultrathin AuNWs 

synthesis, just Ag precursor is added and high temperature is adopted. These 

NWs are usually 2 nm in width and 50~100 nm in length, with uniform 

distribution of both Au and Ag elements. These NWs are proposed to be the 

packing structures of several Boerdijk-Coxeter-Bernal helices, which is 

consistent with the simulation of electron micrograph. However, the growth 
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mechanism is still not clear. 

1.4.2  Helical Nanostructures Formation via Assembly 

Although helical nanostructures have been synthesized via various methods, 

these methods have some disadvantages, which limit the widely application of 

different chiral nanostructures formation. CVD method usually requires very 

high temperature and bulk substrates, thus the products are typically large and 

nonmetallic. The template in the template-mediated method usually needs 

complex synthesis or treatment. So it is needed to develop new methodologies 

to improve the helical nanostructures. Rational assembly of non-chiral 

nano-object into chiral nanocomposite is one essential choice. 

 

Figure 1-8 TEM characterization of gold nanoparticle double helices. 

Structurally regular gold nanoparticle double helices form when a solution of 

chloroauric acid is added to HEPES buffer solutions containing C12−PEPAu, as 

evidenced by TEM analysis (a−d). The sizes of the gold nanoparticles are 

uniform (8.2 ± 1.0 nm; based on 150 counts) (e). (Reprinted with permission 

from ref. [158]. Copyright (2008) American Chemical Society.) 
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In colloidal solution, some chiral biomolecules have been used as the 

templates for the surface assembly of NPs.
[153, 158, 161, 162]

 Chiral NPs assembles 

are easily fabricated, although these formations are not coherent. In one typical 

example, functionalized peptide was firstly assembled into left-handed double 

helical structures. Then this helical structure was used as the template for the 

AuNPs nucleation and growth. Figure 1-8 showed the double helical AuNPs 

assembly. This type of nanostructure can enhance the intensity of circular 

dichroism (CD) response due to the SPR coupling of the NPs.
[154]

 Amino Acid 

based coordination polymers also can exhibit the chiral transformation during 

long time incubation.
[157]

 

 

Figure 1-9 (top) Schematics illustrating the fabrication and structural 

transformation of CNT rings. Bundles of CNTs (a) were encapsulated in 

PSPAA shells (b). With the addition of DCB and water, the polymer shell 
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contracted and coiled the embedded CNTs via intermediates (c) to 

racket-shaped (h) and ring structures. While the small CNT rings (k) remained, 

the large circular rings (d) were further compressed to “peanut-shaped” (e) and 

“8-shaped” (f) structures. After removal of the polymer shells, the CNT rings 

did not uncoil (g, j, and l). (bottom) TEM images of the typical structures. All 

scale bars represent 200 nm. (Reprinted with permission from ref. [163]. 

Copyright (2011) American Chemical Society.) 

Our group is also interested in the environment-responsive shape 

transformation of nanostructures. Recently, we have demonstrated that the 

polymer coated AuNWs and carbon nanotubes can coil into ring structures.
[163, 

164]
 The idea is that the polymer coating can swell and deswell when the 

solution conditions changes (Figure 1-9). When H2O is added, the polymer can 

contract and so as to induce the embedded nanofilaments coiling. Although 

these nanosprings are packed closely, they could be with the chiral arrangement. 

This system can be potentially used in further nanodevices because the 

mechanical energy can be stored and released easily. 
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Chapter 2  A Systems 

Approach Towards the 

Stoichiometry Controlled 

Hetero-assembly of 

Nanoparticles 

 

2.1  Introduction 

Colloidal growth of nanoparticles (NPs) has been a major focus in 

nanoscience over the past decades. It provides a scalable and versatile approach 

to control the size and morphology of NPs, which are critical for their 

properties. NPs with simple geometries, such as spheres, rods, cubes, and 

triangular prisms, have been prepared with excellent control.
[1-5]

 In contrast, 

colloidal assembly of NPs has been less studied, though it could conceivably 

offer novel synthetic controls for multi-component nanoclusters. The key 

challenge is to develop general methodologies to assemble colloidal 

nano-objects with precise stoichiometry. Previously, homo-aggregates such as 

dimers and trimers were prepared by exploiting either random aggregation,
[6-8]

 

steric effects,
[9-12]

 or specific control over surface ligands (e.g., divalent 

NPs).
[13-16]

 Compared to these “homo-coupling” nanoreactions, controlling 
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stoichiometry in the “cross-coupling” of NPs presents different and arguably 

greater challenges. It was only achieved through the brilliant design and 

pre-fabrication of NPs with anisotropic surface functionalities (e.g., NP with a 

single DNA molecule).
[17-22]

 

In a sense, the assembly of NPs in a colloidal solution is analogous to 

molecular reactions. Rationally controlled organic syntheses, completed with 

coupling, protection and separation schemes, have brought about complex 

molecules with precise structural control. From this perspective, a complete 

nanoreaction system emulating the concepts and strategies of molecular 

reactions may offer a systematic approach to sophisticated nanostructures. 

A major problem in assembling NPs is the preservation of the product 

nanoclusters against both disintegration and aggregation, which is often 

exacerbated by ligand dissociation and exchange over long periods of time. We 

have recently demonstrated that encapsulation of nanoclusters in 

polystyrene-block-poly(acrylic acid) (PSPAA) micelles is a way to overcome 

these problems, and afford sufficient stability for the nanoclusters to be 

separated using concentrated CsCl solutions.
[7, 23, 24]

 We now combine the 

protection and purification schemes with the hetero-assembly of NPs, making it 

possible to recover pure nanoclusters with long-term stability. The systems 

approach led to complete nanoreactions with new structural controls, which is 

also an ideal platform to study the interactions of NPs, just as the studies of 

molecular reactions provide insights in the chemical nature of atoms. 
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2.2  Materials and Methods 

2.2.1  Materials 

All chemical reagents were obtained from commercial suppliers and used 

without further purification. Hydrogen tetrachloroaurate(III) hydrate 

(HAuCl4·H2O), 99.9% (metals basis Au 49%) was purchased from Alfa Aesar; 

amphiphilic diblock copolymer polystyrene-block-poly(acrylic acid) 

(PS154-b-PAA60, Mn = 16000 for the polystyrene block and Mn = 4300 for the 

poly(acrylic acid) block, Mw/Mn=1.15) was obtained from Polymer Source, Inc.; 

DMF, 99.8% was purchased from Tedia Company, Inc.; Pentaerythritol 

tetrakis(3-mercapto-propionate), 1, was purchased from Aldrich; 

1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol (Sodium Salt), 2, was 

purchased from Avanti Polar Lipids. Deionized water (resistance > 18 M cm
-1

) 

was used in all of our reactions. All other chemicals were purchased from 

Aldrich. Copper specimen grids (200 mesh) with formvar/carbon support film 

(referred to as TEM grids in the text) were purchased from Electron 

Microscopy Sciences.  

 

Scheme 2-1 Ligands used in this chapter. 

2.2.2  Methods 

Methods of Characterization. Transmission Electron Microscopy (TEM) 

images were collected from a JEM-1400 Transmission Electron Microscopy 
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(JEOL) operated at 120 kV. Ultraviolet-visible (UV-vis) spectra were collected 

on a Cary 100 UV-Vis spectrophotometer. 

Preparation of TEM Samples. (NH4)6Mo7O24 was used as a negative stain 

(3.4 mM) in all TEM images reported in this chapter, so that polymer shells 

appeared white against a dark background. TEM grids were treated by oxygen 

plasma in a Harrick
®
 plasma cleaner/sterilizer for 1 min to improve the surface 

hydrophilicity. A sample solution was carefully mixed with stain solution on 

the surface of a plastic petridish, forming a small bead; a TEM grid was then 

floated on the top of the bead with the hydrophilic face contacting the solution. 

The TEM grid was then carefully picked up by a pair of tweezers, wicked with 

filter paper to remove excess solution and finally dried in air for 20 min. 

Interpretation of TEM results. TEM is a limited observation technique, as it 

only characterizes a fraction of the sample and does not measure the ensemble 

properties of nanoparticles. That was the reason we provided large-area TEM 

images in this Supplementary Information. Suppose one has a sample 

containing a variety of particles, among which only 50% of them are the desired 

product X. That is, in a randomly sampled TEM image, each particle has a 50% 

probability of being the right particle. If each TEM image shows only 5 

particles, then the probability of all 5 particles being X is 0.5
5
 = 3.1%. If each 

TEM image shows only 10 particles, then the probability of finding a randomly 

sampled image containing    X’s is reduced to  . 98%. That is, one has to 

search though 1000 images of 10 particles each in order to find one right image. 
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If each TEM image shows 20 particles, then one has search through 1,000,000 

images of 20 particles each in order to find one right image. The large numbers 

(> 20) of uniform nanostructures given in our TEM images makes it statistically 

close to impossible to find such images had the sample been not of high purity. 

Synthesis of AuNPs by sodium citrate reduction. Small size AuNPs (~ 18 nm) 

were prepared following literature procedures by sodium citrate reduction of 

HAuCl4,
[25]

 with small modifications. In a representative synthesis, a 250 mL 

round bottom flask was charged with 100 ml aq. HAuCl4. This solution was 

heated to 100 C with vigorous stirring for 30 min, and then 2.62 mL of sodium 

citrate (38.7 mM) was added quickly ([Na3citrate]final = 989 M). After heating 

the mixture for an additional 60 min, a deep-red AuNP solution was obtained. 

The average particle diameter was measured to be 17.8 ± 1.6 nm from TEM 

images using ImageJ (http://rsb.info.nih.gov/ij/, last visited Jul 21st, 2009). The 

concentrations of the as-synthesized AuNP solution (1.62 nM) were estimated 

from the total amount of Au used during the synthesis, the density of Au (19.3 

g·cm
-3

), and the average size of AuNPs (dav = 17.8 nm by TEM). 

Synthesis of AuNPs by seeded growth. Larger AuNPs (~ 36 nm) were 

synthesized by using 15 nm AuNPs as seeds,
[26]

 with small modifications. In a 

typical synthesis, a 250 mL round bottom flask was charged with 100 mL aq. 

HAuCl4 (0.25 mM). The solution was refluxed with vigorous stirring for 10 min, 

and then 12 mL of AuNP seeds (dAuNP =  5 nm) and 5   μ  of sodium citrate 

(38.7 mM) was added. After boiling the solution for 45 min, a deep-red AuNP 
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solution was obtained. The solution was cooled to room temperature, and 

sodium citrate was added so that [Na3citrate]final = 989 M, the same 

concentration as that of 18 nm AuNPs. The average diameter was measured to 

be 35.7 ± 4.4 nm from TEM images using ImageJ. The concentration of the 

as-synthesized AuNP solution was estimated to be 0.172 nM. 

Synthesis of A-NPs (1-AuNPs). Firstly, 1.5 mL citrate-AuNPs (dAuNP = 18 nm) 

was concentrated to     μ  by centrifugation at  3,3   g for 15 min. Then the 

AuNPs solution was added dropwise to 3   μ  1 in ethanol (4 mg/mL). The 

mixture was incubated for 2 h and it remained red after the incubation. This 

solution contains A-NPs as well as excess 1, which could cause citrate-AuNPs 

to aggregate if not removed. Thus, the A-NPs were purified twice by 

centrifugation in DMF to remove the excess 1. For reacting with 18 nm B-NPs, 

1/8 of the purified A-NPs solution was diluted to     μ  by DMF; for reacting 

with 36 nm B-NPs, 1/32 of the purified A-NPs were used to make a     μ  

solution. These solutions were used within 15 min, otherwise partial ligand 

dissociation may lead to aggregation of the A-NPs. Assuming no AuNPs was 

lost during this process, the final [A] is 3.04 or 0.759 nM, respectively. 

Preparation of B-NPs solution. B-NPs solution was prepared by concentrating 

the citrate-AuNPs solution so to remove the excess Na3citrate from the 

as-synthesized solution. 

Setup of the nanoreactions. A main problem of the stoichiometry control of 

the NP assemblies: without restrictions multiple B-NPs could bond to each 
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A-NP and vice versa, leading to copolymerization of the two reactants. Our 

strategy is to react A-NPs with excess B-NPs, and to control the stoichiometry 

of the product ABn by tuning the repulsion between the B-NPs. A DMF solution 

of A-NPs was prepared following the above procedure. The salt concentrations 

in the B-NPs solutions were carefully controlled in the following reactions, all 

other conditions were the same: the purified A-NPs in DMF (100 L, dAuNP = 

18 nm) were slowly added to an aqueous solution containing large excess of 

B-NPs (200 L). During the addition, the eppendorf tube was placed on a 

vigorous vortex to help the mixing of the AuNPs. 

Calculation of the concentration of AuNPs. Weight of HAuCl4·H2O in the 

as-synthesized AuNP solution (100 mL) = 10 mg, weight of each 18 nm AuNP 

= ρAu
 
× VAu = 5.648 × 10

-14
 mg 

Then, the concentration of the as-prepared 18 nm AuNPs based on the 

number of NPs, MNP = (10 × 196.97/ 357.80)) / (5.648 × 10
-14

 × 0.1 × 6.02 × 

10
23

) = 1.62 nM 

So, for the concentrated 18 nm B-NPs solution, [B] = 1.62 nM × 3000/200 = 

24.3 nM = 24.3 × 10
-9

 × 6.02 × 10
23

 = 1.46  10
16

 particles/liter; 

The concentration of the AuNP solution based on the number of Au atoms, 

Matom = 10/ 357.80/ 0.1  3000 / 200 = 4.19 mM 

Preparation of AB nanoclusters. For 18 nm B-NPs, the citrate-AuNPs 

solution (3 m ) was concentrated to    μ  by centrifugation at  3,3   g for 15 
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min, and then diluted by  9  μ  H2O. The residue [Na3citrate] was estimated to 

be 49.5 μM and  B  = 24.3 nM. 

For 36 nm B-NPs, the citrate-AuNPs (4.5 m ) was concentrated to    μ  by 

centrifugation at 5,200 g for  5 min, and then diluted by  9  μ  H2O. The 

residue [Na3citrate  was estimated to be 49.5 μM and  B  = 3.87 nM. 

Preparation of AB2 nanoclusters. For 18 nm B-NPs, the citrate-AuNPs (3 mL) 

was concentrated to 2  μ  by centrifugation at  3,3   g for 15 min, and then 

diluted by  8  μ  H2O. The residue [Na3citrate  was estimated to be 98.9 μM 

and [B] = 24.3 nM. 

For 36 nm B-NPs, the citrate-AuNPs (4.5 m ) was concentrated to    μ  by 

centrifugation at 5,200 g for  5 min, and then diluted by  9  μ  a . NaCl (3.   

mM). The residue [Na3citrate] was estimated to be 49.5 μM; final 

concentrations: [NaCl] = 3 mM and [B] = 3.87 nM. 

Preparation of AB3 nanoclusters. Citrate-AuNPs (dav = 18 nm, 3 mL) was 

concentrated to 2  μ  by centrifugation at  3,3   g for 15 min, added back 150 

μ  supernatant, and then diluted by 3  μ  H2O. The residue [Na3citrate] was 

estimated to be 84  μM and  B  = 24.3 nM. 

Preparation of AB4 nanoclusters. Citrate-AuNPs (dav = 18 nm, 3 mL) was 

concentrated to 2  μ  by centrifugation at  3,3   g for 15 min, added back 150 

μ  supernatant, and then added 3  μ  a . NaCl (2  mM). The residue 

[Na3citrate  was estimated to be 84  μM; final concentrations:  NaCl  = 3 mM, 

and [B] = 24.3 nM. 
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Polymer encapsulation of the reaction products.
[7, 27]

. After the nanoreaction, 

the product ABn nanoclusters and the excess B-NPs were stabilized by polymer 

encapsulation. This prevents the nanoclusters from disintegration and 

uncontrolled aggregation during the subsequent purification and 

characterization steps. In a typical procedure, 74  μ   M  was added to the 

reaction mixture, which contains 1   μ   M  and 2   μ  H2O, followed by 60 

μ  PS154PAA60 in DMF (8 mg/m ).  inally, 4  μ  2 in EtOH (2 mg/mL) was 

added. The mixture was then heated to 100 °C for 2 hrs and was then allowed to 

slowly cool down in the oil bath until room temperature was reached. The final 

solution is stable at room temperature for months. 

The resulting solution contained ABn@PSPAA, B@PSPAA, empty polymer 

micelles, DMF, and extra 2. To isolate the nanoclusters from the excess 

reactants, the product solution was diluted (200 L diluted by 1300 L pH=10 

aq. NaOH), and then centrifuged at 13,300 g (5,200 g for nanoclusters that 36 

nm B-NPs were used) for 20 min to remove the supernatant. The collected 

purplish-red product at the bottom of centrifuge tubes was diluted by 100 L 

pH=10 aq. NaOH, giving a stable solution that contained mainly ABn@PSPAA 

and B@PSPAA. 

Purification of AB2@PSPAA, AB3@PSPAA, and AB4@PSPAA by 

differential centrifugation method (no concentration gradient was used).
[24]

 

A stock solution of saturated CsCl was prepared by dissolving excess CsCl in 
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pH =10 aq. NaOH; this solution has a density of  .9  g•cm
-3

 and contained 

roughly 61.8% CsCl by weight. 

In a typical separation, the mixture of ABn@PSPAA and B@PSPAA (100 

L) was carefully layered on the top of 1000 L saturated CsCl solution in an 

eppendorf tube, and the tube was centrifuged at 2,300 g for 25 min. The 

resulting solution showed two distinct bands of red and blue color, separated by 

a gap. The lower band was extracted, diluted by pH=10 aq. NaOH, and then 

centrifuged again to remove the excess CsCl. 

Purification of AB2@PSPAA nanoclusters by Ag growth/etching method. 

Instead, Ag was grown on the exposed A-NPs to enhance the difference 

between AB2@PSPAA and B@PSPAA. Metallic Ag was formed by reducing 

AgNO3 with ascorbic acid.
[28]

 In a typical separation, the collected 

AB2@PSPAA and B@PSPAA mixture in pH=10 aq. NaOH (100 L) was 

added to 800 L sodium citrate (1.161 mM), following by 400 L AgNO3 (1 

mM). Then, 400 L ascorbic acid (2 mM) was added and the mixture was 

incubated for 2 hrs on a shaker. The color of the solution changed from red to 

brown and TEM characterization showed Ag growth on the A-NPs but not on 

the PSPAA shells of B-NPs. The mixture solution was purified three times by 

centrifugation at 1,400 g for 15 min and the supernatants containing the 

unaffected B@PSPAA were removed. The concentrated brown solution was 

added to 1000 L NH3·H2O to etch the Ag blocks
[29]

 and the mixture was 

incubated in an orbital shaker for 12 hrs with exposure to air. Finally, the 
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purified AB2@PSPAA nanoclusters were collected by centrifugation at 2,200 g 

for 15 min. 

Purification of AB@PSPAA nanoclusters by Ag growth/etching method. 

The separation of AB@PSPAA from B@PSPAA (dA = 18 nm, dB = 36 nm) is 

nearly impossible using differential sedimentation, considering the small 

weight/density difference between them. The purification of AB@PSPAA was 

similar as that for AB2 nanoclusters, except that different centrifugation speeds 

were used. After Ag growth on the surface of the AB nanoclusters, the resulting 

solution was purified three times by centrifugation at 200 g for 20 min. After 

NH3H2O etching, the NPs were collected by centrifugation and etched again by 

using 1000 L NH3H2O. Finally, the purified AB@PSPAA nanoclusters were 

collected by centrifugation at 2,200 g for 20 min. 

Calculation of extinction spectra of ABn The extinction spectra of B@PSPAA 

and ABn@PSPAA (n = 2, 3 and 4, dA = dB = 18 nm) nanostructures were 

calculated by discrete dipole approximations.
[30]

 The DDSCAT7 program 

(Draine, B. T.; Flatau, P. J. 2008, http://arxiv.org/abs/0809.0337) was used and 

only metal parts were included. The grid spacing was fixed at 0.33 nm and the 

dielectric constants of gold were from Johnson and Christy.
[31]

 The extinction 

spectra were averaged over all orientations of nanostructures. The refractive 

index of medium is 1.4. 
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Theoretical considerations Depending on the particle size and the double layer 

thickness, two approaches are usually utilized to estimate the electrostatic 

repulsion potential Velec of two NPs in an electrolyte. 

The Derjaguin summation method (DSM)
[32, 33]

 allows the determination of 

the electrostatic repulsion potential Velec (eq. 1) for NPs that are separated by a 

minimum distance hm, and where the double layer thickness is considered small 

compared to the particle radius a (κa > 5). If κa < 5 or the two NPs are 

separated by a distance, the Velec is usually estimated by the linear superposition 

approximation method (LSA, eq. 2)
[34-36]
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Herein, Le = κ
-1

 is the Debye screening length, calculated from the dielectric 

permittivity ε, the Boltzmann constant k, the absolute temperature T, the 

elementary charge e and the ionic strength I of the electrolyte solution (eq. 3). 

Ψi is the surface potential of the NP; ai is the radius of NP.  

From eq. 1, it is apparent that for two spheres, an increase in the radii results 

in an increase of the term 
21

21

aa

aa


 and therefore a corresponding increase in 

the value of the Velec. In eq. 2, the Velec is proportional to 
21

21

aah

aa

m 
, and 

thus the same conclusion would hold true. These analyses agree with the 
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experimental observations that as the size of the B-NPs increases from 18 to 36 

nm, the yield of AB@PSPAA increased from 18.2% to 90.4% at the same ionic 

strength (entry 1 and 7 of Table 2-1).  

Furthermore, since the term Lehme
  is proportional to 

Ie
, Velec would 

decrease at high ionic strength for both eq. 1 and eq. 2.  

In our system, the separation distances of the NPs are long, and the 

calculated κa is less than 5, so eq. 2 is suitable for estimating the Velec between 

the B-NPs. 

