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1 General Introduction 
 

Nanotechnology is a key technology in the 21st century and synthetic nanomaterials are 

already omnipresent in our daily life.1-5 Hereby, the so-called bottom-up approach is a 

powerful method for the precisely designed production and structuration of matter on the 

nano- to the mesoscale. In general, a bottom-up approach starts with the smallest chemical 

building units. It is the transformation of molecules and secondary building units to a 

hierarchical structure on a larger scale.6 Many nanoparticle (NP) syntheses utilizes bottom-up 

approaches. Gold nanoparticles for example usually are produced by the controlled reduction 

of Au(III)-ions in aqueous solution.7,8 In a next step, the synthesized nanoparticles can be used 

to produce innovative and functional structures. Thereby, the use of nanoparticles as chemical 

building blocks has become a promising field in science to get access to new high-performance 

materials as functional nanocomposites,9 flexible hydrogen sensors10 or reagentless enzyme-

based biosensors11 to name a few.  

 Another example of a typical chemical bottom-up approach is the polymerization of 

single units (monomers) to functional polymers. Polymers and plastics have become one of 

the most important basic material in our society. In this context, over 360 million tons of 

plastics were produced worldwide in 2019.12 By polymerizing single units into bigger 

hierarchical structures new and controllable properties arise, which enables researchers and 

industry to produce tailored materials.13,14 

 Since the principles of a classical polymerization are well understood today, many 

researchers try to transfer the concept of polymerization to the nanoparticle world to get 

more control and better understanding of one-dimensional NP assembly.15,16  Thereby, 

nanoparticles act as monomer (nanomer) and the controlled assembly of them leads to 

promising and innovative structures. Analogous to the wide field of plastic synthesis and 

polymerization the number of possibilities and prospects seems infinite. This doctoral thesis 

is based on this concept and builds on the thesis of Dr. Holger Reiner: ,Nanoparticles as 

chemical building blocks’.17 The present work deals with the imitation and transfer of classic 

polymerization concepts and approaches to the controlled one-dimensional assembly of gold 

and silver nanoparticles in solution.  
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2 State of the Art 

2.1 Classic Polymerization – Step-growth Polymerization 
 

WALLACE CAROTHERS, inventor of nylon, is considered as one of the most important pioneers of 

synthetic polymer science. In 1930s he developed new means of making polyesters through a 

step-growth polymerization.18,19 CAROTHERS thereby developed mathematic despcriptions of 

step-growth polymerizations, which are still frequently used today (CAROTHERS EQUATIONS). In 

collaboration with PAUL FLORY they developed more advanced mathematical models of the 

polymerization including kinetics and molecular weight distributions of the formed 

polymers.20 In contrast to the step-growth mechanism, where bi- or multi-functional groups 

are present, the chain-growth polymerization requires ions or free radicals. Step-growth 

polymerization can be divided into polyadditions (formation of only polymer) and 

polycondensation reactions (formation of polymer and small molecules).21  

 

Figure 2.1.1 Principles and characteristics of classical step-growth polymerization. a) Schematic 

representation of a classical step-growth polymerization.22 In the beginning, mainly dimers are formed. The 

formation of longer chains occurs with high conversions. b) Number distribution and c) mass distribution of 

a step-growth reaction at different extents of reaction (UA). Reprinted with permission of Springer Nature 

from [23]. 
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Typical characteristics of step-growth polymerization reactions (in contrast to the chain-

growth mechanism) are displayed in Figure 2.1.1. In a classic polyaddition mainly dimers are 

formed in the beginning. Therefore, the number-average chain length xn increases slowly and 

only at high extends of reaction longer chains develop. This is also visible in the number 

distribution xi and mass distribution wi in dependence of the degree of polymerization i for 

different extents of reaction UA. Assuming the simplest mechanism of the step-growth 

polymerization (the monomers are bifunctional), following relations can be formulated.  