2.3  Results and Discussions 

2.3.1 Assembly of ABn Nanoclusters.  

Two types of NPs were prepared as the basic reactants: group A was gold 

NPs (AuNPs) coated with a tetra-thiol molecule, 1 (A-NPs, Figure 2-1), while 

group B was citrate-stabilized AuNPs (B-NPs). To mimic molecular reactions, 

it is critical that these two types of NPs could react with each other but do not 

form aggregates of their own.  
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Figure 2-1. Stoichiometry-controlled nanoreactions. a-e, Schematics showing 

the syntheses of AB, AB2, AB3 and AB4 nanoclusters, by tuning the charge 

repulsion (via the ionic strength of the reaction media) between the B-NPs. f-i, 

Transmission electron microscopy (TEM) images of the ABn nanoclusters after 

protection by PSPAA, whereby the nanoclusters were treated with PSPAA and 

a thiol-ended hydrophobic ligand, 2-dipalmitoyl-sn- 

glycero-3-phosphothioethanol (sodium salt) (2). The surface of B-NP is 

rendered hydrophobic by ligand exchange, upon which the PSPAA 

self-assembles to form a uniform shell. The excess B-NPs are also encapsulated, 

but the A-NPs are not encapsulated due to persistence of the polar ligand 1. See 

Table 1 for product analyses. j-m, TEM images of the purified nanoclusters. 

Scale bars are 50 nm for f–i, and 100 nm for j–m. 

The thiol groups of 1 allowed the ligand to firmly anchor on a AuNP while 

presenting extra thiol groups that could bond to additional AuNPs (i.e., forming 

AuNP-1-AuNP bridges through the Au-S interactions). Hence, the A-NPs have 

to be completely covered with 1, so that they would not provide exposed Au 

surface for bonding among themselves. These NPs were thus synthesized by 
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treating citrate-AuNPs with excess 1, and the free ligands were then removed 

by centrifugation. If the unpurified A-NPs were treated with B-NPs, due to the 

excess ligand 1 in the solution, linear chain structure was obtained (Figure 2-2). 

Since excess 1 can replace sodium citrate on the surface of B-NPs quickly, the 

electrostatic repulsion of NPs decreased. Linear aggregation will kinetically 

form due to the kinetic energy of NPs can just overcome the repulsion potential. 

This is well consistent with our previous works and the literature about the 

formation mechanism of linear NP aggregates.
[37-39]

 It indicates that the taking 

away the excess 1 is critical to the stoichiometry-controlled nanoreaction. The 

purified A-NPs were relatively stable in DMF, but they were used shortly after 

the synthesis. In the absence of excess 1, the A-NPs could undergo partial 

ligand dissociation, which will lead to aggregation. Finally, the stoichiometry of 

the NP assemblies has to be controlled. 
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Figure 2-2 TEM images of the reaction between unpurified A-NPs and B-NPs. 

 

Figure 2-3. TEM images of the 18 nm NP nanoreaction when the ratio of 

B-NPs to A-NPs was 8:1 (a) and 2:1 (b). Some linear chains composed of 

alternating A-NPs and B-NPs (e.g., BABAB@PSPAA) existed, in addition to 

the AB2@PSPAA nanoclusters. The linear chains in the sample b are longer 

and more than the sample a. 
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Without restrictions, multiple B-NPs could bond to each A-NP and vise 

versa, leading to extensive and un-controlled aggregation of the two reactants 

(Figure 2-3). Our strategy here is to treat A-NPs with excess B-NPs (the ratio of 

B-NPs to A-NPs was set as 16:1), and to control the stoichiometry of the 

product ABn by fine-tuning the repulsion between the B-NPs via the varying of 

ionic strength of the reaction solution (Figure 2-3).  

In a colloidal reaction, the purified A-NPs in  M  (    μ , dA = 18 nm) 

was slowly added to an aqueous solution containing large excess of B-NPs (200 

μ , dB = 18 nm, and final [A]:[B] = 1:16). The random collision between A- 

and B-NPs gives ABn nanoclusters. However, the product solution cannot be 

directly characterized by TEM, as any drying or purification process would lead 

to significant aggregation of the solution species. Hence, both the product ABn 

and the remaining B-NPs were protected by PSPAA encapsulation (Figure 

2-1f-i), which basically involved the functionalization of the B-NP surface by a 

hydrophobic ligand (2), followed by PSPAA self-assembly
[7, 27, 40]

. Ligand 2 

cannot replace the hydrophilic ligand 1 on the surface of A-NPs, which was 

thus not encapsulated. The resulting ABn@PSPAA and B@PSPAA were 

readily isolated from the preparative solution by centrifugation, and then they 

were re-dispersed in water. With the polymer protection, the nanoclusters are 

stable against dissociation and aggregation. This allowed detailed product 

analysis of the nanoreactions by TEM characterization, giving a window for 

mechanistic insights. 
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Figure 2-1g and Figure 2-4 show the TEM images of a sample that contained 

trimeric nanoclusters, where the polymer shells only attached to the AuNPs on 

the ends but not the central one. The uniformity of this unique polymer 

coverage indicated that the trimeric clusters were not B3@PSPAA, but rather 

(BAB)@PSPAA. This assignment is consistent with the expectations that 2 

could replace citrate ions on B-NPs but not the multi-dentate 1 on A-NPs, and 

that PSPAA could only attach to regions covered with nonpolar and 

hydrophobic ligands like 2.
[12]

 Thus, the nanoreaction was successful in giving 

the AB2 nanoclusters. The reaction product was surveyed based on the TEM 

images. Since excess B-NPs were used, the yield of the product AB2 (89.4%, 

Table 2-1) was calculated based on the number of A-NPs. The by-products 

included a few AB, AB3 and also AxBy nanoclusters which may result from 

aggregated A-NPs. 
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Figure 2-4. Large-area view of the AB2@PSPAA nanoclusters and remaining 

B@PSPAA after the nanoreaction and polymer protection (dA = dB = 18 nm, 

entry 2 of Table 2-1). 

Table 2-1. Product analyses of the nanoreactions. 

Entry B 

(nm) 

I 

(mM) 

Salt concentrations Yield% based on A
[a]

 Isolated Purity%
[a]

 

Na3citrate Additional salt AB AB2 AB3 AB4 

1 18 0.297 49.5 M  - 18.2 74.0 1.98 0 - 

2 18 0.594 98.9 M  - 5.80 89.4 0.39 0 AB2, 87.3
[b]

, 85.9
[c]

 

3 18 2.59 98.9 M 2.00 mM NaCl 1.54 62.2 34.1 0.616 - 

4 18 2.59 98.9 M  2.00 mM NaNO3 2.11 68.0 27.6 0.754 - 

5 18 5.04 841 M  - 2.10 18.9 65.6 6.88 AB3, 64.1
[b]

 

6 18 7.29 841 M 2.25 mM NaCl 0 0.817 16.0 64.9 AB4, 67.5
[b]

 

7 36 0.297 49.5 M - 90.4 1.92 0 0 AB, 83.2
[c]

 

8 36 3.30 49.5 M 3.00 mM NaCl 10.1 85.7 0 0 - 
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[a] The synthetic yield was based on A-NPs (at least 500 counts) in randomly 

sampled TEM images of product solutions after removal of empty micelles and 

before the removal of B@PSPAA; the excess B@PSPAA were not included in 

the calculations. The isolated purity was calculated from randomly sampled 

TEM images of purified nanoclusters (at least 1000 counts); both the 

nanoclusters and the excess B@PSPAA were counted. 

[b] Purified using the differential centrifugation method, as illustrated in Figure 

2-14a-c. 

[c] Purified using the Ag growth/etching method, as illustrated in Figure 

2-14d-f. 

 

Figure 2-5. Large-area view of the AB3@PSPAA nanoclusters and remaining 

B@PSPAA (dA = dB = 18 nm, entry 5 of Table 2-1). 
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It was intriguing that the nanoreaction terminated at AB2 despite the 

presence of excess B-NPs. As a NP in close packing has a coordination number 

of 12, there was sufficient space on the AB2 for additional bonding with B-NPs. 

Obviously, some form of repulsion other than steric hindrance was responsible 

for the stoichiometry control. Since strong electric or magnetic dipoles are 

unlikely for the large spherical AuNPs (> 5 nm),
[41]

 the most likely candidate is 

charge repulsion. Moreover, the linear AB2 is reminiscent of the linear 

aggregates of AuNPs reported earlier,
[38, 42]

 where charge and dipole 

interactions were proposed to be the main factors in the geometric control. 

 

Figure 2-6 Large-area view of the AB4@PSPAA nanoclusters and remaining 

B@PSPAA (dA = dB = 18 nm, entry 6 of Table 2-1). 
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To test this proposal, the colloidal reactions were carried out in solutions 

with varying ionic strengths (Table 2-1), which are known to modulate the 

charge repulsion between NPs. While it was difficult to adjust the ionic strength 

using a single salt owing to the stability requirements for the reactant NPs, it 

was clear that the size of ABn nanoclusters increased with increasing 

[Na3citrate] or [NaCl] (Figure 2-1). In particular, the sole increase of [NaCl] 

from 0 to 2.25 mM (entry 5 and 6) changed the major product of the 

nanoreaction from AB3 (65.6%) to AB4 (64.9%). In entry 4 of Table 2-1, 

NaNO3 was shown to have a similar effect as NaCl, indicating that the Cl

 ions 

were not particularly important. Thus, the stoichiometry control of ABn was 

probably more relevant to the general ionic strength of the solution than other 

effects.  

Clear distance existed between the neighboring B-NPs in all ABn 

nanoclusters, leading to linear (AB2), triangular (AB3), or tetrahedron (AB4) 

geometries. While the large nanoclusters such as AB3 and AB4 were often 

completely engulfed by the polymer shell (Figure 2-1-l, m), their structural 

uniformity indicated that the hetero-assembly were successful and that the 

central NPs were all A-NPs. Notably, the ~18 nm separation of the B-NPs in 

AB2 is a testament for the strong long-range repulsion during the formation of 

the nanoclusters. Such a force is most probably charge repulsion. It is hence 

likely that the increase in ionic strength led to more effective shielding of the 

surface charges, allowing more B-NPs to bond to each A-NP. 
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2.3.2  Mechanism of the Stoichiometry Control.  

Interestingly, at low salt conditions (Table 2-1, entry 1) some heterodimers 

AB@PSPAA (18.2%) were observed in addition to AB2@PSPAA (74.0%) (dA 

= dB = 18 nm, Figure 2-7). The partial polymer coverage demonstrated that 

these dimers were not B2@PSPAA. The fact that the AB nanoclusters only 

occurred in the low-salt reactions indicated that they probably did not originate 

from the dissociation of AB2.  

 

Figure 2-7. Large-area view of the AB@PSPAA nanoclusters, AB2@PSPAA 

nanoclusters, and remaining B@PSPAA (dA = dB = 18 nm, entry 1 of Table 

2-1). 
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Figure 2-8. Mechanistic investigation of valency control in the nanoreactions, 

where long-range charge repulsion was identified as the key factor. (a, b) 

Schematic diagrams showing the creation of AB and AB2 nanoclusters by 

tuning the charge repulsion between the B-NPs; larger radius of the dashed 

circle means stronger repulsion. (c, d) TEM images of the two samples in a and 

b, respectively, after polymer encapsulation (dA-NP = 36 nm, dB-NP = 18 nm). All 

scale bars are 50 nm. (e, f) Schematics showing the reaction coordinates of eq. 3 

at low and high ionic strengths, respectively. 
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Figure 2-9. Large-area view of the AB@PSPAA nanoclusters and remaining 

B@PSPAA (dA = 18 nm, dB = 36 nm, entry 7 of Table 1); inset: high 

magnification. 
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Figure 2-10 Large-area view of the AB2@PSPAA nanoclusters and remaining 

B@PSPAA (dA = 18 nm, dB = 36 nm, entry 8 of Table 1); inset: high 

magnification. 

Instead, they could be considered as an intermediate before the formation of 

AB2. Should charge repulsion between the B-NPs be a dominant factor in 

controlling this nanoreaction, larger B-NPs are expected to trap more AB 

nanoclusters owing to their larger size and stronger charge repulsion. As 

expected, reacting 18 nm A-NPs with 36 nm B-NPs under otherwise similar 

experimental conditions gave heterodimers AB@PSPAA in excellent yield 

(90.4%, Figure 2-1f, j, Figure 2-8c, and Figure 2-9). Synthesis of heterodimers 

is a major challenge in colloidal assembly. Our simple approach has achieved 
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the same level of specificity as those of DNA-based assembly techniques.
[21, 43]

 

The AB heterodimers could also be categorized as “ anus” NPs
[12, 44]

 in that 

they possess two diametric faces of different chemical functionalities. 

By increasing ionic strength in this reaction ([NaCl] = 3.00 mM), 

AB2@PSPAA (85.7%, Figure 2-8d, and Figure 2-10) resulted instead. These 

two reactions ruled out electric or magnetic dipoles as the key controlling 

factors: while it is possible to argue that transient or static dipoles dictate the 

linear encounter of AB with a B-NP in forming the AB2 nanocluster (Figure 

2-1g and Figure 2-8d), the dipoles cannot explain the non-reactivity of AB at 

low ionic strength (Figure 2-8c, and entry 7 of Table 2-1). Any charge-dipole or 

dipole-dipole interaction would have facilitated the reaction of eq. 4 rather than 

impeding it. Alternatively, long-range (> 18 nm) charge repulsion between the 

B-NPs could best explain the non-reactivity of AB; it is also consistent with the 

formation of AB2 at increased ionic strength. Though it is hard to determine the 

charge of A-NPs, it is clear that the charge interaction between A- and B-NP 

plays a minor role since AB clusters readily formed even at lowest ionic 

strength. 

AB + B  AB2                           eq. 4 

To understand how charge interactions affect the nanoreactions, it is critical 

to determine whether the reactions are thermodynamically or kinetically 

controlled. In eq. 4, the covalent bonding between A- and B-NPs should be the 

main driving force for the reaction, although other factors, such as 
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charge-charge interactions (Velec), Van de Waals interactions, solvophobic 

effects, and possibly also charge-dipole or dipole-dipole interactions, may 

contribute to the Δ . On the other hand, the transition state should occur at a 

point before the chemical bond formation (Figure 2-8e, f), where the long-range 

charge interaction would dominate. Thus, the Velec has to be overcome before 

effective collision could take place, making it a ma or contributor of Δ 
≠
. 

Hence, both Δ  and Δ 
≠ 

should decrease at high ionic strength due to weak 

charge repulsion. This leads to two scenarios that could explain the 

non-reactivity of AB at low ionic strength. If the reactions are 

thermodynamically controlled, the kinetic energy of the NPs (KE) should 

exceed the activation barrier (G

), while GHI (HI stands for high ionic 

strength) should be < 0 at high ionic strength (forward reaction), and GLI > 0 

at low ionic strength (backward reaction). That is, the system was at or close to 

equilibrium at the end of reaction and the AB nanoclusters formed because they 

were the most stable state. In contrast, kinetically controlled reactions would 

mean that KE > G


HI (forward reaction) but KE < G


LI (no reaction); both 

GLI and GHI should be < 0. Hence, the AB nanoclusters accumulated because 

the kinetic energy of the reactants was insufficient to cross the activation barrier 

to make AB2. 

Experiments were carried out to distinguish these two possibilities. After 

the formation of AB3 clusters (dA = dB = 18 nm), the colloid was diluted and 

incubated in an aqueous solution at low ionic strength (0.297 mM) before 
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PSPAA encapsulation. However, few AB2 or AB clusters were obtained, even 

when the incubation was carried out at elevated temperature or under sonication 

(Figure 2-11). Therefore, it is unlikely that the nanoreactions were reversible. 

Furthermore, the AB3@PSPAA in Figure 2-1-l often deviated from perfect 

triangles and sometimes appeared T shape, suggesting the addition of a B-NP to 

a linear BAB intermediate during its formation. This observation is generally 

consistent with a non-reversible and kinetically controlled reaction. 

 

Figure 2-11. After reacting A-NPs with B-NPs (dA = dB = 18 nm, same 

conditions as those of entry 5 of Table 1), the reaction mixture was diluted to 

lower the ionic strength to 0.297 mM, and then heated at 80 C for 30 min. 

Finally, the nanoclusters were encapsulated by PSPAA and the products were 

concentrated before TEM characterization. The products showed similar ratio 

of AB3@PSPAA as those of entry 5 of Table 2-1, indicating that the B-NPs did 

not dissociate from the AB3 nanoclusters after the decrease of ionic strength. 

Repeating this experiment with additional sonication step gave similar results. 

As theoretical considerations were performed in the method section, the 

electrostatic repulsion potential (Velec) between the B-NPs can be estimated by 

linear superposition approximation (LSA)
[34-36]

:
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where Le = κ
-1

 is the Debye screening length, calculated from the dielectric 

constant ε of the medium, the Boltzmann constant k, the temperature T, the 

elementary charge e and the ionic strength I of the electrolyte (eq. 3); ai is the 

particle radius; hm is the separation distance of the interacting B-NPs; and Ψi is 

the surface potential of the particle. Therefore, an increase in the radius of 

B-NPs results in an increase in a
2 

i /(hm + 2ai) and thus a correspondingly larger 

repulsion potential Velec. Furthermore, as Velec is proportional to exp( I ), high 

ionic strength leads to weak repulsion potential, consistent with the 

experimental results (Table 2-1).  

In Figure 2-1, the initial bonding of A-NP and B-NP is favorable, but 

further attachment of a B-NP on the resulting AB cluster has to overcome the 

repulsion between the B-NPs, which becomes stronger as the ABn cluster 

increases in size. At a specific ionic strength, the growth of ABn stops when the 

kinetic energy of the colliding NPs could not exceed the repulsion potential 

Velec. High ionic strength lowers the Velec and thus allowing more B-NPs to react 

with each A-NP (Figure 2-1a-e). Understandably, the size variation among the 

A-NPs and B-NPs will cause unequal charge repulsions and thus lead to 

non-uniformity in the stoichiometry of the product nanoclusters. This is in 
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drastic contrast to molecular reactions where all atoms or molecules are 

perfectly uniform. 

2.4  Purification 

2.4.1 Differential Centrifugation Separation 

The development of purification strategy of nanoparticles or small 

nanoparticles aggregates is a hot theme in nanotechnology.
[45-49]

 This is because 

the precisely controlled nanostructure is the primary step on the way to the 

scalable fabrication of nanodevice. However, up to now, it is still a cry to 

produce pure clusters of two or three NPs directly in colloidal solution. 

Moreover, it is difficult to separate the selective nanostructure in a mixture 

solution due to the possible dissociation or further aggregation during the 

isolation process. Our group has developed copolymer encapsulation method to 

resolve this problem.
[7, 12, 23, 27, 48, 50]

 However, in our previous assembly 

techniques as well as the method presented in this chapter, the yields of clusters 

are still very low. So it is critical to develop new purification method to isolate 

the selective products from the mixture.  

Recently, our group has developed one differential centrifugation method, 

which can be used to isolate dimers and trimers of AuNPs aggregates in high 

purity.
[24]

 For the gradient we used in this separation is high density CsCl 

solution ( 2%,  .9 g∙cm
-3

), the polymer encapsulated nanoclusters were 

re-dispersed in high pH (>10) aqueous solution, which can provides sufficient 

surface charge to the PAA part.
[12, 27]

 Thus the polymer encapsulated 
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nanoclusters can be stable under such adverse conditions. 

As shown in Figure 2-12A, the differential centrifugation setup is easy: a 

concentrated nanoclusters solution was carefully put on the top of the 11+62% 

CsCl gradient. After centrifuged at 5800g for 20 min, two bands of red and 

purple color were appeared (Figure 2-12B). The b2 band solution was carefully 

transferred and purified to remove the concentrated CsCl, and characterized by 

TEM. Figure 2-12b2 showed the high purity of NPs dimers (>95%). The 

solution under the b2 band was purified to remove the CsCl, and then separated 

by another 11+62% CsCl gradient. The results were shown in Figure 2-12C. 

TEM image of c3 band was shown in Figure 2-12c3, in which 81% trimers 

were obtained. Because of the large size distribution of NPs, the weight of some 

dimers and trimers may overlap. 
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Figure 2-12 (A) A typical setup of differential centrifugation, where 62% and 

11% aq. CsCl and then AuNPn@PSPAA in water were layered from bottom to 

top. (B) The result of A after 20 min centrifugation. (C) Separation result of a 

pre-enriched trimer sample. (a1, b2, and c3) TEM images of the respective 

fractions indicated in A-C; the histograms are shown in the insets. Scale bars: 

100 nm. Reprinted with permission from ref. [24]. Copyright 2009 American 

Chemical Society. 
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Figure 2-13 (A, B, D, E) Separation of AuNPn@PSPAA by differential 

centrifugation, before (0 min) and after 20, 40, and 60 min. (F, G) All 

conditions are same as those for B and E, except that the CsCl gradient was 

precentrifuged for 20 min before loading AuNPn@PSPAA. (H, I) AuNPn@ 

PSPAA was loaded on top of 62% CsCl solution, before and after 40 min 

centrifugation. (J, K) AuNPn@PSPAA was loaded on top of 50% sucrose 

solution, before and after 40 min centrifugation. (L) Density trace of the 11 + 

62% gradient before (line 1) and after 20 and 120 min (line 2 and 3) 

centrifugation and density trace of solution I (line 4). (M) UV-vis spectra of 

monomer, dimer, and trimer samples. Reprinted with permission from ref. 
[24]

. 

Copyright 2009 American Chemical Society. 

If the solution was centrifuged for a long time, it can be found that the 

monomer and dimer bands moved towards the bottom of centrifuge tube, and 

the gap between them increased (Figure 2-13A-E). So the separation was 

possible due to the different sedimentation velocity of various nanoclusters. 

From Figure 2-13H-I, we can found that the monomers still can move 

downward in saturated CsCl solution. It indicated that the averaged density of 

AuNPn@PSPAA was higher than the saturated CsCl solution (ρNPs > ρsolvent), 
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and thus the gradient is not necessary to the separation. Figure 2-13L showed 

the density changing of the mixture after centrifugation. The initial sharp 

gradient has smoothed under longer centrifugation time. One control 

experiment that the gradient solution was centrifuged for 20 min before the 

separation setup showed that the separation was not affected too much (Figure 

2-13F-G). Consequently, the movement of the NP bands was mainly 

independent of any sharp density gradient. Figure 2-13J-K showed that in a 

sucrose solution (50%), the nanoclusters cannot separate efficiently. In 

comparison to 62% the CsCl solution, this sucrose solution is with a lower 

density but higher viscosity. 