 

𝑥𝑖 =
𝑁𝑛

𝑁0
= (1 − 𝛼)2𝛼𝑛−1 

(1) 

 

  

Here, n is the number of NPs per NP-chain, α is the extent of reaction and  Nn is equal to Nn-

mer. The weight fraction wn is defined as follows: 

 

𝑤𝑛 = 𝑛(1 − 𝛼)2𝛼𝑛−1 

 

(2) 

 

It can be shown that the dispersity is given by: 

 

𝑃𝐷𝐼 =
𝑀𝑤

𝑀𝑛

= 1 +  𝛼 

 

(3) 

 

 

When the reaction is complete, α reaches 1 and therefore the PDI (polydispersity index) is 2. 

The maximum of the mass distribution np can be calculated by the following equation. 

𝑛𝑝 =  − 
1

ln (𝛼)
 

 

 

(4) 
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2.2 Metal Nanoparticles 

 

Gold Nanoparticles Monodisperse nanoparticles (NPs) are an important requirement for a 

controlled assembly. In recent years a lot of research effort was dedicated to produce 

monodisperse nanoparticles with different size, morphology or composition on a large 

scale.24,25 Metal nanoparticles typically exhibit plasmonic behaviour, which are highly sensitive 

to extrinsic factors. Therefore, gold NPs for example are perfectly useable for sensor 

materials.26,27,28 A large amount of gold nanoparticle syntheses show a lack of reproducibility, 

since even small variations in the quality of the reagents have a huge impact on the particles.29 

Kirner et al. recently introduced a three-step seed-mediated growth method, which provides 

a solid and robust synthesis of gold nanoparticles with different shapes (cubes, truncated 

cubeoctahedra (TOH) and octahedra) and controllable size.8 The available particles produced 

by this method are presented in Figure 2.2.1.  

 

Figure 2.2.1 Synthesis of gold nanoparticles by a seed-mediated growth method in water. Depending 

on the used amount of seeds, KBr and reducing agent (ascorbic acid), different shaped and sized gold NPs 

are available. a) cubes, b) truncated cube octahedra (TOH), c) and d) octahedra. Reprinted with permission 

from [8]. 
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In a first step, small CTAB-capped gold seeds are synthesized, which is analogous to 

procedures reported previously.30,31 The seeds are further isotropically grown into small 

spherical gold nanoparticles involving a surfactant exchange from CTAB to CTAC. In a final 

step, the spherical gold particles are added to a growth solution consisting of CPC, chloroauric 

acid, KBr and ascorbic acid. Depending on the initial ratio of the reactants the ratio of cubic 

{100} - and octahedral {111} facets can be tuned. The size of the nanoparticles is controllable 

by the amount of added spheres.  

Silver Nanoparticles Silver nanoparticles are used in several fields in our daily life. This 

includes health care, medical purposes or even food.32 Due to its prominent optical, electrical 

and especially biological properties, silver nanoparticles have gained attention of many 

researchers.33-35 Interestingly, biologically-synthesized silver nanoparticles exhibit high 

solubility, yields and stability and are to some extent better than physical or chemical 

methods.33,36 Nevertheless, there are chemical procedures which enable the synthesis of well-

shaped cubic silver nanoparticles with a decent monodispersity as presented in Figure 2.2.2.37 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.2 Synthesis of silver nanoparticles with gold core. a) High-resolution HAADF-STEM projection 

of a silver cube with a gold core. b) Corresponding FFT pattern of image a). c) Visualization of the 3D 

reconstruction of the nanoparticle shown in a). d) and e) SEM images of the Au@Ag nanocubes. The scale bar 

in d) is 100 nm. Reprinted with permission from [37]. Copyright {2013} American Chemical Society. 