When a NP reached steady-state during centrifugation, the friction force (F 

friction) should be equal to centripetal force (Fcentrifugal) minus buoyancy 

(Fbuoyancy); it can be re 

                           

where   is the frictional coefficient,   is the steady-state sedimentation 

velocity,   is the mass of NP,   is the angular velocity, and   is the 

distance from the center of rotation. Because the mass of a dimer is about twice 

of a monomer, as well as the similar polymer coating, the F friction (Fcentrifugal - 

Fbuoyancy) of a dimer is larger than that of a monomer (close to two times). The 

frictional coefficient,  , which is related to the cross section, should be larger 

for a dimer. However, due to the close packing of two NPs in a dimer, the cross 

section difference between a dimer and monomer would be much small (more 
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less than two times). So the sedimentation velocity of a dimer is larger than that 

of a monomer if ρsolvent < ρNP. On the other hand, our experience demonstrated 

that lower density solvent such as pure water could not work for the NPs 

separation. So the CsCl solution with higher density and viscosity could slow 

down the nanoclusters. Thus, the difference of sedimentation velocity of various 

clusters can be enhanced relatively. 

In comparison to the previous cases, the advantage of our method is the 

effectiveness. Such as, in Dai’s work, different size of AuNPs (5, 10, and 20 

nm) was separated, in which the weight difference is 1:8:64; in our case, the 

weight difference of monomer, dimer, trimer is 1:2:3. Furthermore, almost all 

the NPs can be encapsulated in the copolymer shell, thus this separation method 

is more general. Our method will play more important role in the purification of 

nanoclusters.  

2.4.2 Purification of the Products of Nanoassembly  

To mimic molecular reactions, the products of the nanoreactions have to be 

purified by removing the excess B@PSPAA. Since the overall densities of 

ABn@PSPAA (n = 2~4) are significantly larger than that of B@PSPAA, the 

former was easily isolated by differential centrifugation.
[24]

 Figure 2-14a-c 

shows a typical purification, where the product solution containing 

AB3@PSPAA was carefully layered on top of a saturated CsCl solution (no 

concentration gradient was used). After centrifugation, the B@PSPAA and 

AB3@PSPAA were separated into two distinct bands of red and blue color, 
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respectively. The blue band was enriched in AB3@PSPAA, and its color 

indicated surface plasmon coupling among the AuNPs of AB3. This band was 

isolated, diluted by aq. NaOH (pH=10), and then centrifuged again to remove 

the excess CsCl. The purity of the resulting AB2-, AB3-, and AB4@PSPAA, as 

based on the surveys of over 1000 nanoclusters in TEM images, were 87.3%, 

64.1% and 67.5%, respectively (Figure 2-1k-m, Figure 2-15, Figure 2-16, and 

Figure 2-17). Most of the impurities in these samples were ABn@PSPAA 

nanoclusters. The non-ideal purities achieved here could be attributed to the 

imperfect uniformity in the size of the original AuNPs, which affects both the 

yield of the nanoreactions and also the efficacy of the purification. 
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Figure 2-14 Purification of the ABn@PSPAA nanoclusters. a, Photographs of a 

sample solution after differential centrifugation. b, c, TEM images of the 

separated B@PSPAA and AB3@PSPAA partitions. e, d, TEM images of the 

AB2@PSPAA and B@PSPAA mixture before and after Ag growth on the 

A-NPs. f, TEM image of the sample in f after centrifugation and etching Ag. 

All scale bars are 50 nm. 
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Figure 2-15 Large-area view of the purified AB2@PSPAA nanoclusters, 

isolated by using the differential centrifugation method.  
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Figure 2-16 Large-area view of the purified AB3@PSPAA, isolated by using 

the differential centrifugation method. 
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Figure 2-17 Large-area view of the purified AB4@PSPAA, isolated by using 

the differential centrifugation method. 
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Figure 2-18. TEM images of the AB2@PSPAA sample after Ag growth, which 

occurred on the exposed A-NPs but not on the B@PSPAA. 
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Figure 2-19. Large-area view of the purified AB2@PSPAA nanoclusters 

isolated by using the Ag growth/etching separation method; inset: high 

magnification.  

The AB- and AB2@PSPAA nanoclusters, especially the AB@PSPAA may 

aggregate in the saturated CsCl aq. solution due to the exposure of A-NPs.  An 

alternative method was adapted for the separation of AB- and AB2@PSPAA 

(Table 2-1, entry 2 and 7), where the exposed A-NPs were exploited as seeds 

for growing metallic Ag (Figure 2-14d-f). This method was analogous to the 

separation of (6,5) single-walled carbon nanotubes, which were sunk downward 

by metallic nanoparticles deposition.
[51]

 In contrast, no Ag growth occurred on 

the PSPAA shells. As a result, the AB2@PSPAA grew significantly heavier 
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than the fully-encapsulated B@PSPAA, and they could be easily isolated from 

the latter by centrifugation at low speed in water. Subsequently, the isolated 

Ag-(AB2@PSPAA) were washed with NH3H2O to etch the Ag blocks, and 

then centrifuged to remove the excess reactants. Using this method, 

AB2@PSPAA were isolated in 85.9% purity (Figure 2-19). This technique was 

essential for the purification of AB@PSPAA (Figure 2-1-j and Figure 2-21, 

purity 83.2%, dA = 18 nm, dB = 36 nm), as there was only a small density 

difference between the AB- and B@PSPAA. As such, it is nearly impossible to 

separate them by the differential centrifugation method. For AB3- and 

AB4@PSPAA, however, the polymer shell tends to enclose the whole 

nanoclusters without exposing the A-NPs; this prevents Ag attachment and thus 

renders the purification method ineffective. Hence, the two purification 

methods are complementary in recovering the nanoreaction products and may 

allow flexibility in designing future synthetic routes. 
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Figure 2-20 TEM images of the AB@PSPAA sample after Ag growth, which 

occurred on the exposed A-NPs but not on the B@PSPAA. 
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Figure 2-21. Large-area view of the purified AB@PSPAA by using the Ag 

growth/etching separation method (dA = 18 nm, dB = 36 nm); inset: high 

magnification. 

So far, in our nanoreactions, the size of the B-NPs is always larger than or 

equal to the size of A-NPs. This setup effectively utilized the charge repulsion 

between B-NPs for the stoichiometry control. Reacting large A-NPs (36 nm) 

with small B-NPs (18 nm) is also feasible. But the stoichiometry of the 

resulting nanoclusters was less uniform, most likely due to the fact that the 

repulsion between B-NPs was not far enough to affect all neighbors on the large 

surface of A-NPs. Nevertheless, controlling the ionic strength still by and large 

control the stoichiometry of the ABn nanoclusters. 
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Figure 2-22. (a) TEM image of ABn@PSPAA (n ≤ 4) nanoclusters and 

remaining B@PSPAA. These nanoclusters were assembled in low ionic 

strength aqueous solution. (dA = 36 nm, dB = 18 nm, I = 0.594 mM). (b) TEM 

image of ABn@PSPAA (n ≥ 4) nanoclusters and remaining B@PSPAA. These 

nanoclusters were assembled in high ionic strength aqueous solution. (dA = 36 

nm, dB = 18 nm, I = 3.30 mM). (c, d) Schematic diagrams showing the creation 

of ABn@PSPAA (n ≤ 4 and ≥ 4) nanoclusters by tuning the charge repulsion 

between the B-NPs; larger radius of the dashed circle means stronger repulsion. 

2.5  Complex Nanostructure Based on This 

Nanoreaction System 

2.5.1 Nano-lens Model Nanostructure Formation 

One understandable advantage of our nanoreaction system is the usage for 

multistep assembly of nanoobjects. Nano-lens, one kind of controlled 

nanoparticle aggregates with giant local optical fields, has been well studied by 

using simulation methods for many years.
[52-54]

 However, till now, there is still 
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no effective method to synthesize this kind of nano-optics. Using our 

nanoreaction strategy, this kind of structures may be achieved easily by treating 

the medium size A-NPs with the large and small size B-NPs. When the NPs 

surfaces or the gaps are functionalized with Raman-active molecule,
[8, 12, 55-58]

 

the optical properties of the nano-optics could be studied by single particle or 

ensample measuring. 

 

Figure 2-23 (a, b) Schematic diagrams showing the formation of 

BAB’n@PSPAA (n ≤ 2 and ≥ 3) nanoclusters by tuning the charge repulsion 

between the B (B’)-NPs; (c, d) TEM image of BAB’n@PSPAA nanoclusters. 

These nanoclusters were assembled in different ionic strength aqueous solution. 

(dA = 36 nm, dB = 60 nm, dB’ = 18 nm)  

As we discussed before, when the A-NPs react with large B-NPs at low ionic 

strength, the heterodimer structure can be obtained (Figure 2-8c, Figure 2-9, 

and Figure 2-21). So it is reasonable that B’AB like structure can be 

synthesized by incubating smaller B’-NPs with this AB heterodimer products. 

Figure 2-23 shows the formation schemes and TEM images of the 
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BAB’n@PSPAA nanoclusters. Firstly, A-NPs (dA = 36 nm) were synthesized, 

purified and redispersed in DMF as normal procedure. Then large B-NPs (dB = 

   nm) were added before the addition of B’-NPs (dB’ = 18 nm). The ionic 

strength of the B-NPs and B’-NPs aqueous solution was fine tuned: at low ionic 

strength, no more than two B’-NPs attached to each A-NP, which was stuck by 

one B-NP, thus the linear BAB’ hetero-trimer structure was formed. Because 

this kind of hetero-trimer was easy to be synthesized and further functionalized 

in colloidal solution, it should be one excellent nano-lens model for the 

theoretic study or practical application; when the ionic strength increased, 

several B’-NPs were close to each A-NP, thus more than three B’-NPs were 

docked, and complex hetero nanocomposites were formed. 

2.5.2 Toothed Club Nanostructure Formation  

 

Figure 2-24 TEM and SEM images of the toothed club nanostructure fabricated 

by AgNWs and AuNPs. 

When the AgNWs were chosen as A-NPs and reacted with small B-NPs (dB 

= 36 nm), toothed club nanostructures were obtained (Figure 2-24). From the 
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TEM and SEM images, we found that the B-NPs were attached on the NWs 

uniformly owing to the large charge repulsion. It can be predicted that by fine 

tuning the ionic strength of the reaction solution, the density of small NPs can 

be controlled. This toothed club structures is also one useful physical model to 

study the electromagnetic field as well as the SPR properties.
[59]

 

2.6 Spectra Characterization of the ABn Nanoclusters.  

Figure 2-25a shows the normalized UV-Vis spectra of B@PSPAA and 

ABn@PSPAA (n = 2, 3 and 4) with 18 nm A- and B-NPs. The spectrum of 

AB@PSPAA (dA = dB = 18 nm) is not shown owing to the low purity. The 530 

nm peak of AB2 could be assigned to the transverse mode of the LSPR. A 

second LSPR absorption at 620 nm was observed for AB2@PSPAA, which can 

be attributed to the longitudinal resonance of the linear BAB cluster.
[31]

 

However, the spectra of AB3@PSPAA (64.1% purity) and AB4@PSPAA (67.5% 

purity) were very similar to that of AB2@PSPAA and no extra absorption band 

was observed. 

To investigate this phenomenon, we calculated the extinction spectra of the 

ABn nanoclusters using discrete dipole approximation.
[30, 60]

 The results agree 

well with our observations. In particular, the LSPR positions of AB3 are almost 

the same as those of AB2 (Figure 2-25b). This suggests that the four-body 

coupling in AB3 structure is weaker than the three-body coupling in the same 

system. In addition, the extinction spectra of AB2 nanoclusters are similar when 

the ∠ BAB angle varies from 120 to 180 degree (Figure 2-25c). These results 
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show that the extinction spectra of AB2 are not sensitive to the structural 

deformation. This phenomenon actually has been previously observed in the 

absorption spectra of trimers and quadrumers of 21 nm silver spheres by 

Nordlander and co-workers.
[61]

 Therefore, our experimental observations are in 

agreement with theoretic predictions. 
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Figure 2-25. (a) UV-Vis spectra of B@PSPAA and ABn@PSPAA (n = 2, 3 and 

4, dA = dB = 18 nm); (b) Calculated extinction spectra of B, linear AB2, 

equilateral triangular AB3, and regular tetrahedral AB4 (dA = dB = 18 nm, all 

gaps between AuNPs are 1 nm); and (c) Calculated extinction spectra of AB2 

with varying ∠BAB angles. 

2.7  Conclusion 

We demonstrated a systems approach to colloidal assembly of Au 

nanoparticles. By understanding and directing the reaction kinetics, the 

stoichiometry of the product nanoclusters was controlled simply by modulating 

the ionic strength of the reaction media. Colloidal synthesis is generally 

scalable and easy to control; and the polymer protection led to the recovery of 

pure nanoclusters with long-term stability. Hence, this initial platform of 

nanoparticle-based reactions permits further development of synthetic 

methodologies and allows insights into the interactions of nanoparticles. 

Specifically, charge repulsion has been identified as the major factor in the 

stoichiometry control in our system, while charge or magnetic dipoles were 
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ruled out. The nanoreactions were found to be kinetically controlled: the 

reaction proceeds at high ionic strength but strong charge repulsion at low ionic 

strength gives rise to an insurmountable barrier that diminishes effective 

collision. 
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Chapter 3  Chiral 

Transformation: from Single 

Nanowire to Double Helix 

 

3.1  Introduction 

Chirality is a major theme in organic chemistry, but it has yet to be fully 

explored in nanoscience. Chiral nano-objects are of great importance for 

fabricating future nanodevices, as clearly demonstrated by macroscopic chiral 

components such as gears, springs, propellers and scissors. The asymmetric 

organization of the surface atoms or ligands on small (< 5 nm) nanoparticles 

(NPs) is useful for asymmetric catalysis,
[1, 2]

 chiral separation,
[3, 4]

 and novel 

optical properties.
[5-11]

 For these applications, metallic nanostructures have clear 

advantages. 

Great efforts have been devoted to reducing the high symmetry of NPs. In 

contrast to the syntheses of Janus (two-sided) NPs,
[12]

 the available synthetic 

strategies for less symmetric chiral nano-objects are very limited. Most of the 

chiral nanostructures in the literature were fabricated using chemical vapor 

deposition (CVD).
[13-15]

 Because of the high temperature growth on bulk 

substrates, they were typically large and non-metallic. In colloids, a popular 

approach was to use chiral biomolecules or polymers as templates for the 
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surface assembly of NPs.
[5, 6, 8, 10, 11]

 Chiral NWs were also made in confined 

environments.
[16-19]

 But intrinsic chiral NWs were extremely rare.
[20, 21]

  

To date, the majority of the reported nanostructures were of single 

component,
[22, 23]

 but this simplicity limits their structural variety. We are 

interested in multi-component systems that offer new synthetic strategies and 

novel architectures.
[17, 18, 24-27]

 Of particular interest to us is the 

environment-responsive shape transformation of nanostructures, which is of 

critical importance for developing smart nanodevices. Previously, we showed 

that the polymer shells on Au NWs
[17]

 or carbon nanotubes
[18]

 could be induced 

to contract, coiling the embedded nanofilaments into ring structures. It was the 

first system that can transform the entire population of colloidal nanostructures.  

Here, we report a new system where an entire population of nanostructures 

undergoes predictable shape transformation. Ultrathin Au-Ag alloy NWs are 

first fabricated using a new method. Upon growth of an additional metal layer 

(Pd, Pt, or Au), the NWs wind around themselves to form double helices 

(93.5% yield for Pd). By systematic analysis of reaction conditions, we show 

that the rate of metal deposition was a critical factor in inducing the winding of 

NWs. The winding action probably originates from the chirality within the 

as-synthesized Au-Ag alloy NWs, which likely have the 

Boerdijk-Coxeter-Bernal (BCB) type twisted lattice.
[21]
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3.2 Materials and Methods 

3.2.1 Materials 

All chemical reagents were used as purchased without further purification. 

Hydrogen tetrachloroaurate(III) hydrate (HAuCl4∙3H2O), 99.9% (metal basis 

Au 49%), pyrrole (98%), aniline (99%), sodium dodecylsulfate (SDS, 99%), 

and ammonium persulfate (APS, (NH4)2S2O8, 98%) were purchased from Alfa 

Aesar; silver nitrate (99+%) and polyvinylpyrrolidone (PVP, Mw: 40,000) were 

purchased from Sigma Aldrich; 2-propanol (HPLC grade) and ethanol 

(analytical grade) were purchased from Fisher Scientific; all other chemicals 

were purchased from Aldrich.  eionized water (resistance >  8 MΩcm
-1

) was 

used in all reactions. Copper specimen grids (300 meshes) with formvar/carbon 

support film (referred to as TEM grids in the text) were purchased from Beijing 

XXBR Technology Co, Ltd.  

3.2.2 Methods 

TEM images were collected from a JEM-1400 transmission electron 

microscope (JEOL) operated at 100 kV. High-resolution TEM was performed 

on an FEI Titan Cubed S-Twin transmission electron microscopy operated at 80 

kV with image Cs corrector applied. High-resolution scanning transmission 

electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS) 

were performed on an FEI aberration-corrected Titan Cubed S-Twin 

transmission electron microscope operated at 200 kV. Probe Cs corrector was 

applied to get better spatial resolution. In a typical experiment, high-resolution 
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STEM imaging was conducted at a 2-us/pixel scanning rate with 70 um C2 

aperture, spot size 9, a high-angle annular dark-filed (HAADF) detector, and 

146 mm camera length. Under such conditions, a spatial resolution of ~1.0 Å 

was obtained. EDS spectra were collected with 150 m C2 aperture, spot size 6, 

and 240 s collection time. SEM images were collected from a JEOL-6700F 

Scanning Electron Microscopy operated at 10/15 kV. UV–Visible spectra were 

collected on a Cary 100 UV-Vis spectrophotometer.  

Preparation of TEM samples: TEM grids were treated with oxygen plasma in 

a Harrick plasma cleaner/sterilizer for 1 min to improve the surface 

hydrophilicity. The grid was placed face-down on a droplet of as-synthesized 

sample laid on a plastic Petri dish. A filter paper was used to wick off the 

excess solution on the TEM grid, which was then dried in air for 5 min. 

(NH4)6Mo7O24 was used as the negative stain in the TEM images of polypyrrole 

and polyaniline encapsulated double helices samples, so that the polymer shells 

appear white against the stained background.  

Preparation of ultrathin Au-Ag alloy NWs: In 800 L DMF solution, 100 L 

PVP (500 mM in DMF), 20 L HAuCl4 (50 mM in DMF), 20 L AgNO3 (50 

mM in H2O) were added in the order given. Then, 100 L ascorbic acid (400 

mM in H2O) was added into the mixture by vortex mixing. Finally, the solution 

was left undisturbed at room temperature for 10 days (the long time incubation 

is necessary). The ultrathin Au-Ag nanowires could be precipitated out by 

acetone, washed by H2O to remove the DMF and PVP, and isolated by 
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centrifugation. The product can be re-dispersed in 1 mL H2O without 

aggregation. 

Deposition of metal (Pd, Au, Pt, or Ag) on the Au-Ag NWs: Metallic double 

helices could be obtained by growing a thin metal layer on the surface of the 

Au-AgNWs. Taking Pd layer growth for instance, typically, into 640 L of 

aqueous ascorbic acid solution (1.875 mM), 50 L of as-synthesized Au-Ag 

NWs solution was added. The mixture was gently shaken, followed by addition 

of 60 L of aqueous H2PdCl4 solution (1 mM). The final mixture was left 

undisturbed at room temperature for 2 h to complete the Pd growth reaction.  

Preparation of (Au-Ag)@Pd double helices with NaBH4 as the reducing 

agent: The conditions used were similar to the above method using ascorbic 

acid, except that NaBH4 (with a same concentration) dissolved in ice/water 

mixture was used to replace ascorbic acid. 

Preparation of (Au-Ag)@M (M = Pd, Au, Pt, or Ag) double helices using 

pyrrole as the reducing agent:
[24]

 Taking Pd layer growth for instance, 

typically, into 500 L aqueous pyrrole solution (10 mM), 50 L aqueous SDS 

solution (40 mM), and 50 L of the as-synthesized Au-Ag NWs solution were 

added in the order given. The solution was gently shaken, followed by addition 

of 60 L of aqueous H2PdCl4 solution (1 mM). The mixture was left 

undisturbed at room temperature overnight (about 10 h) to complete the Pd 

growth reaction. 
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Preparation of ultrathin (Au-Ag)@M (M = Pd, Au, Pt, or Ag) double 

helices using aniline as the reducing agent:
[25]

 The conditions used were 

similar to the pyrrole reduction method above, except that aniline of the same 

concentration was used as the reducing agent to replace pyrrole. 

Polypyrrole encapsulation of the Au-Ag NWs:
[27]

 Typically, to 200 L of 

aqueous pyrrole solution (20 mM), 50 L of aqueous SDS solution (40 mM), 

and 50 L of the as-synthesized Au-Ag nanowires solution were added in the 

order given. The solution was vortexed for 5 s, followed by addition of 200 L 

acidic APS solution (the final concentration of [APS]: 5 mM; [HCl]: 7.5 mM). 

After vortexing for 10 s, the reaction mixture was incubated at room 

temperature overnight. 

SiO2 encapsulation of the metal deposition induced double helices: The 

encapsulation was carried out by using Stöber method with modifications.
[28-30]

 

Typically, 1 mL 2-propanol was added into 440 uL synthesized double helices 

solution under vigorous stirring. 5 minute later, 0.8 uL TEOS was added 

followed by the addition of 35 uL of ammonia. The mixture was shaken gently. 

After 12 hrs reaction, the product was collected by centrifugation. The collected 

product was redispersed into the SiO2 shell growth solution for the fully 

coating. 

Determining the yields reported in the main text: The yields of different 

samples were determined from the surveys of figures in the supporting 

information, as well as additional TEM images of different samples. As shown 
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in Table 3-1, different samples were labelled by the reducing agents and the 

metal precursors. 

Table 3-1 Determining the yields of double helices. 

 Double helices Unwound NWs Total Yield 

Ascorbic acid-H2PdCl4
a
 230 16 246 93.5% 

Ascorbic acid-H2PdCl4
b
 98 30 128 76.6% 

Ascorbic acid-H2PdCl4
c
 100 11 111 90.1% 

Ascorbic acid-HAuCl4 9 76 85 10.6% 

Ascorbic acid-K2PtCl4 129 27 156 82.7% 

Pyrrole-HAuCl4 91 12 103 88.3% 

Aniline-HAuCl4 88 10 98 89.8% 

Pyrrole-H2PdCl4 104 10 114 91.2% 

a
As-synthesized Au-AgNWs were used for the Pd layer growth; 

b
Purified Au-AgNWs were dispersed in pure water, and used for the Pd 

layer growth; 
c
Purified Au-AgNWs were dispersed in DMF/water mixture (v/v = 1:13.7, 

or 0.88 M DMF), and used for the Pd layer growth; 

3.3 Results and Discussion 

3.3.1 Synthesis of Au-Ag NWs  

The Au-Ag alloy NWs were synthesized by incubating HAuCl4, AgNO3 

(Au/Ag mole ratio 1:1), ascorbic acid, and polyvinylpyrrolidone (PVP) in a 

DMF/water mixture (v/v = 7.7:1) at room temperature for 10 days. The product 

NWs exhibited a brown red color. To purify the NWs, they were precipitated by 

acetone, washed by water to remove the excess PVP, and finally isolated by 

centrifugation. From the transmission electron microscopy (TEM) images, the 

NWs have an averaged diameter of 2 nm and overall length of several microns. 
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They often have thicker tails of 4-10 nm in diameter and 70-200 nm in length. 

Energy dispersive X-ray spectroscopy (EDS) revealed that the central thin 

section was composed of 50.8% Au and 49.2% Ag (about 2:1 in atomic ratio, 

uniformly distributed), different from the tails (80.2% Au, 20.8% Ag) (Figure 

3-2, Figure 3-3, and Figure 3-4). These water-soluble ultrathin NWs were 

similar in diameter to the hydrophobic ones synthesized in nonpolar solvents 

using oleylamine as the ligand.
[21, 31-33]

 In polar solvent, there were only two 

known cases of ultrathin NWs.
[30, 34]

 Like those in the literature, our ultrathin 

NWs were easily broken upon heating
[17]

 or under TEM electron beam.
[35] 

 

Figure 3-1 (a) A large-area TEM image of the as-synthesized Au-Ag NWs. (b) 

slightly higher magnification TEM image of the as-synthesized Au-Ag NWs 

(inset: one typical thick tail of the Au-Ag NW). 
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 a b c d Average 

Ag (L) 50.40% 60.51% 50.28% 35.76% 49.2% 

Au (L) 49.59% 39.48% 49.71% 64.23% 50.8% 

The EDS analyses of the central thin sections of the as-synthesized Au-Ag 

nanowires: (a-d) the (S)TEM images with the selected area marked (d: the 

rectangle area); (e-h) the corresponding EDS spectra of the selected areas in a-d. 

The EDS analyses (atomic ratio) have been summarized in the above table.  

Figure 3-2 EDS analysis of the central parts of the as-synthesized Au-AgNWs.  
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 i j k l Average 

Ag (L) 17.95% 19.11% 21.13% 24.97% 20.8% 

Au (L) 82.04% 80.88% 78.86% 75.02% 80.2% 

The EDS analyses of the tails of the as-synthesized Au-Ag nanowires: (i-l) 

STEM images with the selected areas marked (l: the circle area); (m-p) the 

corresponding EDS spectra of the selected areas in i-l. The EDS analyses 

(atomic ratio) have been summarized in the above table. 

Figure 3-3 EDS analysis of the large tail of the as-synthesized Au-AgNWs.  
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Figure 3-4 HAADF-STEM images of the Au-Ag NWs, and the corresponding 

element mapping of gold and silver. These two elements show homogeneously 

distribution, although the NWs were broken under the electron beam. 

Although our 2 nm Au-Ag NWs were very fragile under the electron beam in 

high-resolution TEM (HRTEM), we managed to capture quite a number of 

images where the “fan”-like contrast was a recurring feature (Figure 3-5). These 

ordered patterns provide strong support against the possibility of random 

polycrystalline structure in the NWs.  
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Figure 3-5 HRTEM images of the as-synthesized Au-Ag NWs; the “fan”-like 

contrast is highlighted in brackets. 

A seminal work published very recently by  os - acam n and coworkers 

showed that Au-Ag alloy can form ultrathin NWs (d = 2-5 nm, Au:Ag = 1:3) 

with BCB type twisted lattice (the twisting was not a result of strain).
[21]

 The 

authors showed that 2 or more BCB type spirals can be roped together to give 

interpenetrated icosahedron segments, which give characteristic “fan”-like 

contrast under electron microscopy resembling that of half-spheres.
[21, 36]

 On the 
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basis of their close resemblance to the “fan”-like contrast observed and 

simulated by  os - acam n’s team, it is likely that our Au-Ag NWs also have 

twisted lattice consisting of BCB type spirals. 

3.3.2 Formation of Double Helices. 

To our great interest, the alloy NWs formed double helices upon deposition 

of an additional metal layer at room temperature. The best results occurred with 

Pd deposition: Briefly, the as-synthesized Au-Ag NWs were added into an 

aqueous solution of ascorbic acid, followed by Pd precursor (aq. H2PdCl4). The 

mixture (DMF/water = 1:13.7, v/v) was gently mixed and then incubated for 1 h 

without stirring (to rule out the effect of swirling solution). The color of the 

solution changed from brown red to dark brown, indicating the reduction of 

Pd
2+

. The samples were directly dried on TEM grids without purification, in 

order to gain accurate survey without losing nanostructures.  

Figure 3-6 showed the double helix formation scheme and a typical TEM 

image of the resulting NWs after the Pd growth. The average diameter of the 

NWs increased to 3.5 nm (Figure 3-7), and the NWs tightly wound around 

themselves to give double helices. They were highly periodic, with uniform 

pitch length of 47  7 nm and 2.7 nm gap separating the two intertwined NW 

sections. Only the helical region near the two ends (one with a U turn and one 

with two open strands) had irregular and longer pitch periods. To confirm the 

materials composition in the NWs, we carried out high-angle annular dark-field 

scanning TEM (HAADF-STEM) and EDS analyses (Figure 3-8). Each strand 
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of the double helix consisted of coaxial core-shell (Au-Ag)@Pd NWs, with Pd 

forming a non-uniform coating. 

 

Figure 3-6 (a) Schematics illustrating the formation of double helix by growing 

a metal layer on Au-Ag alloy NW; (b) TEM image of a typical (Au-Ag)@Pd 

double helix. 
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Figure 3-7 (a, b) Large-area and (c) high magnification TEM images of typical 

(Au-Ag)@Pd double helices obtained by ascorbic acid reducing H2PdCl4 (final 

concentration of H2PdCl4 is 80 M. 

 

Figure 3-8 Magnified HAADF-STEM image of one typical (Au-Ag)@Pd 

double helix and the selected area EDS analyses at the bracketed regions. 
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Survey of the sample showed that most of the NWs transformed to double 

helices (93.5% out of 246 surveyed, Table 3-1). The rest 6.5% of NWs grew 

thicker without forming any helical region. As judged by the number of open 

strands (Figure 3-6b), the NWs did not intertwine with each other, and nearly 

all helices were derived from the self-winding of individual NWs. Some NWs 

formed multiple U-turn ends (Figure 3-6b, and Figure 3-9), and some even 

formed quadruple helices (Figure 3-9, Figure 3-10). The latter should result 

from continued twisting of a double helix, which is mechanically stronger than 

a single NW. Scanning electron microscopy (SEM) study revealed that both 

left- and right-handed helices existed in the sample (Figure 3-9). However, in 

each helix the chirality was always consistent. The multiple U-turn ends in 

Figure 3-9b showed the same winding direction.  
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Figure 3-9 SEM images of (Au-Ag)@Pd double helices of different chirality: 

(a) right-handed; (b) left-handed: in this image, the 4 magnified regions show 

the same chirality. 
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Figure 3-10 TEM image of a (Au-Ag)@Pd quadruple helix. 

Further control experiments established that the NWs did not wind in the 

absence of H2PdCl4, with all other conditions unchanged (Figure 3-11). On the 

other hand, without ascorbic acid the purified Au-Ag NWs reacted with 

H2PdCl4 to give only straight NWs with small Pd NPs attached to their surface 

(Figure 3-12a and b). It was an expected result of the galvanic reaction between 

H2PdCl4 and Ag (the remaining Au/Ag ratio is 1.62, Figure 3-13). After 

reacting for 24 h, ascorbic acid was added to the mixture to reduce the 

remaining Pd
2+

. The NWs were still able to form helices (Figure 3-12c and d), 

although they were loose with increased pitch period. Hence, the loss of Ag 
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from the ultrathin Au-Ag NWs seemed to have compromised their ability to 

wind, indicating the critical role played by the alloy NWs. Another important 

factor was the Pd deposition on the NWs, as opposed to the Pd-Ag galvanic 

exchange.  

 

Figure 3-11 Large-area TEM image of the NWs incubated in the absence of 

H2PdCl4, with all other conditions unchanged. No obvious change was 

observed. 
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Figure 3-12 TEM images of NWs after the incubation of purified Au-Ag NWs 

with aq. H2PdCl4 solution for 20 min (a) and 24 h (b); (c, d) TEM images of the 

H2PdCl4 treated Au-Ag NWs sample (same as a and b) after addition of 

ascorbic acid. DMF was added back to follow the typical Pd growth condition. 

 

 a b c Averaged Au/Ag ratio 

Pd (K) 83.14% 78.18% 72.30% 

1.62 Ag (K) 5.47% 8.54% 11.32% 

Au (L) 11.38% 13.26% 16.36% 

Figure 3-13 The selected-area EDS analyses of H2PdCl4 treated Au-Ag NWs in 

the absence of ascorbic acid: (a-c) the TEM images with the selected areas 

marked; (d-f) the corresponding EDS analyses of the selected areas. The EDS 

analyses are summarized in the above table. 
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As the H2PdCl4 concentration was increased from the original 80 M to 270 

and 540 M, after its reduction the NWs in the resulting helices increased in 

thickness to 7 and 10 nm, respectively (Figure 3-14, and Figure 3-15). The 

NWs did not fuse together and the pitch length remained the same; only the gap 

distance between the NWs decreased significantly. Thus, the helix formation 

was finished after the initial Pd deposition.  

 

Figure 3-14 TEM images of the (Au-Ag)@Pd double helices obtained by 

ascorbic acid reducing H2PdCl4 (final concentration of H2PdCl4 is 270 M). 
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Figure 3-15 TEM images of the (Au-Ag)@Pd double helices obtained by 

ascorbic acid reducing H2PdCl4 (final concentration of H2PdCl4 is 540 M). 

To confirm the helices were formed in the growth solution, but not because 

of the contraction of the solvent during the TEM sample preparation, SiO2 shell 

growth process was carried out after the Pd growth in the NWs solution. Figure 

3-16 showed a typical TEM image of the helices coated with silica, which 

indicated that the double helices have already existed in the solution after the Pd 

deposition. 
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Figure 3-16 TEM images of the SiO2 encapsulated double helices product: first 

round growth of SiO2 shell (left), and grow SiO2 shell twice (right). 

3.3.3 Discussion 

Pd was not unique in inducing the helix formation. In the following, we used 

a same batch of Au-Ag NWs for testing the reaction conditions. When H2PdCl4 

was replaced by K2PtCl4, double helices were also obtained. There were tightly 

wound helices (Figure 3-17a and b) with the same average pitch length and gap 

separation as those in Figure 3-7, but there were also loose helices with kinks 

that have lost the potential to wind. When HAuCl4 was used as the metal 

precursor, shortly after the addition of ascorbic acid (< 1 min) the color of the 

solution changed from brown red to the final light purple color, indicating the 

fast reaction. The yield of double helices was only 10.6% and they have 

irregular NW width (Figure 3-17c and d). Most of the NWs simply grew thicker 

and formed kinks, and this result was not improved when more HAuCl4 was 

used. When AgNO3 was used, no helix was formed. The Ag selectively 
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deposited at both ends of the NWs (Figure 3-17e and f) and there was no 

obvious change in diameter at the middle section.  

 

Figure 3-17 TEM images of the resulting NWs when (a, b) K2PtCl4 reacted 

with ascorbic acid; (c, d) HAuCl4 reacted with ascorbic acid; (e, f) AgNO3 

reacted with ascorbic acid. 
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Figure 3-18 TEM images of the (Au-Ag)@Pd double helices obtained by 

ascorbic acid reducing H2PdCl4, in which the purified Au-Ag NWs were 

dispersed in water, leading to faster reaction. In a similar control experiment, 

purified Au-Ag NWs were dispersed in DMF/water mixture (v/v = 1:13.7), the 

result was the same as Figure 1c and S7 (thus not shown). 

The above reaction conditions have already been optimized. After careful 

analysis of numerous initial reactions, we noticed that the yield of helix 

formation depended critically on the purification step. The residue DMF in the 

reaction mixture was found to a play an important role, probably via affecting 

the reaction rate (Figure 3-18). To illustrate this point, the purified Au-Ag NWs 

were dispersed in either water (0 M DMF) or DMF/water mixture (v/v = 1:13.7, 

i.e., 0.88 M DMF). After mixing with H2PdCl4 and ascorbic acid, the solutions 

were incubated for 2 h. The rates of Pd reduction were clearly different as 

indicated by the color change and confirmed by UV-Vis kinetics (all reactions 

were finished within 8 min).  
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Figure 3-19 (a) UV-Vis spectra of the purified Au-Ag NWs, and (Au-Ag)@Pd 

double helices in aqueous solutions; (b) the normalized absorbance increase at 

510 nm wavelength of Pd and Au growth in pure water or 0.88 M DMF 

aqueous solution. 

The UV-Vis spectra of the as-synthesized Au-AgNWs and (Au-Ag)@Pd 

double helices (Figure 3-19a) showed that after the metal layer growth, the 

absorbance increased over the whole spectrum and the characteristic peaks 

around 400 nm and 500 nm disappeared. Nevertheless, the trend in the increase 

of absorbance was similar at different wavelengths, showing a plateau after 

initial increase in absorbance. The rates of metal deposition were reflected by 

the rates of increase in absorbance. In Figure 3-19b, the deposition reactions 

were studied by following the absorbance change at 510 nm. In the case of 

HAuCl4 reduction in water, the reaction was too fast for us to move the cuvette 
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into the UV-vis spectrometer. All reactions reached a plateau within 8 min (for 

Au, less than 1 min). 

The faster reaction in water gave kinked NWs and loose double helices 

(76.6% yield; no improvement after 24 h). In contrast, the presence of the 0.88 

M of DMF residue led to slower reaction but higher yield (90.1%) of tightly 

wound helices. In comparison to the original reaction using the as-synthesized 

Au-Ag NWs (DMF/water = 1:13.7), these control experiments ruled out the 

effects of PVP and other residue chemicals.  

We varied the reactants as an alternative approach to tune the rates of metal 

reduction in the presence of Au-Ag NWs. When NaBH4 was used as the 

reductant for H2PdCl4 or K2PtCl4, the solution reached the final brown color 

instantaneously (< 1 s). Only a few loose double helices formed and the NWs 

contained many kinks (Figure 3-20). It appeared that the kink formation was 

correlated with the fast reaction rate, probably because the metal deposition was 

too fast for the NWs to respond by winding. 
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Figure 3-20 TEM images of the double helices induced by NaBH4 arisen (a, b) 

Pd and (c, d) Pt deposition. 
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Figure 3-21 TEM images of the double helices induced by (a, b) pyrrole arisen 

Au deposition; (c, d) aniline arisen Au deposition; TEM images of the resulting 

NWs when AgNO3 reacted with pyrrole. 

On the other hand, aniline and pyrrole were known to cause slow reduction 

of AgNO3 or HAuCl4, leading to simultaneous formation of polymer 



 122 

shells.
[24-26]

 The reduction of HAuCl4 by pyrrole was significantly slower than 

that using ascorbic acid. After 10 h, this slower reaction gave much improved 

yield of double helices (from 10.6% to 88.3%). Their structure was also 

improved in terms of tightly wound helices and uniform NW diameter (Figure 

3-21a, b). Similarly, the reaction of HAuCl4 with aniline was also slow, giving 

89.8% yield (Figure 3-21c, d). Similar with the results of Ag deposition by the 

reductant of ascorbic acid, AgNPs also are docked on the tails of NWs in the 

pyrrole reducing case (Figure 3-21e, f). 

The reaction of H2PdCl4 with pyrrole did not worsen or further improve the 

helix formation; after 10 h, tightly wound double helices were still obtained 

with good yield (Figure 3-22a, b). The similar results also exhibit in the pyrrole 

reduced K2PtCl4 case (Figure 3-22c, d). Control experiments showed that 

polymer coating without metal deposition cannot induce the helix formation: 

(NH4)2S2O8 was used to oxidize pyrrole, and the Au-Ag NWs remained straight 

after the polymer coating (Figure 3-22e).
[27, 37]
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Figure 3-22 TEM images of the double helices induced by (a, b) pyrrole arisen 

Pd deposition; (c, d) pyrrole arisen Pt deposition; TEM images of the resulting 

NWs when (NH4)2S2O8 was used to oxide pyrrole to form the polypyrrole 

coating. 
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3.3.4 Mechanism Analysis 

With our systematic study in the reaction conditions, the formation of double 

helices became highly reproducible and the yield improved significantly (such 

as, the yield of Au deposition induced double helices can increase from 10.6% 

to 88.3% by changing the reducing agents from ascorbic acid to pyrrole). Most 

importantly, the chemistry of the Au-Ag NWs offers mechanistic insights 

unattainable by physical characterization. The rate of metal deposition was 

clearly critical: Making the Pd reduction faster worsened the yield of double 

helices, whereas slowing the Au reduction improved the yield. Moreover, the 

formation of kinked NWs and loose double helices were correlated with the 

reaction rates as well as the depletion of Ag from the NWs. Hence, the NW 

winding must arise from the interaction between the metal coating and the 

embedded Au-Ag NW. On the other hand, Au and Ag have matching lattices 

(0.1% mismatch), but Au-Pd (4.71%) and Au-Pt (3.80%) have larger lattice 

mismatch.
[38]

 The fact that both Pd and Au deposition can cause double helix 

formation suggests that the lattice matching was probably not a key factor.  

The chirality of an individual double helix was remarkably consistent over 

microns in length (Figure 3-9b). It is impossible for random metal deposition on 

one end to influence that on the other. Hence, it is more likely that the 

embedded Au-Ag NW is the origin of the chiral action. Following the same 

logic, random defects in the NW cannot be the reason. Given the fast diffusion 

rate of noble metal atoms, high-density defects are unlikely in the ultrathin 
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Au-Ag NWs and random defects will most likely cancel out each other in terms 

of induced action. For random polycrystalline NWs, it is nearly impossible to 

achieve uniform width without using templates. Thus, lattice order in the 

Au-Ag NWs is the only conceivable explanation for the uniform NWs and their 

consistent action.  

To study the origin of winding action of the NWs, it is obvious that their 

central ultrathin section (Au:Ag = 1:1) is more important that their thicker tails. 

As we discussed before, our NWs are similar to the recent published work, in 

which Au-Ag alloy showed the formation of ultrathin NWs (d = 2-5 nm, Au:Ag 

= 1:3) with BCB type twisted lattice (the twisting was not a result of strain).
[21]

 

The authors proposed that several BCB type spirals can be roped together to 

give interpenetrated icosahedron segments, which give characteristic “fan”-like 

contrast under electron microscopy. On the basis of their close resemblance to 

the “fan”-like contrast observed and simulated by  os - acam n’s team, it is 

likely that our Au-Ag NWs also have twisted lattice consisting of BCB type 

spirals. Though our NWs were much longer (5 m vs 50 nm), a same chirality 

was maintained over an entire NW as indicated by the chirality in the resulting 

double helices (Figure 3-9b). Jointed segments with opposite chirality are 

expected to give non-helical section near the junction; this was not observed in 

the nicely wound double helices (e.g., the (Au-Ag)@Pd ones).  

Icosahedron and the BCB-type lattice are made of tetrahedral units,
[21]

 which 

cannot closely pack with each other. For example, when five tetrahedral stack 
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to form a decahedron, there is a misfit angle of 7.35. The coating of metal on 

the BCB-type twisted lattice likely leads to the untwisting (twisting in the 

opposite direction of the BCB lattice) of the NWs to minimize the overall 

lattice energy. The increase in lateral dimension is expected to induce lattice 

strain, because the BCB-type packing cannot be maintained by growing on their 

sides (the constituent tetrahedra cannot expand in longitudinal direction).
[21]

 

While the open ends of a NW can twist without intertwining, the high aspect 

ratio (> 1000) makes it impossible to twist the entire NW strictly along a same 

axis. Thus, the NW winds around itself to form a double helix, in much the 

same way an electric cord winds around itself upon twisting. Multiple bending 

sites in a long NW thus give multiple U-turn ends. The pitch length of BCB 

type spirals (3.7 nm) is much shorter than that of the (Au-Ag)@Pd double 

helices. The excess twisting potential winds the double helix tightly together, 

leading to a constant pitch length. When Ag was partially removed from the 

Au-Ag NWs (Figure 3-12a, b), the reorganized lattice was largely compromised 

(Figure 3-12c, d). If the metal deposition was too fast, the additional layer 

hardened the NWs and the lattice strain was only relieved in a few spots in the 

form of kinks.  