6  State of the Art 
 

The presented method uses gold seeds, which were added to a silver nitrate containing 

growth solution. Thereby, a homogenous alloy formation of gold-silver nanoparticles occurs 

indicated by exhibiting a distinct plasmon absorption band. Note, that the plasmon band is 

shifting towards smaller wavelengths (blue shift) linearly with an increasing silver content.38  

Plasmon Resonance As already mentioned, the synthesized gold and silver particles exhibit 

a prominent plasmonic behaviour. Figure 2.2.3 presents the concept of localized surface 

plasmon resonance of metal nanoparticles and the resulting optical effects of the NPs and 

their assemblies.  An evanescent electromagnetic wave with a fitting frequency is able to 

excite a collective electron oscillation in a bulk metal surface, the so-called plasmon or bulk 

plasmon.39 By reduction of the bulk metal to the nanoscale, an electric field leads to a 

collective displacement of electrons within the nanoparticles. Here, an evanescent wave is not 

neccessary.40  

 

 

 

 

 

 

 

 

 

Figure 2.2.3 Localized surface plasmon resonance of metal nanoparticles. A) Schematic concept of the 

stimulation of localized plasmon resonances by an external electro-magnetic wave. Reprinted with permission 

from [40]. B) UV-Vis absorption spectroscopy of metal nanoparticles (here gold NPs) and NP-chains exhibit 

distinct plasmon resonance bands. Reprinted with permission from [41]. C) Illustration of a NP-chain. The blue 

arrows indicate transversal surface plasmon resonances (TSPR) and the green arrow represents the 

longitudinal surface plasmon resonance (LSPR). 
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The absorption shows a characteristic frequency, strongly depending on the material, size and 

shape of the nanoparticles. The phenomenon is the reason for the characteristic red and 

yellow colour of gold and silver nanoparticle dispersions. Anisotropic nanoparticles or 

anisotropic assembled nanoparticles exhibit, in contrast to isotropic NPs, a transversal (TSPR) 

and a longitudinal (LSPR) surface plasmon resonance band.42 The more elongated the 

structure, the bigger is the red shift of the LSPR band (see Figure 2.2.3 B and C).41,43,44 

Therefore, UV-vis absorption spectroscopy is an ideal tool to perform in-situ kinetic studies of 

metal nanoparticle assembly in solution.45-47 In addition, gold structures are often used as a 

model for the challenging simulation of surface plasmon modes.48-50 The multimodal 

plasmonics are strongly dependent on the formed structure. By investigating single NP-chains, 

fusion of particles44 and different orientation of gold NPs51-53 are visible and distinguishable in 

specific changes of the localized surface plasmons. Therefore, gold NPs have already been 

assembled in tailored two- or three-dimensional structures to receive tailored plasmon 

coupling.54,55 An example of three-dimensional assembled gold particles and the 

corresponding two-photon luminescence is given in Figure 2.2.4. 

 

Figure 2.2.4 a-c) SEM micrographs of three different three-dimensional assembled gold structures. d-f) 

Corresponding two-photon luminescence (TPL) maps. The tilted white bars indicate the incident polarization. 

Reprinted with permission from [54]. Copyright {2013} American Chemical Society. 
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2.3 Oriented Attachment and Oriented Assembly 

 

Classic crystal coarsening occurs by the growth of large particles at the expense of smaller 

particles due to lowering of the surface energy (Ostwald Ripening). In general, Ostwald 

Ripening is the dominant crystal growth process in the case of high interface and high 

molecular solubility of the crystal. If the surface energy of the crystal is low enough, other 

mechanisms of crystal growth are observable.56 A very prominent mechanism is Oriented 

Attachment. Kinetically, the mechanism is of second order regarding the number of primary 

particles57,58 and describes the self-assembly of especially nanocrystals. Hereby, the 

nanoparticles have a common crystallographic orientation and a joined planar interface.56 In 

contrast to Oriented Attachment, Oriented Assembly of nanoparticles shows no 

crystallographic fusion. The particles also exhibit a common crystallographic orientation, but 

the subsequent fusion of the particles is absent.59,60 This definition and differentiation of 

Oriented Attachment and Oriented Assembly will be maintained in the following chapters. 