3.4 Conclusion 

In summary, we report the synthesis of ultrathin Au-Ag NWs in polar 

solvent firstly. These flexible NWs are of 2 nm in width and several 

micrometers in length. In these NWs, Au and Ag elements distribute uniformly 
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(about 1:1 in atomic ratio). Then an unprecedented behabior of these NWs can 

be found in the colloidal solution: the NW winds around itself to form a 

metallic double helix. The chemistry of the NWs provides rich information for 

mechanistic inference. Their chiral action is a dramatic display of the chirality 

at atomic scale. The predictable motion of nanostructure upon chemical stimuli 

could be potentially exploited for developing smart nanodevices.  
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Chapter 4  One Pot Synthesis 

of Helical Gold Nanowires in 

Colloidal Solution 

 

4.1  Introduction 

As we discussed in Chapter 1 and Chapter 3, chirality is highly important in 

life science, medical science, and macro devices. Therefore it has been 

enthusiastically studied. However, the exploration of nano-chiral science is still 

very rare due to the challenge of the manufacture of helical nanostructures. It 

can be imaged that using chiral nano-objects as building blocks are of great 

significance for manufacturing future smart nanodevices. Primary studies have 

demonstrated that the asymmetric structures are more useful for asymmetric 

catalysis,
[1, 2]

 chiral separation,
[3, 4]

 and novel optical properties.
[5-11]

 Moreover, 

for these applications, metallic nanostructures have clear advantages. So it is 

critical to develop new strategy to manufacture novel helical metallic 

nanostructures. 

Till now, just a few cases of chiral metallic NWs have been 

synthesized.
[12-16]

 The most popular strategy is the hard template-mediated NW 

synthesis. Stucky and co-workers found that the confined channels can be used 

as the hard template for the formation of chiral AgNWs.
[12]

 The shapes and 
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morphologies of these chiral nanostructures can be controlled by tuning the 

diameters of these channels. Another research group also used the similar 

method to synthesize the Pd nanosprings with the help of simultaneous Cu 

deposition.
[13]

 Very recently, silver microcoil has been synthesized through the 

spiral vessels in lotus root as biotemplate.
[14]

 It has been demonstrated that this 

left-handed coil structure can be applied in electromagnetic-responsive fields. 

All these three cases are templates needed, and thus it is limited for the 

large-scale production. Couple months ago, bimetallic chiral Au-Ag NWs with 

the length of 50~100 nm, was synthesized in colloidal solution.
[15]

 These NWs 

are proposed to be the stacking structures of several Boerdijk-Coxeter-Bernal 

helices. However, the growth mechanism is still unclear. 

In Chapter 3, I have reported on ultrathin Au-Ag alloy NWs with intrinsic 

chirality, as well as the chiral transformation of ultrathin single NW to double 

helix.
[16]

 As these NWs are very thin and the strategy of helices formation is 

complex, I would like to develop new method to synthesize helical metallic 

NWs directly in colloidal solution. In this chapter, I will introduce the 

formation of helical gold NWs in ethanol/H2O mixture in the presence of small 

organic molecules.  

4.2  Materials and Methods 

4.2.1  Materials 

All chemical reagents were used as purchased without further purification. 

Hydrogen tetrachloroaurate(III) hydrate (HAuCl4∙3H2O), 99.9% (metal basis 
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Au 49%) was purchased from Alfa Aesar; ethanol, analytical grade, was 

purchased from Fisher Scientific; Pentaerythritol tetrakis(3-mercapto- 

propionate), 1, was purchased from Aldrich; 4-Mercaptobenzoic acid (4-MBA) 

technical grade, 90%, was purchased from Aldrich; L-Ascorbic acid, reagent 

grade, 99+%, was purchased from Sigma Aldrich. 4,4’-disulfanediyldibenzoic 

acid was purchased from Santa Cruz Biotechnology; Deionized water 

(resistance >  8 MΩcm
-1

) was used in all reactions. Copper specimen grids 

(300 meshes) with formvar/carbon support film (referred to as TEM grids in the 

text) were purchased from Beijing XXBR Technology Co, Ltd.  

 

Scheme 4-1 Structures of the compounds used in this chapter  

4.2.2 Methods 

Characterization Methods: low magnification TEM images were collected 

from a JEM-1400 transmission electron microscope (JEOL) operated at 100 

kV. High-resolution TEM image were collected from a JEM-2100F 

Transmission Electron Microscope (JEOL) operated at 200 kV.  
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Preparation of TEM samples: TEM grids were treated with oxygen plasma in 

a Harrick plasma cleaner/sterilizer for 1 min to improve the surface 

hydrophilicity. The grid was placed face-down on a droplet of as-synthesized 

sample laid on a plastic Petri dish. A filter paper was used to wick off the 

excess solution on the TEM grid, which was then dried in air for 5 min. 

Synthesis of AuNPs by seeded growth: Larger AuNPs (36 ± 2.7 nm) were 

synthesized according to the method mentioned in chapter 2, but more 15 nm 

AuNPs was used as seeds.
[17, 18]

 In a typical synthesis, a 250 mL round bottom 

flask was charged with 100 mL aq. HAuCl4 (0.25 mM). The solution was 

refluxed with vigorous stirring for 10 min, and then 16 mL of AuNP seeds 

(dAuNP =  5 nm) and 5   μ  of sodium citrate (38.7 mM) was added. After 

boiling the solution for 45 min, a deep-red AuNP solution was obtained. The 

solution was cooled to room temperature. The average diameter was measured 

to be 36 ± 2.7 nm from TEM images using ImageJ. 

Preparation of 1 functionalized AuNPs (1-AuNPs): In 1500 L of 

as-synthesized AuNPs (36 nm), 100 L of 1 (0.1 mM) was added, followed by 

continuing stirring for 3 hours. This solution was used as seeds directly without 

any further treatment. 

Preparation of Au nanowires by using aged 4-MBA: Into 700 L of 4-MBA 

(2 mM, aged for several months) ethanol solution, 100 L of ascorbic acid (40 

mM) aq. solution, 150 L of HAuCl4 (13.33 mM) aq. solution, 50 L of 

1-AuNPs, were added in sequence with vortex mixing. Finally, the solution was 
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left undisturbed at room temperature for 16 hrs. The products were washed by 

ethanol to remove 4-MBA and the residual reactants, and isolated by 

centrifugation.  

Preparation of 4-(ethoxycarbonyl)benzenesulfonic acid (2): 92.7 mg of 

potassium 4-carboxybenzenesulfonate was transferred into 5 mL of ethanol. 

The mixture was cooled in ice/H2O mixture bath, followed by slow addition of 

1 mL concentrated sulfuric acid. The mixture was then refluxed for 12 hrs. 

After cooling down to room temperature, ethyl acetate was used to extract the 

product. Finally the product was dried at reduced pressure. 

Preparation of diethyl 4,4’-disulfanediyldibenzoate (3): The compound 3 

was synthesized according to the literature.
[19]

 Typically, 550 mg 

4,4’-disulfanediyldibenzoic acid was added into 15 mL of ethanol. Into this 

suspension, 0.1 mL concentrated sulfuric acid was added. The mixture was then 

refluxed for 18 hrs, cooled down to room temperature, and concentrated under 

reduced pressure. The solution was combined with 25 mL of Dichloromethane, 

and washed with a saturated NaHCO3 aq. (3×20 mL) and H2O (3×20 mL). 

Finally the DCM solution was dried by anhydrous MgSO4, and evaporated 

compound 3 appears as light yellow color oil. 

Preparation of ethyl 4-mercaptobenzoate (4): Compound 4 was synthesized 

according to the previous literature.
[19]

 Typically, 335 mg of compound 3 was 

added into 20 mL of ethanol/THF mixture (v/v = 1:1). The mixture was stirred 

and cooled in the ice/H2O mixture bath for 10 min, followed by the slow 
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addition of 130 mg of NaBH4. After the addition, the mixture was allowed to 

react for 4 hrs at room temperature. The mixture was then concentrated under 

reduced pressure. The solution was combined with 25 mL of ethyl acetate, and 

washed with a diluted HCl aq. (100 mM, 3×10 mL) and H2O (3×10 mL). 

Finally the ethyl acetate solution was dried by anhydrous MgSO4, and 

evaporated compound 4 appears as colorless oil. 

Preparation of Au nanowires by using the mixture of 4-MBA and its 

deviates: Into 700 L of the mixture of 4-MBA and its deviates (compound 3 

or compound 4) ethanol solution, 100 L of ascorbic acid (40 mM) aq. solution, 

150 L of HAuCl4 (13.33 mM) aq. solution, 50 L of 1-AuNPs, were added in 

sequence by vortex mixing. Finally, the solution was left undisturbed at room 

temperature for 16 hrs. The products were washed by ethanol to remove 

4-MBA and the residual reactants, and isolated by centrifugation.  

4.3 Results and discussion 

4.3.1 Morphologies of Helical Gold Nanostructures 

The helical Au NWs were synthesized by incubating HAuCl4, ascorbic acid, 

4-Mercaptobenzoic acid (4-MBA) in an ethanol/H2O mixture (v/v = 7:3) at 

room temperature for 16 hrs. The products was black in color. To purify these 

products, they were washed by ethanol two times, and finally isolated by 

centrifugation. From the TEM images (Figure 4-1, 4-2, 4-3), the products in one 

pot of growth solution showed several kinds of helical structures with different 
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pitch length and width: single strand helices; double strands helices; multiple 

strands helices. 

 

Figure 4-1 TEM images of single helical NWs with different width and pitch 

length. (a and b) large area and high magnification TEM images of the helical 

NWs, indicating the length of these helical NWs can reach to dozens of 
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micrometers, (c, d, and e) the TEM images of the helical NWs with different 

width (10~40 nm). Inset showed the magnified images of the single helices. 

Figure 4-1 showed the TEM images of single helical NWs with different 

width and pitch length. From Figure 4-1a-d, we found that the helices were 

about tens of micrometers in length and with the same width in each single 

helix chain. It looked like that the growth of these NWs was highly dependent 

on the first step of growth. Once the helical NWs formed with a certain width, 

the whole helices will maintain this width, even while the length reached 

decades of micrometers. This was important information for this kind of helices, 

which would help us to understand the growth mechanism. As the NWs were 

stacked closely to form the helices, the pitch length almost equals to the 

diameter of these NWs (about 8~10 nm). The width of these single helices 

showed large range. Most of the single helices were shown in Figure 4-1a-c, in 

which the width of these helices was about 19~25 nm. Very few single helices, 

such as shown in Figure 4-1d, were with the width about 40 nm. In few cases, 

the pitch length increased to 15~23 nm; but the diameter was still about 9 nm 

(Figure 4-1e). Thus it seemed that this kind of single helices were formed by 

stretching the normal closely stacked helices. According to our previous 

results,
[16, 20]

 we know that ultrathin gold NWs are always very flexible and 

elastic. It can be predicted that these NWs had excellent mechanical properties, 

which can be adopted as nanosprings in future smart nanodevices. Previously, 

the mechanical properties of carbon nanocoil have been well investigated.
[21, 22]

 

The characterization method can be applied for our helical NWs. 
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Figure 4-2 TEM images of double helical NWs with different width and pitch 

length. (a and b) the TEM images of double helices with different width (10~26 

nm). (c) TEM images of double helices with irregular width, and pitch length, 

in which two NWs in the helices were stacked closely. (d) TEM image of one 

kind of single NWs coexisted in the product solution, in which the width was 

similar to the width of double helices in b. 

Figure 4-2 showed the TEM images of several different kinds of double 

helices. In Figure 4-2a, the double helices represented the uniform width about 

10 nm, and pitch length about 22.5~24.5 nm. In this case, the diameters of these 

NWs were about 4 nm, which was thinner than most of the NWs. In Figure 

4-2b, the width of the double helices as well as the diameter of the NWs 

increased. The width of thinner segments was about 17.5 nm, in which two 



 140 

NWs were wound uniformly. However, when the width increased to 26 nm, the 

double helices looked like one NW wound around the other straight NW. In this 

double helices case, the diameters of NWs were about 7~8.5 nm. Very few NWs 

exhibited the irregular twisting, as shown in Figure 4-2c. It’s difficult to 

conclude the average width and pitch length owing to the highly rough packing. 

The diameters of these NWs were about 5~8 nm. Figure 4-2d showed single 

NWs with diameter about 10~12 nm, a little thicker than the NWs in the helices, 

but was very consistent with the width of double helices in Figure 4-2b. These 

NWs exhibited some curves and different TEM contrast along the NWs. The 

most possible reason was that these NWs were derived from the fusion of 

helical NWs during the NWs formation or TEM sample observation. 

In these products, there were also some multiple helices, in which several 

NWs were intertwisting together. From the TEM images (Figure 4-3), several 

NWs wound around one NW or NW bundles. The width of these helices were 

in large range (about 50~80 nm), and the pitch length were about 110~150 nm. 

The diameters of the NWs in these multiple helices were about 5.5 nm. 

Comparing the diameters of NWs changing in all kinds of helices, we 

concluded that the NWs in the single strand helices were with thickest diameter 

(about 8~10 nm); when the diameter of NWs decreased to about 7~8 nm, the 

NWs showed double helical structures and continuing decreasing the diameter 

of NWs, double helices with smallest width or multiple strands helices appeared. 

Thus the thickness of NWs was associated with the formation of helices. This 
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may also be one breakthrough towards the optimization of the helices growth 

condition. 

 

Figure 4-3 TEM images of multiple helical NWs formed by intertwisting 

several NWs together. 

The separation of these products is obvious very important. The efficient 

method is to optimize the synthesis conditions after fully understanding the 

controlling factors to different morphologies. Of course, NWs also could be 

manipulated by optical tweezers,
[23]

 optoelectronic tweezers,
[24]

 or AFM 

probe
[21]

 to accomplish the separation. 

These helical NWs were very fragile either in the product solution or under 

the TEM beam irradiation. Figure 4-4a and b showed the TEM images of the 

double helices were fused together to form single NW. From Figure 4-4a, we 

found that the fused domains in the NWs showed two different thickness. The 

reason may be that the helices here had two different morphologies, similar to 

the inset of Figure 4-1c, in which some helices were close stacked, and some 

were stretched. After the electron beam irradiation, they fused to form two 
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different parts (i and ii, as shown in the inset of Figure 4-4a) with different 

thickness. From the magnified TEM image Figure 4-4b, the intermediate state 

of the helices fusion was trapped. Along the NWs, some segments have been 

fused together to form single NWs already, but some have no. The inset showed 

that these two NWs were going to fuse. After fusion, the NWs exhibited the 

single helical morphology, even straight NWs with few curves. If the product 

NWs haven’t been isolated from the solution and purified after formation, these 

NWs would fuse by themselves (Figure 4-4c). This phenomenon indicated that 

these NWs were not thermodynamic stable due to the close packing of these 

NW strands in the helices. However, for the stretched helices, the intervals of 

the NWs were large, ensuring the stability of these helices. 
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Figure 4-4 (a, and b) TEM images of helices fusion during the TEM 

observation. (c) TEM images of the helices products stored in the solution for 

three days, in which the helices formed with close arrangement of NWs were 

fused together to form the single NW, and the “stretched” helices remained 

their original structures. Insets showed the magnified TEM images 

corresponding to the red rectangles. 

4.3.2 Optimization of Synthesis Condition 

As the aged 4-MBA was used for the synthesis of helical gold nanostructures, 

and the freshly prepared 4-MBA didn’t work, it was critical to find the optimal 

conditions. It is well known that thiophenol is very unstable and can even be 

oxidized by air.
[19]

 The 4-MBA ethanol solution was prepared several months 
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ago and thus these 4-MBA could be oxidized to form the disulphide compound 

or continue oxidizing to form the sulfinate, and sulphonate compounds. Perhaps, 

the esterification reaction also took place under this long incubation time. From 

the LC-MS analysis (Figure 4-5, Figure 4-6, and Figure 4-7), we found that the 

main compound in 4-MBA ethanol solution changed quickly along with the 

incubation process. According to Figure 4-7, after 10 months incubation at 

room temperature, the main product of 4-MBA derivative should be 

4-(ethoxycarbonyl)benzenesulfonic acid (2). Figure 4-8 showed the LC-MS 

analysis of the synthesized compound 2. However, when this compound was 

used to perform the helical Au NWs growth, the solution color changed quickly. 

From TEM observation, there was no helical product. Thus the helical structure 

may be originated from others derivatives of 4-MBA, perhaps the mixture of 

these compounds.  

So several derivatives of 4-MBA, such as 4,4’-disulfanediyldibenzoate 

(compound 3), 4-mercaptobenzoate (compound 4), as well as potassium 

4-carboxybenzenesulfonate were synthesized or purchased for the helical NWs 

growth. The synthesized compounds also were confirmed by the LC-MS 

analyses (Figure 4-9, and Figure 4-10). All the growth conditions were similar 

to the previous case, except the derivatives instead of the aged 4-MBA solution. 
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Figure 4-5 LC-MS of the fresh prepared 4-MBA ethanol solution. 

 

Figure 4-6 LC-MS of the 4-MBA ethanol solution incubated at room 

temperature for two weeks. 
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Figure 4-7 LC-MS of the 4-MBA ethanol solution incubated at room 

temperature for 10 months. 

 

Figure 4-8 LC-MS of the compound 2: 4-(ethoxycarbonyl)benzenesulfonic 

acid. 
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Figure 4-9 LC-MS of the compound 3: diethyl 4,4’-disulfanediyldibenzoate.

 

Figure 4-10 LC-MS of the compound 4: ethyl 4-mercaptobenzoate. 
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Figure 4-11 TEM images of the helical gold NWs synthesized in the mixture of 

4-MBA derivates and 4-MBA at different final concentration: (a) compound 3 

(50 μM) and 4-MBA (200 μM); (b, and c) compound 3 (100 μM) and 4-MBA 

(200 μM); (d, and e) compound 3 (200 μM) and 4-MBA (400 μM); (f) 

compound 4 (100 μM) and 4-MBA (200 μM); (g, and h) compound 4 (200 μM) 

and 4-MBA (200 μM); (i) compound 3 (100 μM), compound 4 (200 μM) and 

4-MBA (200 μM). 

When only compound 3 or compound 4 were used, no helical NW appeared 

in the solution. Even after tuning the concentration as well as the pH value of 

the growth solution, helical NW was not produced. Therefore, we hypothesized 

that the mixture of derivatives and 4-MBA may play the role. When compound 

3 or compound 4 was used in the presence of fresh 4-MBA, there were some 
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helical NWs. However, these yields were still very low (Figure 4-11). 

When small amount of compound 3 and 4-MBA were used as the capping 

agents, the main products were the straight NWs. These NWs also exhibited 

some curves, and different TEM contrast along the NWs, which were similar to 

the case presented previously (Figure 4-2d). The diameters of these NWs were 

in the range of 12~18 nm, which were little thicker than the previous ones. 

Some helical NWs can also be found in the product. As shown in Figure 4-11a, 

the TEM image represented the close packing helical NWs with the diameter of 

about 9 nm. However, the size of the helix in one NW was non-uniform, which 

is different from the aged 4-MBA induced helical NWs. The width and pitch 

length of these helices was about 16~22 nm, and 15~18 nm, respectively. When 

the amount of compound 3 was increased lightly, the products were similar to 

the Figure 4-11a case. The only difference was the repeating units in helices 

were stacking more closely, thus the fusion process can be observed when the 

sample was under the electron beam (Figure 4-11b). It still cannot be 

distinguished whether some NWs with many curves formed in the solution or 

fused from the helices (Figure 4-11c). These diameters were similar to the 

straight NWs discussed previously. By continuing increasing the amount of 

compound 3, some uniform helices appeared with very low yield. There were 

two kinds of helices with different width and pitch length. As shown in Figure 

4-11d, the diameter, width, and pitch length of these NWs were about 11 nm, 

33nm, 48~55nm, respectively. The other kind of NWs were with the diameter, 
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width, and pitch length about 11 nm, 16 nm, 30~35 nm, respectively (Figure 

4-11e). From this series of experiments, it was found that the amount of 

compound 3 in the growth solution could influence the product greatly. The 

thickness of these NWs was about 9~11 nm under different capping agent 

concentration. However, the pitch length and the width of the helices could 

change: more amount of compound 3, resulted in longer pitch length and width. 

However, the yield of the helical NWs was still very low. 

When compound 4 was used at very low concentration, the products were 

similar to the case of low concentration of compound 3 was used. One typical 

TEM image was shown in Figure 4-11f. The curving NWs formed owing to the 

fusion were also observed, which were not presented here. However, when the 

amount of compound 4 increased slightly, the products showed non-uniform 

helices. As shown in Figure 4-11g, the helices with different width and pitch 

length appeared in short distance of one NW. This may be because the structure 

of compound 4 being similar to 4-MBA, which could disturb the regular 

packing of these two kind of capping agents, thus influencing the NW growth. 

Other than this kind of helical NWs, some helices with width about 100 nm was 

also observed. The pitch length of these NWs could reach up to about 150 nm 

(Figure 4-11h). 

Interestingly, when the mixture of compound 3, compound 4, and 4-MBA 

was used to perform the NWs growth, some uniform helices can be obtained. 

As shown in Figure 4-11i, the diameter of these helices was about 11 nm, 
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similar to the previous cases. The width of these helices was about 19 nm. At 

different areas of one helix, the pitch length could vary from 22 nm to 55 nm. 

This indicated that these helices were very flexible, ensuring the potential 

application as nanosprings in further nanodevices.  

Comparing to the previous cases of the metallic helices, the advantages of 

our method are that the diameter, width as well as the pitch length are very 

small and can be tuned by changing the amount of capping agents easily in the 

colloidal solution. It is well known that in the previous cases, hard templates are 

compulsively used, which prevented scale up synthesis.
[12, 13]

 However, until 

now, the yield and reproducibility of this process are both very poor. This also 

prevents us insight into the growth mechanism. However, the existing results 

can lead us some hypotheses. From Fig 4-1a, we can find that the length of the 

single strand gold helix can reach several micrometers, suggesting the very fast 

growth velocity. Moreover, the width is also uniform. So the possibilities that 

template-assistant growth or confined-environment growth are very small. It's 

hard to imagine that the small molecules can form so long template or 

confined-environment uniformly. However, we still cannot rule out this 

hypothesis. We also suppose that dislocation driven growth is possible to 

conduct the helices formation. But we still do not know the origination of the 

dislocation. Somehow, after adding the 4-MBA derivates, the dislocation was 

induced at the first stage of gold deposition. Then gold can grow under this 

driven force to form ultra-long helices. But this proposal requires further 
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experimental evidences. The yield issue is also one aspect to be improved in the 

further work. 