Figure 2.3.1 displays possible reaction channels in non-classical crystallization processes, 

especially of nanoparticles. A weak solubility of the nanoparticles or low surface energies (for 

example caused by additives) induce the Oriented Attachment process (a).56  

 

Figure 2.3.1 Scheme of non-classical crystallization pathways of nanocrystals (Oriented Attachment). The 

figure shows the difference between classical crystal growth, a) Oriented Attachment and b) Mesocrystal 

formation. Reprinted with permission from [56]. 
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Another relevant non-classical crystallization process is displayed in Figure 2.3.1 b). Temporary 

stabilization of NPs and a subsequent mesoscale assembly can lead to the formation of 

mesocrystals (abbreviation for ‘mesoscopically structured crystal’).56,61,62 Subsequent removal 

of the stabilizer will result in crystallite fusion of the iso-oriented crystal.  

However, Oriented Attachment was first reported for TiO2 nanoparticles, which were 

produced in a hydrothermal process.63,64 The mutual orientation of the particles results from 

two possibilities: effective collision of particles with common orientation or particle rotation 

in weakly coagulated particles.65 Hereby, the flexibility and dynamics must be high enough to 

enable a low-energy configuration (coherent particle-particle interface).66 Therefore, 

Oriented Attachment preferentially leads to the crystallographic fusion in order to eliminate 

two high-energy surfaces.67,63 Figure 2.3.2 shows a schematic representation of Oriented 

Attachment of partially unstabilized NPs and corresponding TEM and HRTEM images. After 

destabilization by citrate desorption, the NP coagulate. The destabilization is the rate-

determining step. In a next step, there is reorientation and rotation of the NPs, which leads to 

a facetted attachment. Subsequently, the coalesced particles eliminate their interface by 

crystallographic fusion. 

 

 

 

Figure 2.3.2 Oriented Attachment of gold NPs by controlled destabilization. left: Schematic 

representation of the aggregation of partially bare, citrate stabilized gold NPs. a-d: TEM and HRTEM images of 

the fused aggregates. The occurrence of twinning defects is visible in image (d) and its FFT (left insert) and IFFT 

(right insert). Reprinted with permission from [47]. 
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Typically, structures formed by Oriented Attachment exhibit crystal defects at the former 

particle-particle interface like twinning defects (see Figure 2.3.2 d).47  

In general, Oriented Attachment is an appropriate tool to create anisotropic nanostructures,68 

which are of great interest because of their unique properties69 and expected important role 

in functional devices.70 As already pointed out, titania nanoparticles are another typical 

system used for anisotropic nanostructures created by Oriented Attachment. Figure 2.3.3 

displays the attachment of functionalized titania nanoparticles by refluxing for several hours 

in water (hydrothermal treatment). Thereby, the solvent, has two important roles to increase 

the anisotropy of the assembly. Namely, separation of the single nanoparticles in a polar 

medium and replacement of stabilizers on the {001} facets.71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.3 a) HRTEM image of a titania nanoparticle (scale bar is 2 nm) and b) corresponding equilibrium 

shape according to the Wulff construction. c) HRTEM image of the assembled and crystallographic fused titania 

nanoparticles. Reprinted with permission from [71].  
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2.4 One-Dimensional Assembled Nanoparticles 

 

The self-assembly of nanoparticles towards hierarchical and functional structures has become 

an intensely investigated field in nanoparticle science.72-76 Since one-dimensional (1D) 

assembled nanoparticles provide possible applications in optoelectronics 77,78 and sensing,79,80 

many researchers tried to control the self-assembly and describe the assembly process 

quantitatively. It has been demonstrated that a quantitative approach to predict chain 

topology and the kinetics of a nanoparticle chain growth by utilizing analogies to a classic step-

growth polymerization reaction is feasable.15  In order to achieve one-dimensional assembly, 

gold nanorods with arrowhead edges were coated with thiol-terminated polystyrene 

molecules on the tips and with a bilayer of CTAB along the sides.15 The assembly can be 

induced by reduction of the solubility of the polystyrene, which was accomplished by the 

addition of water (nanorods were dispersed in dimethyl formamide).81 Figure 2.4.1 displays 

the linear assembly of the gold nanorods. Analogous to classic step-growth polymerizations, 

the formation of branched polymers is observable due to the existence of multi-functional 

monomers. The found reaction order is of second order. Interestingly, the transfer of classic 

degree of polymerization distributions (Figure 2.4.1 B) and kinetics is possible. Therefore, the 

classic polymerization model on a molecular level is valid at the length scale two orders of 

magnitude larger.15  

Figure 2.4.1 Step-growth polymerization of gold nanorods. (A) TEM images of branched NP-chains. (B) 