4.3.1 Crystal Structure Analysis of the Gold Helices 

The crystal structure of one typical helix has been studied by using the 

HRTEM characterization (Figure 4-12). Due to the low yield of the helices, the 

HRTEM sample preparation is highly challenged. Thus, the primary HRTEM 

characterization is still not satisfying. From the HRTEM image, combining the 

diagnostic angles of these planes, lattice fringes with the interplanar distances 

of 0.233 nm, 0.226 nm, and 0.213 nm could be assigned to {111}, {111}, and 

{200} planes of FCC gold, respectively. Thus the NW grew along the <100> 

direction. For the {200} planes, a small offset angle was observed along the 

growth direction, which may be due to the spiral of the NW. In the right side of 

the HRTEM image, the lattice spacing is about 0.191 nm. This value may be 

due to the inaccurate measurement caused by the helical pose of the NW. The 

complete characterization of these NWs will be carried out in the future after 

improving the yield of helices. 
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Figure 4-12 HRTEM image of one typical gold helix. 

4.4 Conclusion 

In this chapter, helical gold NWs were synthesized in colloidal solution in 

the presence of small organic molecules. Different kinds of helices, such as 

single strand helix, double strands helices, and multiple strands helices 

coexisted in one pot of growth solution. This is the first time to obtain metallic 

helices without the hard template, such as AAO channels. In our case, the 

helical NWs were formed owing to the mixture of 4-mercaptobenzoic acid and 

its deviates. This mixture may offer one novel soft template for the metallic 

helices growing. By tuning the amount of these organic molecules, the helices 

were primarily controlled. However, the yield was still very low. We could 

predicted that this kind of spring-like gold NWs could be potentially applied for 

the development of future smart nanodevices.  
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Chapter 5 Heterodimer 

Synthesis Based on 

Seed-mediated Growth in 

Colloidal Solution 

 

5.1 Introduction 

Colloidal growth of nanoparticles (NPs) has made remarkable advances in 

the past several decades. Preparation of NPs with different shapes or surface 

facets planes is one significant theme, especially for the metallic NPs, in which 

the Surface Plasmon Resonance (SPR) can be fine tuned by the shape and 

size,
[1-8]

 and the catalytic properties are extremely relied on the facets,
[9-12]

 etc.  

Great efforts have been devoted to synthesize various NPs based on the 

seed-mediated growth, because the formed NPs are dependent on the seeds 

morphologies and lattices.
[13-20]

 However, most of these works are performed by 

using a single crystalline particle or twined particle as seeds, which have regular 

lattice stacking. However, there are few reports about NPs growth based on 

polycrystalline NPs, which are more easily to be synthesized than single 

crystalline NPs.
[21]

  

In the last few years, multi-component nanostructures have attracted many 

researchers’ attention due to not only the multifunctional properties of each 
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individual but also the new features derived from the interaction of the 

individuals.
[13, 22-29]

 Beside the template growth strategy, the most popular 

method is the seed-mediated growth. Typically, Yang and co-workers reported 

that the PtNPs served as seeds for the localized growth of Pd, and epitaxial 

growth of Au, which were used for enhanced electrocatalytic applications.
[13, 28]

 

Xia and co-workers found that Pt NPs can be grown on CeO2 surface to 

enhance the catalytic activity of reduction reaction.
[29]

 

In this chapter, polycrystalline PtNPs and ligand functionalized AuNPs were 

used as the seeds for the growth of hetero-composites nanostructures. Sodium 

citrate, ascorbic acid, and hydroquinone were selected as the reducing agents, 

adopting the different reducibility. Au and Ag were grown on these seeds to 

form the heterodimeric structures due to the single nucleation site. Particularly, 

in the PtNPs seeds system, Ag triangle structures were obtained at higher 

AgNO3 and hydroquinone concentration. This strategy will expand the NPs 

growth, in which polycrystalline NPs can be used as seeds for the heterodimer 

formation.  

5.2  Materials and Methods 

5.2.1  Materials 

Materials: All chemical reagents were used as purchased without further 

purification. Hydrogen tetrachloroaurate(III) hydrate (HAuCl4∙3H2O), 99.9% 

(metal basis Au 49%), silver nitrate (≥99+%), sodium citrate dihydrate (≥

99.0%), Hydroquinone (ReagentPlus®, ≥99%); polyvinylpyrrolidone (PVP, 
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Mw: 40,000); Hexadecyltrimethylammonium bromide (CTAB) were purchased 

from Sigma Aldrich; Pentaerythritol tetrakis(3-mercapto-propionate), 1, was 

purchased from Aldrich; ethanol (analytical grade) was purchased from Fisher 

Scientific; all other chemicals were purchased from Aldrich. Deionized water 

(resistance >  8 MΩcm
-1

) was used in all reactions. Copper specimen grids 

(300 meshes) with formvar/carbon support film (referred to as TEM grids in the 

text) were purchased from Beijing XXBR Technology Co, Ltd.  

 

Scheme 5-1 ligand used in this chapter 

Characterization Methods: TEM images were collected from a JEM-1400 

transmission electron microscope (JEOL) operated at 100 kV. High-resolution 

TEM image were collected from a JEM-2100F Transmission Electron 

Microscope (JEOL) operated at 200 kV. SEM images were collected from a 

JEOL-6700F Scanning Electron Microscopy operated at 10 kV. UV–Visible 

spectra were collected on a Cary 100 UV-Vis spectrophotometer.  

Preparation of TEM samples: TEM grids were treated with oxygen plasma in 

a Harrick plasma cleaner/sterilizer for 1 min to improve the surface 

hydrophilicity. The grid was placed face-down on a droplet of as-synthesized 

sample laid on a plastic Petri dish. A filter paper was used to wick off the excess 
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solution on the TEM grid, which was then dried in air for 5 min. 

5.2.2  Methods 

Synthesis of monodisperse polycrystalline PtNPs. All the PtNPs were 

synthesized following the literature procedures with little modification.
[30]

 For 

the seeds solution, in a typical synthesis, a 250 mL round bottom flask was 

charged with 100 ml aq. H2PtCl6∙6 H2O (0.278 mM). This solution was heated 

to 100 C with vigorous stirring. Then 2.2 mL of a solution containing sodium 

citrate (1%) and citrate acid (0.05%) was added. After heating the mixture for 

half a min, 1.1 mL of a freshly prepared sodium borohydrate (21 mM) solution 

containing sodium citrate (1%) and citrate acid (0.05%) was quickly injected. 

The solution was cooled down to room temperature after heating for 10 min.  

For the large PtNPs (27 ± 1.5 nm) solution, in a 250 mL round bottom flask, 

which was charged with 97 ml aq. H2PtCl6∙6 H2O (0.6 mM), 3 mL of the 

previous Pt seeds solution was added at room temperature. 1.5 mL of an 

L-ascorbic acid solution (71 mM) containing sodium citrate (1%) was added 

into this mixture solution. The temperature was increased to the boiling point at 

the speed of 10 C/min. The solution was stirred during the whole heating time 

(45 min). The average particle diameter was measured to be 27 ± 1.5 nm from 

TEM images using ImageJ. 

Larger PtNPs (48.5 ± 1.8 nm) can be obtained by using the 27 nm PtNPs as 

seeds. In a typical synthesis, in a 250 mL round bottom flask, which was 

charged with 88 ml aq. H2PtCl6∙6 H2O (0.66 mM), 12 mL of the previous Pt 
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seeds solution was added at room temperature. 1.5 mL of an L-ascorbic acid 

solution (71 mM) containing sodium citrate (1%) was added into this mixture 

solution. The temperature was increased to the boiling point at the speed of 10 

C/min. The solution was stirred during the whole heating time (45 min). The 

average particle diameter was measured to be 64.5 ± 4.5 nm from TEM images 

using ImageJ. 

Synthesis of AuNPs by seeded growth. Larger AuNPs (36 ± 2.7 nm) were 

synthesized according to the method mentioned in chapter 2, but more 15 nm 

AuNPs was used as seeds.
[21, 31]

 In a typical synthesis, a 250 mL round bottom 

flask was charged with 100 mL aq. HAuCl4 (0.25 mM). The solution was 

refluxed with vigorous stirring for 10 min, and then 16 mL of AuNP seeds 

(dAuNP = 15 nm) and 5   μ  of sodium citrate (38.7 mM) was added. After 

boiling the solution for 45 min, a deep-red AuNP solution was obtained. The 

solution was cooled to room temperature. The average diameter was measured 

to be 36 ± 2.7 nm from TEM images using ImageJ. 

Synthesis of Pt-M (M = Ag or Au) hetero-nanocomposites. The main idea of 

these syntheses of these hetero-nanocomposites is to reduce the metal 

precursors by using large Pt NP seeds (65 nm). With different reducing agents 

and stabilizers, different structures can be obtained: 

Pt-M (M = Ag or Au) nanocomposites synthesized w/o PVP by the 

reduction of sodium citrate. In a typical synthesis, 750 μ  of the 

as-synthesized PtNPs solution was centrifuged to 5 μ , and then transferred 
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into 2 mL aq. AgNO3 (0.5 mM, or HAuCl4) w/o PVP (100 mM). Under stirring, 

150 μ  of sodium citrate solution (1%, 33.3 mM) was added. Finally, the 

mixture was heated at 100 C for 60 min. 

Pt-M (M = Ag or Au) nanocomposites synthesized by the reduction of 

ascorbic acid or hydroquinone. In a typical synthesis, 750 μ  of the 

as-synthesized PtNPs solution was centrifuged to 5 μ , and then transferred 

into 2 mL aq. AgNO3 (0.5 mM, or HAuCl4) in the presence of PVP (100 mM). 

Under stirring, 100 μ  of ascorbic acid solution (10 mM, or hydroquinone, 10 

mM) was added. Finally, the mixture was continued stirring for 60 min. For the 

producing of triangle Ag nanocomposites, more AgNO3 and reducing agent 

were added (10 times concentration) 

Pt-AuNR nanocomposites synthesis. The synthesis procedure is similar to the 

previous literature about the synthesis of AuNRs.
[32]

 In a typical synthesis, into 

4.875 mL of 0.1 M CTAB solution, 125 μ  of aq. HAuCl4 (10 mM), 13.75 μ  

of aq. ascorbic acid (100 mM) were added in sequence. The mixture was gently 

shaken and followed by the addition of PtNPs (375 μ  of the as-synthesized 

PtNPs solution was centrifuged to 5 μ  and redispersed into 20 μ  of H2O). 

Synthesis of 1 functionalized AuNPs (1-AuNPs). Into 1.5 mL of sodium 

citrate stabilized AuNPs (dAuNP = 36 nm) solution, 100 uL of 1 ethanol solution 

(0.1 mM) was injected quickly. The mixture was incubated for 20 min on a 

shaker and it remained red after the incubation. 

Au-M (M = Ag or Au) nanocomposites synthesis. The synthesis procedure is 
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similar to the synthesis of Pt-M (M = Ag or Au) nanocomposites. All the 

syntheses were carried out in the support of PVP. In a typical synthesis, into 1.6 

mL of the 1-AuNPs solution, 200 uL of PVP (0.5 M), 20 uL of AgNO3 (50 mM), 

20 uL of ascorbic acid (100 mM) were added in sequence. The mixture was 

stirred for several hr. 

AuNP-AuNR nanocomposites synthesis. The synthesis procedure is similar to 

the synthesis of PtNP-AuNR. In a typical synthesis, into 4.875 mL of 0.1 M 

CTAB solution, 125 μ  of aq. HAuCl4 (10 mM), 13.75 μ  of aq. ascorbic acid 

(100 mM) were added in this sequence. The mixture was gently shaken and 

followed by the addition of 300 uL of 1-AuNPs. 

5.3  Results and Discussion 

5.3.1 Pt-M (M= Ag or Au) Heterodimers Formation 

PtNPs with rough surface were synthesized according to the literature.
[30]

 

The particles sizes were about 65 nm and with a good distribution (Figure 5-1a). 

Based on the HRTEM characterization in the literature, the polycrystalline 

PtNPs surfaces consisted of numerous small clusters (3-10 nm) with close 

packing, and the lattices fringes of these clusters were assigned to (111) fringes. 

These NPs were chosen as the seeds to grow Ag and Au NPs with different 

reducing agents and stabilizers. For all the cases, the as-synthesized PtNPs were 

purified by centrifugation and then used as seeds.  

Pt-Ag Heterodimers. Appropriate AgNO3 was added into the purified PtNPs 

solution first, and then sodium citrate was added followed by heating. After 1h, 
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the solution color changed to brownish-yellow, indicating the formation of 

AgNPs. To purify the products, they were washed with ethanol to remove the 

excess PVP, and finally isolated by centrifugation. Because of the high contrast 

between Pt and Ag, it was easy to distinguish them from the TEM images. In 

Figure 5-1b, the TEM image showed that only one AgNP was grown from each 

PtNP seed, so as to exhibit the heterodimer structure. This assignment of one 

nucleation site on each seed was due to the large lattice mismatching.
[15]

 There 

were two typical shapes of these grown AgNPs: sphere NPs with a diameter of 

about 50 nm; long rod NPs with a diameter of 20 nm and a length of 100~200 

nm. It is well known that AgNPs shapes can be controlled by the addition of 

PVP owing to the favourable capping of Ag {100} by PVP.
[33, 34]

 Thus, PVP 

was added into this reduction system. However, from the TEM image (Figure 

5-1c), we found that there was little difference between them. This indicated 

that the formation of AgNPs was related on the PtNP seeds. The capping agent 

PVP played a minor role. 

 

Figure 5-1 TEM images of the Pt seeds (a), Pt-Ag hetero-nanocomposites 

obtained by sodium citrate reducing AgNO3 in the absence of PVP (b) and in 

the presence of PVP (c). 
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Xia and co-workers demonstrated that NPs shape can be controlled by 

choosing different reducing agents in seed mediated growth.
[16]

 Ascorbic acid 

was chosen to reduce the AgNO3 at room temperature. When ascorbic acid was 

added into the mixture solution, the color changed quickly to brownish-yellow 

in several seconds, reflecting that this reduction is very fast. As shown in Figure 

5-2a, in the presence of PVP, uniform heterodimers were obtained and all the 

AgNPs showed spherical shapes, which is different from the sodium citrate 

reducing case. This phenomenon is also different from the literature that the 

ascorbic acid can cause the conformal overgrowth of Au on the Pd nanocubes, 

while sodium citrate guides the Au-Pd dimer formation.
[16]

 

When this reduction took place without the PVP addition, irregular AgNPs 

were formed and the solution turned blue color (Figure 5-2b). Figure 5-2c 

showed the TEM image for 10 times AgNO3 reduced in the presence of PVP. 

Besides the hetero-composites based on the seeded growth, many small AgNPs 

also coexisted, which arose from the homo-nucleation. In these seeded growth 

products, some Ag grew large and almost overgrew the whole seeds surface. 

Different shapes of AgNPs in the products also indicated that the AgNPs 

formation was still originated from the single nucleation site. 
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Figure 5-2 TEM images of Pt-Ag heterodimers obtained by ascorbic acid 

reducing AgNO3 (20 uL of 50 mM) in the presence of PVP (a), in the absence 

of PVP (b), and 10 times of AgNO3 (200 uL of 50 mM) was reduced in the 

presence of PVP (c). 

Then hydroquinone with medium reducibility was used to reduce AgNO3 in 

the presence of PVP. It was found that the solution color changed slower than 

in the ascorbic acid reducing case by bare eyes. The results were similar to that 

case, but maybe due to the lower reducibility of hydroquinone, the grown 

AgNPs were smaller (Figure 5-3a). Interestingly, when the AgNO3 and 

hydroquinone concentration were increased 10 times, most of the grown AgNPs 

represented the triangle shape (Figure 5-3b-d). From Figure 5-3c, we observed 

that these triangle AgNPs were grown from each PtNP seed. Some of these 

seeds were fully encircled, and some were partial. It looked like the triangles 

were originated from the initial rod like AgNPs by expanding the surface. From 

the SEM image (Figure 5-3d), the thickness of these triangles was about 33 nm, 

and the edge length was about 300 nm. It also was found that PtNP seeds were 

encased in the triangles. 
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Figure 5-3 TEM images of Pt-Ag heterodimers obtained by hydroquinone 

reducing AgNO3 in the presence of PVP (a), 10 times of AgNO3 (200 uL of 50 

mM) was reduced in the presence of PVP: low and high magnification (b and c), 

and the corresponding SEM image (d). Insert in d showed the magnification of 

the red rectangular section. 
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Figure 5-4 (a) HRTEM image of the Pt-Ag triangle heterodimers. Insert 

showed the low magnification TEM image of the corresponding sample (red 

rectangle area). (b) Electron diffraction analysis of the corresponding area. 

Figure 5-4 showed the HRTEM and selected area electron diffraction (SAED) 

analysis of the Ag triangle segment of Pt-Ag heterodimer. The individual Ag 

triangle laid flat on the copper grid. Thus the electron beam was perpendicular 

to the top of Ag triangle, and irradiated from the [111] orientation of the Ag 

triangle. From the HRTEM image, we find that the lattice distance is about 0.25 

nm, equal to three times the distance of {422} of face-centred cubic (FCC) 

silver. The 1/3{422} reflections was also confirmed by SAED characterization 

(Figure 5-4b). In the SAED image, these spots were assigned to the {220} and 

1/3{422} Bragg reflections, corresponding to the lattice space of 0.144 and 

0.251 nm, respectively. This result is consistent with the previous finding on 

nano-plate shape structure of FCC metals.
[3, 35-37]

 So the formed Ag triangles 

were with (111) basal planes. The nucleation site on the Pt seed cannot be 

distinguished through the HRTEM.  

Some control experiments were carried out to study the influence of PVP for 
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the AgNPs growth. Figure 5-5a and b showed the Pt-Ag hetero-composites 

synthesized at lower concentration of PVP. It was observed that the main 

products were also the triangles. However, the thickness increased (refer to the 

contrast of TEM images) and edge length decreased a little. Figure 5-5c showed 

that the sizes of PtNP seeds did not influence the products seriously. 

 

Figure 5-5 TEM images of Pt-Ag hetero-composites obtained by hydroquinone 

reducing AgNO3 in different PVP concentration: a: 77 mM; b: 7.7 mM. c: TEM 

images of Pt-Ag hetero-composites obtained by using 29 nm PtNPs as seeds.  

Pt-Au Heterodimers. AuNPs growth also was performed for this Pt 

seed-mediated growth. As shown in Figure 5-6a, when HAuCl4 was reduced by 

sodium citrate in the presence of PVP, heterodimer structures were obtained. 

However, the surfaces of the grown AuNPs were rough and with several 

protuberances. This was different from the previous AgNPs growth case, maybe 

owing to the polycrystalline seeds and fast nucleation of Au. When the reducing 

agent was changed to ascorbic acid, spiky Pt@Au core-shell structures were 

obtained. Each core-shell structure consisted of dense packing of small NPs 

(diameter: about 15~25 nm). This arrangement was due to the fast formation of 

AuNPs, in which the polycrystalline PtNPs can act as multi-nucleation sites. 

These spiked NPs can be potentially used for the SERS applications because of 
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the coupling of these small NPs.
[38-40]

 

 

Figure 5-6 TEM images of Pt-Au heterodimers: in PVP solution (a) sodium 

citrate as reducing agent; (b) ascorbic acid as reducing agent; in CTAB solution 

(c) sodium citrate as reducing agent; (d) ascorbic acid as reducing agent.  

The stabilizer was changed to CTAB in virtue of the perfect structure control 

of NPs syntheses.
[41, 42]

 When sodium citrate was chosen to reduce HAuCl4 

under heating, heterodimers were obtained, in which the surfaces of the formed 

AuNPs were very slippery. Very few AuNRs also coexisted. In contrast, lots of 

AuNRs can be synthesized when ascorbic acid was used as reducing agent and 

the reaction was carried out at room temperature. In both cases, on each PtNP 

seed, AuNPs only nucleated at one site of the seed, which was different from 
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the PVP system. It looks like the change is due to the reaction speed: fast 

reaction rate causes the multi-sites nucleation; low reaction rate induces 

single-site nucleation.
[16]

  

5.3.2 Au-M (M = Ag or Au) Heterodimers Formation 

As discussed in the Chapter 4, AuNPs can be functionalized with ligand 

pentaerythritol tetrakis(3-mercapto-propionate) (1), and used as seeds. Because 

of the fully coating, 1 functionalized AuNPs (1-AuNPs) will be dispersed in 

aqueous solution without any aggregation. In this section, this kind of AuNPs 

will be used as the seed for the Ag and Au NPs growth to form the 

heterodimeric structures. It is well known that Ag and Au can be conformal 

grown on the bare Au seeds uniformly to form the core-shell structures owing 

to the excellent lattice matching.
[15, 43, 44]

 

Au-Ag heterodimers. Firstly, the mixture containing 2 μ  of 0.1 mM 1 and 

1500 μ  of the as-synthesized AuNPs solution was incubated for 15 min to 

prepare 1-AuNPs. Then PVP was added as the stabilizer, followed by the 

addition of AgNO3 and ascorbic acid. The solution color did not change for 

several hours after the addition of AgNO3 and ascorbic acid. This may be 

because Ag
+
 can react with ligand 1 to form stable complex thus the reduction 

potential will decrease.
[45]

 So some amount of NaOH aqueous solution was 

added to increase the reducibility of ascorbic acid.
[46]

 The solution color 

changed to brownish-yellow indicated the formation of AgNPs. TEM image 

showed that Ag can completely cover the seeds (Figure 5-7a). The core-shell 
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structures also exhibited a bit eccentric. The reason may be due to the coating of 

ligand, which can improve the metal-metal interfacial energy, similar to the 

large lattice mismatching influence. 

When the amount of 1 was increased to 4 μ , a thin layer of Ag was grown 

on the AuNP seeds and then grown along one orientation to form the more 

eccentric structures (Figure 5-7b). When the amount of 1 reached 40 μ , Au-Ag 

heterodimers were obtained after two hrs incubation. As shown in Figure 5-7c, 

Ag plates, spheres and rods coexisted in the products with the diameter of about 

60 nm. When the amount of 1 reached 100 μ , the result was similar to the 

previous case. The AgNPs in the heterodimers were uniform with the diameter 

of about 40 nm (Figure 5-7d). 

A control experiment was carried out to study the role of incubation time. 

When the mixture of AuNPs and 1 was incubated just 1 min before the addition 

of AgNO3 and ascorbic acid, the products were high eccentric, in which Ag 

shell fully covered the AuNP seeds due to the multi-sites nucleation. There was 

large area of connection between the formed AgNP and seed (Figure 5-7e). 

When incubation time increased to 30 min, heterodimers were obtained, in 

which Ag shell would not be observed on the AuNP seeds (Figure 5-7f). This 

pointed out that the ligand coating played an important role in determining the 

nucleation site. 
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Figure 5-7 TEM images of the AgNPs growth based on the different syntheses 

of 1-AuNPs: (a) 2 μ ; (b) 4 μ ; (c) 40 μ ; (d) 100 μ  of 0.1 mM 1 was added 

into 1500 μ  as-synthesized AuNPs. The mixture was incubated for 15 min. 

TEM images of the AgNPs growth based on the different syntheses of 1-AuNPs 

(40 μ  of 0.1 mM 1 was added into 1500 μ  as-synthesized AuNPs soluiton): 

the incubation time for the mixture of 1 and AuNPs was (e) 1 min; (f) 30 min. 
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For all the syntheses, 20 μ  of 5  mM AgNO3 was reduced by 2  μ  of     

mM ascorbic acid. Inset of d showed magnified Au-Ag heterodimer. 

HRTEM analyses were carried out to study the Au-Ag heterodimers growth. 

Figure 5-8a showed the TEM image of one typical Au-Ag heterodimer at low 

magnification. From the image, two important segments can be found: one is 

the Au seed; the other is the grown AgNP. Five twin boundaries were found in 

this Au seed, which can be confirmed from the HRTEM image (Figure 5-8b). 

By measuring the lattice fringes of these five areas, it can be found that the 

interplanar distances were about 0.233 nm, corresponding to the {111} fringes 

of FCC Au. Figure 5-8c exhibited the HRTEM image of the connection region 

of Au-Ag dimer. The dash curve showed the boundary of Au and Ag. It was 

found that the Ag followed the epitaxial growth from one segment of the 

five-twinned Au seed. From the dash boundary in Figure 5-8d, small region of 

Ag attached on the Au seed with the different lattice orientation. This reflected 

that the whole Ag segment just grown from one small nucleation site of the Au 

seed. When grown larger, Ag reached another segment of five-twinned Au seed. 

Figure 5-8e and f showed another case of the Au-Ag heterodimer. They showed 

a similar phenomenon, in which the Ag was with the epitaxial growth mode and 

nucleated from one small region of the 1-Au NP seed. According to the 

HRTEM images of the Ag domains in the Au-Ag heterodimers, we can 

conclude that the selected areas should be single crystalline. 
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Figure 5-8 HRTEM analyses of two typical Au-Ag heterodimers synthesized 

by incubating the 1-NPs, AgNO3, as well as ascorbic acid in the presence of 

PVP. (a) low magnification TEM image of the heterodimer; HRTEM image of 

the Au seed (b), Au-Ag connection region with the same lattice orientation (c), 

and Au-Ag connection region with the different lattice orientation (d), 

corresponding to the square regions of b, c, and d in a. (e and f) HRTEM 
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images of another heterodimer (shown in the inset). (e) HRTEM image of Au 

seed reflected the polycrystalline structure. (f) HRTEM image of the Au-Ag 

connection region exhibited the same lattice orientation. 

 

Figure 5-9 TEM images of the AuNPs growth based on the 1-AuNPs (70 μ  of 

0.1 mM 1 was added into 1500 μ  as-synthesized AuNPs solution. The mixture 

was incubated for 20 min): (a) PVP; (b) CTAB was used as stabilizer. (c, d) 

SEM images of the AuNPs growth with different magnification: corresponding 

to the products in b.  

Au-Au heterodimers. This typical 1-AuNP seeds also can be used for the 

Au-Au heterodimers formation. As shown in Figure 5-9a, Au-Au heterodimers 

were obtained by using ascorbic acid reducing HAuCl4 in PVP solution. Due to 

the fast reaction, the shape of the grown Au cannot be easy to control. CTAB 
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was one important surfactant in the AuNPs growth, which can slow down the 

reduction reaction of HAuCl4. The growth solution was prepared as we 

discussed in the last section. Then 1-AuNP seeds were added gently. The 

solution color changed to purple in several hours, indicating the formation of 

Au-Au heterodimers. Figure 5-9b showed the TEM image of the products, in 

which AuNRs and Au nanoplates coexisted. In each grown NP, one spherical 

NP with the size about 36 nm can be found. This was consistent with the seeds 

we added. So we concluded that the AuNRs and Au nanoplates were formed 

from the 1-AuNP seed mediated growth. The SEM characterization clearly 

demonstrated that the seeds were usually loaded in the centre of the NRs 

(Figure 5-9c and d). These results reflected that 1 functionalized polycrystalline 

AuNPs can serve as one-site nucleation seed for the hetero-NPs growth. This 

may expand the species of seeds to synthesize multi-component nanostructures. 

5.3.3 Spectra Characterization of the Heterodimer 

Nanocomposites 

As we discussed in Chapter 1, SPR of metallic NPs highly associates with 

the shapes and size of NPs. In this section, the SPR of the Pt-M and Au-M (M = 

Au or Ag) heterodimers were examined and discussed. As shown in Figure 

5-10A, PtNPs showed one absorption peak at about 313 nm, which was 

consistent with the literature report.
[30]

 When    μ  of AgNO3 was reduced in 

the presence of PtNP seeds, there was only one absorption peak (about 430 nm), 

indicating the formation of AgNPs.
[47]

 When 2  μ  of AgNO3 was used, besides 
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one new peak at about 350 nm, a shoulder band appeared in the region of 

500~700 nm. The UV-vis spectrum exhibited remarkable change when the 

AgNO3 amount increased to 200 μ . In addition to these peaks, one new 

absorption band peaked at about 700 nm, which indicated the formation of Ag 

triangles.
[48]

 Interestingly, when the PVP concentration decreased from 770 mM 

to 77 mM, the absorption band peak red-shifted to 800 nm and the intensity of 

peak at 450 nm increased, which reflected the morphology change (thickness 

increased and edge length decreased). 7.7 mM PVP and 77 mM PVP exhibited 

similar results (Figure 5-10B). So the thin Ag nanotriangles were highly 

determined by the high concentration of PVP. It was found that in these cases, 

there was no notable plasma coupling between Pt and Ag. Figure 5-10C showed 

the UV-vis spectra of Pt-Au hetero-structures. Besides the typical peak at about 

560 nm, which reflected the formation of AuNPs, one broad absorption band 

coexisted at 300~500 nm region. This assignment may be due to the 

superimposition of the absorption bands of PtNPs as well as AuNPs. 

Figure 5-11 showed the UV-Vis spectra of AuNPs as well the Au-M (M = Au 

and Ag) heterodimers based on these AuNP seeds. It was found that all these 

Au-Ag heterodimer samples exhibited three absorption peaks (bands): 420 nm, 

530 nm, 650~750 nm, which were assigned to the Ag transverse plasmon 

absorption, Au transverse plasmon absorption (it was enshrouded by the strong 

Ag plasmon absorption), and Au-Ag longitudinal plasmon coupling absorption, 

respectively.
[49]

 Due to the different amount of 1 addition, the peaks at around 
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420 nm showed very little shift. However, the peak owing to the Au-Ag 

plasmon coupling showed large change decided by the varying morphologies of 

Ag domains.  

 

Figure 5-10 UV-Vis spectra of PtNPs, Pt-Ag hetero-composites, and Pt-Au 

hetero-composites. In A, Pt-Ag heterodimers were synthesized with different 
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amount of AgNO3 (50 mM): (a) 10 μ ; (b) 30 μ ; (c) 200 μ . In B, Pt-Ag 

heterodimers were synthesized with different PVP concentration: (c) 770 mM; 

(d) 77 mM; (e) 7 mM. In C, Pt-Au heterodimers were synthesized under 

different conditions: (a) PVP as stabilizer, sodium citrate as reducing agent; (b) 

PVP as stabilizer, ascorbic acid as reducing agent; (c) CTAB as stabilizer, 

sodium citrate as reducing agent. 

 

Figure 5-11 UV-Vis spectra of Au-Ag and Au-AuNRs heterodimers. Au-Ag 

heterodimers were synthesized by incubating Au NPs with (a) 5 μ ; (b) 10 μ ; 

(c) 40 μ ; and (d) 100 μ  of 0.1 mM 1 at room temperature for 15 min, and 

then reducing Ag.  

5.3.4 Mechanism Analysis 

Lattice (mis)matching and surface energies are usually applied to explain the 

seed-mediated growth phenomena.
[15, 50-57]

 The growth modes are mainly 

determined by these factors of the growth matter and substrate (seeds). When 

the two matters have good lattice matching and a lower surface energy, the 

growth matter can progress layer-by-layer mode to completely cover the surface 

of substrate (Frank-van der Merwe, abbr. FM growth mode). When the two 

matters have a high surface energy, and w/o large lattice mismatching, the 

growth matter can just grow on the substrate separately to form the island-like 
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structure to reduce the interface energy (Volmer-Weber, abbr. VW growth 

mode). When the conditions are in between, the growth matter firstly performs 

lay-by-layer growth. Meanwhile the interfacial strain will increase. When this 

strain cannot be overcome, the growth matter turns to the island-like deposition. 

(Stranski–Krastanov mode, abbr. SK growth mode).
[52]

 

So in the Pt-M (M = Ag or Au) hetero-composites system, the growth can be 

explained by the VW growth mode, in which the Pt-Ag or Pt-Au mismatch is 

too large (3.8%). This means when the Ag/Au atoms firstly nucleate on the 

PtNP seed and the rest of the atoms will deposit on the nucleus of each PtNP 

seed to reduce the possible interface between Ag/Au and Pt. For the Pt@Au 

spiked nanostructure case, As the Au deposition rate is too high, this energy 

selectivity is depressed, and thus the multi-nucleation sites will appear on each 

PtNP seed. Then the Au atoms deposit on these sites to form the spiked 

core-shell structure. When the reduction speed decreases, heterodimer structure 

will replace the core-shell structure. This demonstrates that the Au reduction 

kinetics also can play an important role in tuning the growth mode.
[57]

 

In the Au-M (M = Ag or Au) case, the results reflect the SK growth mode, 

even the VW growth mode take action by tuning the concentration of ligand 1, 

which can coat on the AuNPs surface with different density. This surface 

functionalization will change the surface property (e.g. interfacial energy). 

From low to high density of surface coating (via tuning the 1 amount), the 

thickness of the Ag shell on the AuNP seed decrease. Finally this shell cannot 
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be observed from the TEM image. This is perhaps because the surface energy is 

too large to allow the atoms deposition, thus the VW growth mode is adopted. 

In the two kinds of seed cases, the growth materials are deposited on the 

seeds via the VW growth mode, that is the formation NPs are formed based on 

one nucleation site of each seed. Thus we demonstrate that the hetero-dimeric 

nanostructures can be obtained by polycrystalline seeds by choosing the large 

lattice mismatching seeds or tuning the surface energy via surface 

functionalization. 

5.4 Conclusion 

In summary, we reported the syntheses of hetero-composites through the 

seed-mediated growth method. Two different polycrystalline NP (spiky PtNSs 

and AuNSs) were used as seeds. Lattice mismatching as well as the increased 

surface energy played an important role in controlling the formation of 

hetero-nanostructures. The increased surface energy was induced by small 

molecules coating. Since the NPs nucleated from one small nucleation site and 

followed the epitaxial growth mode, this may offer one opportunity to prepare 

single crystalline NPs through the polycrystalline NP seeds. It can be predicted 

that the surface energy-controlled seeds can be expanded to many species. 

Consequently, abundant hetero-nanocomposites can be synthesized (such as, 

Ag-Au, Ag-Ag heterodimers, etc.). 
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Chapter 6 Thiol-ended 

Phospholipid Directed Silver 

Cluster Superlattices by 

Colloidal Self-Assembly 

 

6.1  Introduction  

“Bottom-up” techni ue is an efficient method for the architecture of 

materials in micro- or nano-scale with excellent properties and functions.
[1-3]

 In 

the past several decades, many works have documented the nano-objects 

assemblies for fabricating various dimensional regular arrays with optical and 

electronic properties.
[4-11]

 It has been witnessed that the hexagonal arrays 

formed by the assembly of block copolymers promise wonderful significances 

of lithography application.
[12-14]

 Well-ordered block copolymer patterning can 

also be used as the template to manipulate metallic materials with anticipant 

arrays.
[15-18]

 Under the assistant of polymer templates, metal atoms were well 

aligned, thus the ordered metal NPs could be further formed on the selective 

domains.
[16, 18]

 The length scale of the patterning feature based on this method is 

often larger than 20 nm due to the formation of polymer micelles. Furthermore, 

the block copolymer spherical domains are formed by the random curliness of 
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polymer chains, thus the morphology often lacks precise control and shows 

random distribution.  

Small molecules, on the other hand, are easier to be synthesized with special 

functional group and controlling molecule interaction, thus they are widely used 

in self-assembly or direction of NP assembly. The structures of self-assembled 

monolayers (SAMs) of small molecules on Au substrate were widely explored. 

They often showed well-aligned and close packing superlattice structures, 

thereby promising potential applications in chemical sensors, molecular 

electronics, and nanoscale lithography.
[19-22]

 Recently, Xu and co-workers used 

small molecules to direct NP assemblies, of which showed stimuli-responsive 

properties.
[23]

 Previously, some superlattice structures of lipids molecules 

assemblies were represented through the theoretical predications or spectra 

study.
[24, 25]

 However, these methods are usually with the aid of silicon 

substrates, and therefore cannot be facilitated to prepare materials in large scale. 

Hence, it is critical to explore the methodologies to fabricate superlattice 

structure products with dispersible trait in colloidal solution system. More 

recently, Li and Cao groups used monodisperse nano-crystals as building 

blocks to synthesize supercrystalline colloidal spheres with 3D superlattice 

structure.
[8-11]

  

Up to now, the assembly of small clusters in nanoscale is still a major 

challenge because the assembly is mainly based on the substrate with the aid of 

polymer patterning. Therefore, the assembly technique is still a far cry from the 
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rationally controlled structure of small clusters in large scale. In this chapter, we 

report a facile method utilizing thiol-ended phospholipid ligand, 

2-dipalmitoyl-sn-glycero-3-phosphothioethanol (sodium salt; abbr. DPPTE) for 

the assembly of silver cluster superlattices by colloidal self-assembly approach.  

6.2  Materials and Methods 

6.2.1  Materials 

All chemical reagents were obtained from commercial suppliers and used 

without further purification. Hydrogen tetrachloroaurate(III) hydrate 

(HAuCl4·H2O), 99.9% (metals basis Au 49%), silver nitrate (99+%) was 

purchased from Alfa Aesar; amphiphilic diblock copolymer 

polystyrene-block-poly(acrylic acid) (PS154-b-PAA49, Mn = 16000 for the 

polystyrene block and Mn = 4300 for the poly(acrylic acid) block, Mw/Mn=1.15) 

was obtained from Polymer Source, Inc.; DMF, 99.8% was purchased from 

Tedia Company, Inc.; 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol 

(Sodium Salt, abbr. DPPTE), was purchased from Avanti Polar Lipids. 

Deionized water (resistance > 18 M cm
-1

) was used in all of our reactions. All 

other chemicals were purchased from Aldrich. Copper specimen grids (200 

mesh) with formvar/carbon support film (referred to as TEM grids in the text) 

were purchased from Electron Microscopy Sciences. 

6.2.2  Methods 

Preparation of silver clusters superlattice. In a typical reaction,  8  μ  of 

H2O was added to 9   μ  of  M  solution,  PPTE (4  μ , 2mg/m  in EtOH), 
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and AgNO3 (2  μ ,   mg/m  in H2O) were then added to the reaction mixture 

in se uence. The total volume of the final mixture was   4  μ , where 

VDMF/VH2O = 4.5, [AgNO3] = 0.103 mM, [DPPTE] = 0.096 mM. The mixture 

was heated at 90 ℃ for 1.5 h and then allowed to cool down gradually until 

room temperature. 

Preparation of polymer encapsulated silver clusters superlattices. In a 

typical reaction,  8  μ  of H2O was added to     μ  of dioxane solution, 

which was prepared by mixing PS154-b-PAA49 (4  μ , 4 mg/m  in dioxane), 

and dioxane (5   μ ).  PPTE (4  μ , 2mg/m  in EtOH), and AgNO3 (2  μ , 

1 mg/mL in H2O) were then added to the reaction mixture in sequence. The 

total volume of the final mixture was 84  μ , where Vdioxane/VH2O = 3, [AgNO3] 

= 0.140 mM, [DPPTE] = 0.130 mM. The mixture was heated at 75 ℃ for 1.5 h 

and then allowed to cool down gradually until room temperature. 

UV irradiation operation of the polymer encapsulated silver cluster 

superlattice. 840 μ  of as-synthesized polymer encapsulated silver cluster 

superlattice sample was transferred into a dialysis tube, which was placed in a 

beaker containing 1000 mL of H2O with stirring for 24 hrs to remove the 

organic solvents and remainder ions. During the dialysis, the water was 

changed two times. Then the solution was transferred into a quartz cuvette. 

Finally, the cuvette was put under the UV lamp for 25 hrs to induce the silver 

reduction and aggregation. 
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Preparation of polymer encapsulated silver clusters superlattice loaded 

AgNPs. In a typical reaction, AgNPs were synthesized according to our 

previous method,
[26]

 and then transferred to  8  μ  of H2O. This solution was 

added to 9   μ  of DMF solution, which was prepared by mixing 

PS154-b-PAA49 (4  μ , 4 mg/m  in  M ), and  M  (8   μ ).  PPTE (4  μ , 

2mg/mL in EtOH), and AgNO3 (2  μ ,   mg/m  in H2O) were then added to 

the reaction mixture in sequence. The total volume of the final mixture was 

  4  μ , where VDMF/VH2O = 4.5, [AgNO3] = 0.103 mM, [DPPTE] = 0.096 mM. 

The mixture was heated at 100 ℃ for 2 h and then allowed to cool down 

gradually until room temperature. 

6.3  Results and Discussions 

A one-pot, “heating and cooling” method is utilized for the assembly of 

metallic nanoclusters, which is similar to our previous method for the 

encapsulation of various nano-objects.
[27-29]

 Briefly, DPPTE and AgNO3, were 

mixed in DMF/H2O (v/v = 4.5:1) mixture, followed by heating at 90 ℃ for 1.5 

hrs, and then slowly cooled down to induce the self-assembly. To isolate the 

superlattices, the resulting products were purified by using centrifugation to 

remove the organic solvent, and re-dispersed into water.  

Figure 6-1a showed the scheme of the silver cluster superlattice formation. 

When the mixture solution containing metallic ions and DPPTE was heated, the 

metal ions would firmly anchor on DPPTE by the coordination and electrostatic 

attraction. Meanwhile, phospholipid ligand may form vesicles spontaneously 
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when exposed to water.
[30]

 So the metallic ions bonded phospholipid ligand 

would be gathered, and assembled together to form ions enriched phospholipid 

vesicles in order to reduce the surface energy. Synchronously, the vesicles are 

further assembled, hemi-fused
[31]

 and stuck together to form superlattices based 

on the hydrophobic van der Waals interaction of the alkyl chain during the 

cooling down process. At this process, Ag
+
 ions may be reduced to Ag

0
 owing 

to the heating treatment in organic solvent, which will be discussed later. This 

arrangement of the alkyl chain can reduce the total energy as much as possible.  

 

Figure 6-1 (a) Schematic representation of the proposed formation of Ag 

cluster superlattice in aid of phospholipid ligand, DPPTE under heating 

circumstance in DMF/H2O mixture. (b) TEM image of Ag cluster superlattice 

after purification by H2O. 

Figure 6-1b showed a typical transmission electron microscopy (TEM) 

image of the resulting superlattices which were self-assembled from the silver 
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clusters in the presence of thiol-ended phospholip ligand in DMF/H2O mixture. 

The products were purified by using H2O and prepared for TEM sample 

without stain. It was found that numerous mono-dispersed black dots with the 

diameter of about 2.6 nm were arranged regularly and uniformly to form 

hexagonal arrays, which was similar to the block copolymer assembled 

lithography.
[12, 13]

 The average distance between the centers of two neighboring 

black dots approximately equaled to 1.6 nm. This distance was shorter than the 

fully dehydrated lipid tail length in bilayer (sum of the both alkyl chains; 

around 2.5 nm).
[32]

 This may be because the chains between two adjacent black 

dots interlaced during the vesicles shrinking together process. From the contrast 

of TEM image, we argued that this kind of superlattices were three-dimensional 

structures.  

Other metallic ions were investigated to study the superlattice formation. 

Some ions, such as Zn
2+

, Cd
2+

, which could coordinate with the thiol group well, 

could direct the regular lattice structures, in despite of the structures being not 

very good (Figure 6-2a and b). However, for the case of HAuCl4 salt, there 

were some irregular packing structures and some large Au nanoparticles 

(AuNPs) in the system, which were due to the further reduction of HAuCl4 in 

DMF solution (Figure 6-2c). Figure 6-2d showed the TEM image of 

superlattices when AgNO3 amount was increased to five times. Some large 

AgNPs coexisted in the product indicated that the formed Ag clusters could be 
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further aggregated due to the high concentration, also proving that the perhaps 

reduction of Ag
+
 to Ag

0
. 

 

Figure 6-2 TEM images of different metal ions induced superlatticle structures. 

(a) Zn(CH3COO)2; (b) CdCl2; (c) HAuCl4; (d) 5 times amount of AgNO3 was 

used in the presence of polymer, which can encapsulate the superlattice 

structure by self-assembly. The polymer coating will be discussed in the 

following part. 