Fraction of the corresponding degrees of polymerization of the long (XL, black squares), medium (XM, red 

circles) and short (XS, blue triangles) arms. Solid lines display the theoretically calculated fractions using a step-

growth polymerization mechanism. Reprinted with permission from [15].  
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Li et al. introduced a simple method and mechanism to describe one-dimensional Oriented 

Assembly of spherical gold nanoparticles in aqueous solution.41 The addition of thiolated 

ligands or ligand removing leads to an induction of dipoles onto the nanoparticle surface due 

to an inhomogeneous distribution of ligands on the nanoparticles resulting in an 

inhomogeneous surface charge. In order to minimize the dipole-dipole repulsion, the particles 

align and start to self-assemble. This is known as ,a ligand-exchange-induced, dipole-driven 

assembly mechanism’.41 A schematic illustration of the one-dimensional assembly mechanism 

by dipole interaction is displayed in Figure 2.4.2 a). Figure 2.4.2 further demonstrates the 

formation of the inorganic polymers at different stages (one-dimensional assembled gold 

nanoparticles). Here, the polymerization progresses from A to D. Finally, there is the 

evolvement of chain networks, which exhibit typical UV-Vis absorption spectra displayed in 

Figure 2.2.3 B. The remaining TSPR band at around 520 nm, which resembles the width of the 

NP-chains, and an arising red shifted LSPR band (around 725 nm) representing the elongation 

of the structure can be observed. The more elongated the structure, the more red-shifted is 

the absorption band (see plasmon resonance in chapter 2.2 METAL NANOPARTICLES). Thereby, 

the system is globally under thermodynamic control whereby the kinetic aspect (here the 

reaction is of first order) plays an important role in determining the assembly process. 

Consequently, there is an ideal reaction temperature. Above 30 °C the evolving chains exhibit 

a decreased length probably due to a temperature-dependent ordering and disordering of 

thiolated ligands on the nanoparticle surface.41 
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Figure 2.4.2 Oriented Assembly of gold nanoparticles by ligand-induced dipole mechanism. (a) Schematic 

illustration of the dipole induced one-dimensional NP assembly. TEM images at different stages of 

nanoparticle self-assembly A) 1 h, B) 3 h, C) 5 h, and D) 6 h. Reprinted with permission from [41] and from [85].  
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Nevertheless, the presented methods show a lack of control since the formation of chain 

networks and branches could not be prevented. In order to synthesize non-branched NP-

chains the use of strongly directing additives is essential. One possibility is the introduction of 

different stabilizing ligands for two different monomers (different nanoparticles/nanomers). 

The general principle of this method is pictured in Figure 2.4.3. Block copolymers (polystyrene-

polyacrylicacid; respectively polystyrene-polydimethyl-aminoethyl methacrylate) were used 

for the different monomers. Thereby, the amine group and the carboxyl group of each ligands 

form a complex at a low pH. The different nanomers form dimers with the characteristic of an 

electric dipole and further react to long alternating nanoparticle polymers. The reaction 

mechanism is analogous to a polycondensation reaction of adipic acid and 

hexamethylenediamine towards Nylon 66. Moreover, the assembly process of the nanomers 

is thermodynamically and kinetically analogous to  their molecular counterparts.82 

Figure 2.4.3 Synthesis of alternating nanoparticle copolymer-chains grafted with block copolymers. b) 

Scheme of the copolymer formation. Nanomer A and B result in an alternating copolymer. Thereby, the 

synthesis of alternating gold-silver and magnetite-gold copolymers has been achieved. c-h) SEM images of the 

synthesized copolymers with different nanomer-size combinations. i-l) HAADF STEM images and 

corresponding elemental mapping (j,l). Reprinted with permission from [82]. Copyright {2019}. American 