It is also found that other thiol-ended ligand cannot be used to produce the 

superlattice well, which may be due to the different hydrophobic properties of 

these ligands. In some cases, large AgNPs were the main products, which 

demonstrated that DPPTE also played an important role in stabilizing and 

protecting the small clusters during the heating procedure (Figure 6-3a-c). 

However, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (abbr. DMPC), which 
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has the same hydrophobic alkyl chains, also did not work well for the silver 

cluster superlattice formation (Figure 6-3d). This unexpected result proved that 

the thiol group in the phospholipids was very important for the superlattice 

formation. If HAuCl4 was treated with the DMPC, the result solution 

represented some cyan color. The TEM survey showed that there was no 

superlattice assembly but some large AuNPs. Combining with the previous 

results, we may argue that the thiol-ended ligand with long alkyl chain is crucial 

for the superlattice assembly. 

 

Figure 6-3 TEM images of different ligands induced silver nanostructures in 

the presence of polymer: (a) Naphthalene-thiol; (b) 1-Hexadecanethiol; (c) 

4-Mercaptobenzoic acid; (d) DMPC.  
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In order to test the stability of these silver cluster superlattices, the product 

was treated by NH3·H2O. From the TEM characterization, we could find the 

well-ordered superlattice structures were destroyed, which demonstrated that 

the hydrophobic packing of phospholipid chains was not close enough to 

prevent the entrance of NH3·H2O into the vesicle.  

In the past several years, our group has been successful in encapsulation of 

various nano-objects by coating copolymers on the surface of hydrophobic 

ligand functionalized NPs, in which the polymer shells on the surface not only 

can stabilize the nano-objects, but also can be further functionalized to improve 

the properties of the core materials.
[27-29]

 Therefore, the superlattice structures 

were encapsulated by using diblock copolymer. Owing to the factor that 

polymer shell can protect the superlattice from the damage of measurements 

and solvents, more information of the superlattice can be obtained by surveying 

the stabilized assembly, which also finally helps us to study the superlattice 

formation mechanism.  

In a typical superlattices encapsulation approach, diblock copolymer 

PS1250-b-PEO409, was added directly into the dioxane/H2O (v/v = 3:1) mixture 

containing DPPTE and AgNO3. The mixture was heated at 75 ℃ for 2 hrs and 

then slowly cooled down to induce the polymer self-assembly. The resulting 

products were purified by using centrifugation, and re-dispersed into water. 
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Figure 6-4 (a and b) low and high magnified TEM images of the superlattice 

assemblies, which were encapsulated by PS1250-b-PEO409; (c) TEM images of 

the superlattice assemblies, which were encapsulated by PS1442-b-PEO795; (d) 

TEM images of the superlattice assemblies, which were encapsulated by 

PS154-b-PAA49. These samples were prepared in dioxane/H2O (a, b, d) and 

DMF/H2O (c) mixture solution.  

Figure 6-4 showed the superlattice assemblies of silver clusters, which were 

encapsulated in the PS-b-PEO or PS-b-PAA micelles. From Figure 6-4a, we 

observed that the size distribution of superlattices were very large (the 

diameters range from 100 nm to 500 nm), and various shapes were obtained. It 

was very interesting that though the lengths of the hydrophobic or hydrophilic 

chains in the copolymers were highly different for these four samples, the 

distances of two black dots approximately equaled to 2.6 nm, which were 
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consistent with the lattice space of pure DPPTE superlattice assembled in 

DMF/H2O mixture. This phenomenon proved that the copolymer chain could 

not influence the superlattice structure, and also demonstrated that the 

superlattice structures were just dependent on the thiol-ended phospholipid 

ligand (Figure 6-5a and b). However, these superlattice assemblies were not as 

regular as the pure DPPTE assemblies with AgNO3. This may be due to the 

polymer shrinkage, which could inflect the DPPTE induced well-ordered 

superlattices. These core-shell structures could maintain the superlattice 

arrangements well after the NH3·H2O etching treatment, demonstrated that the 

polymer shells covered the superlattice very closely and thus prevented the 

silver cluster from etching (Figure 6-5c). 

Control experiments were performed to confirm the polymer encapsulated 

superlattices assemblies were not the self-assembly of diblock copolymer. 

When DPPTE was removed from the synthesis solution, only the polymer and 

AgNO3 were heated in the dioxane/H2O mixture. TEM images reflected that the 

products were similar to Eisenberg’s results, in which the addition of AgNO3 in 

the polymer system can help the formation of various strange micelles (Figure 

6-5d).
[33]

 These phenomena demonstrated that the formation of superlattice 

structures were under the cooperation of phospholipid ligand, and AgNO3, but 

not relied on the copolymer. 



 201 

 

Figure 6-5 (a and b) High resolution TEM images of the superlattice structures 

encapsulated in the PS1250-b-PEO409 polymer shell, which demonstrated that the 

superlattice arrangement were not influenced by the polymer coating. (c) TEM 

image of the PS1250-b-PEO409 coated superlattice structures after the NH3·H2O 

etching treatment. (d) TEM images of the vesicle structures formed by 

incubating AgNO3, PS1250-b-PEO409 in dioxane/H2O mixture at 75 ℃ for 2 hrs.  

When the solvent was changed to DMF/H2O (v:v = 4.5:1) mixture, the 

encapsulation morphologies showed some change. From the TEM images, it 

was found that PS1250-b-PEO409 didn’t encapsulate all the superlattice 

assemblies, in which there was no polymer corona around some superlattice 

assemblies, although the superlattice structures were perfectly regular (Figure 

6-6a and b). For the PS154-b-PAA49 encapsulation, the silver clusters could not 

be assembled to form regular lattice as well as in dioxane/H2O system, and in 
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some cases, even large AgNPs existed (Figure 6-6c and d). However, in 

PS1442-b-PEO795, the regular lattice packing as well as the fully polymer coating 

could be obtained in DMF/H2O mixture (Figure 6-4c).This may be due to the 

varying solubility of the polymers, which influences the polymer self-assembly. 

 

Figure 6-6 TEM images of superlattice formed in DMF/H2O mixture solution 

in the presence of PS1250-b-PEO409 (a and b), or PS154-b-PAA49 (c and d). 

The PS1250-b-PEO409 encapsulated superlattice sample was dialyzed 

overnight in H2O to remove the organic solvent and any residue AgNO3. TEM 

images of the dialyzed sample demonstrated the superlattices have not been 

destroyed during the dialysis progress (Figure 6-8a). UV lamp was used to 

irradiate the dialyzed sample for 25 hrs. The superlattice arrangements were 

destroyed gradually with increasing irradiation time. Figure 6-8b showed the 
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TEM image of the encapsulated superlattice sample treated by UV irradiation 

for 13 hrs. It was found that some small size AgNPs generated and the lattice 

arrangement was partially reorganized to irregular packing. When the 

irradiation time reached 25 hrs, in some cases, large AgNPs appeared and 

located in the cavities of the micelles (Figure 6-8d). Figure 6-8c showed the 

intermediate state of the large AgNPs formation, in which small AgNPs moved 

to one side of the cavity and aggregated to form large NPs. This morphology 

changing process could further prove that the superlattice structure was silver 

clusters superlattice, and not the self-assembly of polymer or ligand. Therefore, 

it seemed that the core-shell superlattice structures formation contained two 

steps: superlattice structures formation and polymer encapsulation process.  

These AgNPs located in the polymer cavities were created by the UV 

irradiation. This energy caused silver clusters aggregation and further 

reorganization. Previous literatures
[34-36]

 have represented that UV light could 

produce electron-hole pairs by exciting the PS domains of the copolymers, in 

which electrons could reduce the Ag
+
 to Ag

0
 by the strong reducing ability. In 

our case, the high energy of the UV light could heat the small clusters to fuse 

them together and then further restructure the shapes. We tried to use selected 

area electron diffraction (SAED) to check the superlattice domains. 

Unfortunately, we cannot obtain any diffraction pattern. When we performed 

the SAED testing for the AgNPs in the UV irradiated superlattice, the 

diffraction pattern of polycrystalline Ag was obtained (Figure 6-7). 
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Figure 6-7 Selected area electron diffraction (SAED) patterns of the AgNPs 

formed by the UV irradiation on the superlattices. 

 

Figure 6-8 TEM images of the polymer encapsulated silver clusters superlattice 

structures treated by UV irradiation for different time: (a) after dialysis and 

before irradiation; (b) irradiate for 13 hrs; (c and d) irradiate for 25 hrs. 
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Figure 6-9 Schematic illustrations of the polymer encapsulated superlattice 

structures: top view (a) and side view (b). 

The mechanism of the superlattice formation could be proposed according to 

the results. Figure 6-9a and b illustrated the structure of superlattice coated by a 

vesicle micelle. When AgNO3 was introduced into the heating DPPTE solution, 

Ag
+
 ions coordinated to the thiol group of the DPPTE, as well as some Ag

+
 ions 

could be enriched in the lipid head area through the charge attraction. These 

Ag
+
 ions may be reduced owing to the high temperature treatment in organic 

solvent. These Ag clusters were coated with DPPTE, which could prevent the 

Ag clusters from further growth. During cooling down process, these Ag
 

clusters bound phospholipid ligands would gather, and assemble together to 

form silver enriched phospholipid vesicles in order to reduce the surface 

energy. Meanwhile, the vesicles were further hemi-fused and gathered together 

to form the superlattice structures due to the hydrophobic van der Waals 

interaction of the alkyl chain. This resulted in the formation of 3D silver cluster 

superlattices. The polymers also assembled owing to the low solubility of PS in 

the cooling solvent. The PS segments were allowed to dig into the micelles, 

which could encapsulate the hydrophobic silver clusters superlattice. 
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Consequently, we observed the large vesicle structure of polymer after the UV 

irradiation. Since the superlattice formation is related to the silver enriched 

phospholipid vesicles fusion process, I believe the large size distribution of the 

superlattice domains is related to this random lipid fusing process. The 

simultaneous polymer assembly also may influence this fusion procedure. 

 

Figure 6-10 (a) and (b) TEM images of the copolymer (PS144-b-PAA28, and 

PS154-b-PAA49, respectively) encapsulated AgNPs, in which silver clusters 

superlattice are assembled in the swelling polymer micelles. Scale bars: 50 nm. 

It is also found that the superlattices could be decorated on the surface of 

other NPs by introducing the NPs into the copolymer encapsulation system. 

Figure 6-10 showed the typical TEM images of the copolymer encapsulated 

AgNPs, in which silver clusters superlattice was assembled in the swelling 

polymer micelles. Because of the high contrast of the NPs, superlattice 

structures could not be observed clearly. Moreover, there were still some NPs 

without any superlattices, but encapsulated by copolymer with normal polymer 

shell thickness. This may be due to the random loading of the superlattices. 

During the cooling down process, some polymers did not contain the 
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superlattice, and thus encapsulate the NPs as usual.
[27-29]

 It can be predicted that 

this kind of superlattice structures can be docked onto various nanomaterials. 

We believe that the superlattices should be 3D. The most convincing method 

is checking the shape of these superlattices. However, due to the polymer 

coating, we cannot determine it by SEM characterization. Theoretically, the 

superlattice formation is due to the phospholipid fusion, in which the total 

surface energy is minimized. Therefore, they prefer to form 3D packing. 

Moreover, in the TEM images of nanocomposites containing nanoparticles and 

superlattices (Figure 6-10), superlattices still can be observed for all the 

samples. If they are 2D, it is impossible to find this phenomenon. 

6.4  Conclusions  

In summary, a facile method was developed to synthesize silver cluster 

superlattices by utilizing thiol-ended phospholipid ligand. The detailed 

investigation showed that these superlattices were due to the assembly of the 

silver enriched phospholipid vesicles. The superlattice could be further 

encapsulated into diblock copolymer shells without the morphology change. 

This procedure could increase the stability of the superlattice, and offer an 

insulating coating on the surface. After UV irradiation on the polymer 

encapsulated superlattice, large AgNPs could be formed in the vesicle cavity. 

The superlattices could also be decorated on the surface of NPs by the polymer 

encapsulation. Thus, this total synthesis method contained the assembly, 
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encapsulation, decoration of the silver superlattices, in which new properties 

and potential application may create.  
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Chapter 7 Summary and 

Future Work 

 

7.1 Summary 

Multi-component nanostructures usually have abundant structural variety. 

They can provide not only the properties of each individual, but also the new 

feature owing to the interaction of them. Therefore, insight into the 

multi-component system may explore new synthetic strategies and novel 

architectures, satisfying the requirement of future nanodevices.  

In this thesis, two strategies were used for the manufacture of 

multi-component nanomaterials: rational assembly and direct growth based on 

wet chemistry. Based on these methods, stoichiometry controlled 

hetero-assembly of NPs were obtained. Then we accomplished the ultrathin 

NW shape transformation by the metal layer overgrowth: from single NW to 

double helix. Helical gold NWs also were prepared via one pot synthesis in the 

colloidal solution. Heterodimeric nanostructures were achieved by choosing 

specific seeds or fine-tuning the surface properties of seeds. Finally, one type of 

Ag superlattice structures was prepared by the self-assembly of Ag ions and 

thiol-ended ligands in colloidal solution. 

First, we developed a complete nanoreaction system whereby colloidal 

nanoparticles are rationally assembled and purified. Generally, sodium citrate 
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stabilized AuNPs (called as B-NPs) was functionalized with one kind of 

multi-thiol ended ligand. Then these NPs were purified, and could re-disperse 

well in DMF (called as A-NPs). When these two types of gold nanoparticles (A 

and B) were mixed together, they were bonded to give specific products AB, 

AB2, AB3 and AB4 in different solution by carefully varying the ionic strength. 

The stoichiometry control is realized by fine-tuning the charge repulsion among 

the B-NPs. The products are protected by polymer, which allowed their 

isolation in high purity. With the concrete integration of hetero-assembly, 

stoichiometry control, protection scheme, and separation method, we attempt to 

create a scalable means to fabricate sophisticated nanostructures. By using this 

strategy, many nanostructures, which cannot be obtained through the routine 

method, also have been fabricated.  

Then, we develop one new strategy to synthesize ultrathin Au-Ag NWs in 

polar solvent. This kind of NWs exhibited unprecedented behavior in the 

colloidal solution: the NW winds around itself to form a metallic double helix 

when a thin layer of metal (Pd, Pt, or Au) was grown on its surface. The 

uniformity of these winding could be controlled by choosing different metal 

deposition speed. The mechanism of the NWs winding was also studied based 

on the high resolution TEM characterization of the as-synthesized NWs. These 

Au-Ag alloy NWs likely had the Boerdijk-Coxeter-Bernal type twisted lattice. 

The winding was originated from the instinct chirality within the NW. When 

the metal deposited, the expansion of the NW lateral dimension increases the 



 215 

strain therein. To minimize the overall lattice energy, the NWs were forced to 

untwist (twisting in the opposite direction of the BCB lattice). Besides the 

potential catalysis applications of the formed Au-Ag@M (Pd or Pt) core-shell 

nanostructures, this environment-responded shape transformation system 

(chemical stimuli) may offer the opportunity for smart nanodevices application.  

Helical gold nanowires have been synthesized via one pot synthesis strategy 

without any hard template. Different from the previous methods, in which hard 

template were used, our system is easy to accomplish the large-scale synthesis 

because of the colloidal procedure: gold precursor, reducing agent, seeds as 

well as the capping agents were incubated in the mixture of ethanol and H2O for 

several hrs. This was the first case of metallic nanosprings synthesized in 

colloidal solution. By analyzing the reaction conditions, we found that the 

growth solution consists of several small organic molecules derived from 

4-mercaptobenzonic acid. However, the yield was still very low, which 

prevented insight into the growth mechanism. The HRTEM analysis reflected 

that these helical NWs were perfect single crystalline structures with little 

lattice aberrance. 

It has been witnessed that wet chemistry synthesis strategy was one powerful 

weapon to create multi-component nanostructures, especially since the 

seed-mediated growth procedure was used. Two kinds of polycrystalline NPs 

were used as seeds to synthesize heterodimers. Pt-M, (M = Au, or Ag) 

heterodimers were obtained owing to the large lattice mismatching of Pt-Au 
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and Pt-Ag, in which Volmer-Weber growth mode was adopted. Au-M (M = Au, 

or Ag) heterodimers were obtained by tuning the surface molecules coating. 

When the molecules coated on the Au seeds surfaces, the interface energy 

would increase, thus the Stranski-Krastanov growth mode, even the 

Volmer-Weber growth mode would perform. It was also found that these 

formed Ag domains were with the same lattice orientation as the nucleation 

sites on the seeds. This may offer one opportunity to prepare single crystalline 

NPs through the polycrystalline NP seeds.  

Finally, we reported one kind of Ag cluster superlattices, which were 

synthesized in colloidal solution in the presence of a thiol-ended ligand with 

long hydrophobic alkyl chain. These superlattices structures could be 

encapsulated into the copolymer cavity and docked onto other nanostructures 

by the polymer coating procedure. This kind of superlattices could be destroyed 

by the long time UV irradiation. The superlattice structures collapsed, and large 

AgNPs were generated simultaneously. We proposed that the superlattices were 

formed by the close packing of Ag domains, which were fully coated by 

thiol-ended hydrophobic molecules. This assembly mode can decrease the 

surface energy of each hydrophobic Ag domain as much as possible. This kind 

superlattice structures may potentially be used in the optical field. 

7.2 Future Work 

Based on the understanding of the multi-component system and the 

strategies developed previously, several topics of work in the future are 



 217 

proposed: 

(1) Synthesis of multi-component nanostructures based on the nanoreaction 

system. Dumbbell-like Fe3O4-Au heterodimers, which were well studied by 

Prof. Sun’s group
[1]

, could be selective functionalized by 1 on the Au surface. 

Thus these functionalized dimers could be used to react with Ag or Au NPs to 

form hetero-trimeric aggregates (Figure 7-1a). Although this kind of 

hetero-structures have been reported very recently,
[2]

 our method can be 

performed more easier. The products could combine the magnetism properties 

of Fe3O4 and the SPR coupling of Au-Ag or Au-Au heterodimers. Therefore, 

this kind of nanomaterials can be potentially used in the bio-sensing and 

bio-images system. Furthermore, Pt or Pd NPs can be chosen as the B-NPs to 

perform the rational assembly. The formed Fe3O4-Au-Pt/Pd multi-component 

nanomaterials can be used in the catalysis reaction, in which the catalysts are 

easily separated with one magnet.  

As we know, different size of AgNPs can be synthesized with very small size 

distribution.
[3]

 Trimeric Ag-Ag-Ag nanoclusters can be produced with high 

yield by using the similar method for the creation of Au-Au-Au trimeric 

nanoclusters. Under the same concept, different kind of hetero-trimeric 

nanoclusters of Au or Ag could be produced. These structures will be perfect 

models for the study of optical property, such as SPR, SERS, and so on by 

ensemble measuring due to the high yield and purity (Figure 7-1b). The primary 

testing of the UV-Vis spectra of these nanoclusters reflected the varying SPR 
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phenomena (Figure 7-2). These nanomaterials also are prospectively used in 

many fields owing to the easy tuning of SPR. 

 

Figure 7-1 Schematic diagram of complex nano-composites that can be 

synthesized by using our nanoreaction strategy. 

 
Figure 7-2 UV-Vis spectra of the AuNPs, AgNPs, as well as the trimeric 

nanocomposites. 

Previous work of our group has demonstrated that the controlled 

nanoclusters can be used as the catalyst for ZnO NWs growth
[4]

. So the high 

purified multi-component nanoclusters may be used for the controlled nanowire 
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growth. Considering the fusion possibility of the nanoclusters, high 

melting-point NPs, such as PtNPs, SiO2 NPs (or magnetic NP embedded SiO2 

NPs) can be used as the A-NPs (Figure 7-3). Controlled-NW clusters can be 

achieved finally. Because the grown NWs can be changed to many species, this 

kind of multi-component nanomaterials can be used in many fields.   

 

Figure 7-3 Schematic diagram of the controlled NW arrays grown on the 

nanoclusters. 

The primary works on the conductive polymer encapsulation of these 

nanoclusters demonstrated that uniform polymer shells could coat the 

nanoclusters completely (Figure 7-4a and c).
[5-7]

 These encapsulated 

nanoclusters could be etched selectively because the 1 coated NPs would not be 

injured. Thus the NPs with cavities structures were obtained (Figure 7-4b and 

d). These structures can be used as templates for the multi-component 

nanostructures synthesis.
[8]
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Figure 7-4 TEM images of the BAB type linear assemblies as well as the 

nano-cavities formed by etching the B-NPs. 

(2) Formation mechanism study of the Au-Ag alloy NWs. Although the 

twisting behaviour of the new kind of Au-Ag alloy NWs has been studied in 

detail, the study of the synthesized Au-Ag alloy NWs is still limited. Why do 

these NWs contain the instinct chirality? What’s the formation mechanism of 

the NWs? In despite of many strains in these NWs, why can they form and be 

stable for several months? The insight understanding of these questions may 

help us to produce more species of NWs with instinct chirality. 

(3) Electrocatalytic properties of the core-shell NWs. It is well known that 

Pd or Pt are good catalysts, and have been widely used in fuel cell. Our 

Au-Ag@M (M = Pd or Pt) multi-component nanostructures have extreme large 
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specific surface area owing to the ultrathin Au-Ag NW cores. Very recently, one 

group published that Ag@Pd core-shell structures can be used for the hydrogen 

producing from the decomposition of formic acid at room temperature. 

Therefore, it is essential to study the electrocatalytic properties of our ultrathin 

core-shell nanostructures. For this study the PVP coating may be one huge 

challenge because it has been demonstrated that residue PVP may influence the 

real catalytic property.
[9, 10]

  

(4) Improve the yield of helical gold NWs. In chapter 4, we demonstrated the 

synthesis of helical gold NWs in colloidal solution without hard template. 

However, the nice products were produced by using the aged 4-MBA as 

capping agent. Although the helical NWs can be synthesized by tuning the 

amount of 4-MBA deviates, the yield is still very low. Consequently, I have to 

continue studying the synthesis control to improve the yield. High yield of the 

helical gold NWs may be widely used in the future smart nanodevices. After 

systemic understanding of the formation mechanism, it may be expanded to 

other metallic helical NWs growth. 
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