Chemical Society. 
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Nanoparticle copolymers are not limited to spherical particles. Liu et al. reported of a 

molecular copolymerization approach of gold and palladium nanorods into statistical and 

block copolymer structures.83 Thereby, theoretical predictions of new nano plasmon modes 

in nanoparticle chains with different dimensions could be detected experimentally.84 Figure 

2.4.4 presents STEM images of statistical gold and palladium nanorod-copolymers. The 

composition of the polymers is controllable by the initial palladium/gold concentration.83 

 

Figure 2.4.4 Copolymerization of gold and palladium nanorods. a) STEM image of a palladium nanorod 

polymer and a TEM image (inset) of a fragment. b) STEM image of a gold and palladium copolymer. The initial 

palladium/gold concentration was 0.2. Inset: HRTEM image of fragments. Scale bar is 500 nm. Reprinted with 

permission from [83]. 

 

Another commonly used method for the formation of one-dimensional nanoparticle 

assemblies is provided by the spatial confinement strategy. Thereby spatial restrictions from 

no matter hard templates, water templates or soft organic micelles are used.85 In general, 

there are two categories of confined space: fixed space and shrinking space. Fixed spaces are 

often hard one-dimensional templates like carbon nanotubes,86 porous alumina,87 ridge-and-

valley structures88 or modified PMMA or PDMS templates.89 Beside hard templates, soft 

templates such as viruses,90 DNA,91,92 proteins,93 peptides94 or polysaccharides95 are utilized 

as fixed spaces. Here, biomolecules have the superior advantage of providing composite and 

molecular structure, which can be specifically tailored to match target particles.85 
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Shrinkable spaces are for example available by water-templated methods.96,97 Water stripes 

can provide shrinking one-dimensional spaces and thereby induce a one-dimensional 

assembly of nanoparticles (Figure 2.4.5). The chain-like NP-structure is formed while the 

template disappears without any residue. 

 

Figure 2.4.5 Shrinking water stripes provide an elegant method of facilitating one-dimensional NP-

assembly. The linear assemblies can be achieved while the solvent template disappears without any residue. 

Reprinted with permission from [85]. 

 

In recent years, a method named liquid bridge induced assembly (LBIA) has been developed 

and has become an actively employed procedure for preparing one-dimensional assembled 

NPs.98 A schematic illustration of the LBIA strategy is displayed and snapshots of a video 

recording the formation of the NP 1D structures is shown in Figure 2.4.6. A pillar-spindle- 

structure and a flat substrate are sandwiching a NP suspension. Due to evaporation of the 

solvent and wetting defects of the pillar microarray, the NP are assembled on the substrate 

which bears lyophilic/lyophobic domains.99 Hereby, highly ordered liquid stripes (liquid 

bridges) can be generated between the lyophilic domains and therefore confine space for the 

assembling NPs.98 
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Figure 2.4.6 Liquid bridge induced assembly (LBIA) strategy enables precisely positioning of water stripe 

templates to produce tailored 1D NP-assemblies. a) Schematic illustration of the LBIA strategy. A flat substrate 

(top) and a spindle-pillar-structure sandwich the NP suspension. Evaporation of the solvent and wetting 

defects of the pillar array result in the formation of 1D assembled nanoparticles on the substrate. b) Schematic 

illustration of NP-chain formation in detail. c) Snapshots of a video recording the formation of 1D NP-  

assemblies. Reprinted with permission from [85]. 
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2.5 Conductivity of Nanoparticles and Nanoparticle-Structures 
 

Nanoparticles can exhibit atomic-like behaviours and therefore are commonly called ’artifical 

atoms’.100 Thereby, electronic energy levels of NPs can be quantized like atoms due to its 

discrete nature of electron charge and wave-like electron propagation to name a few.101 

Therefore, NPs can exhibit a discrete spectrum of energies due to quantum confinement.102,103 

By assembling NPs into higher hierarchical structures ’artificial materials’ are available, which 

properties are determined by for example coupling, arrangement or shape of the individual 

building blocks (NPs). The understanding of these properties, especially electronic properties, 

and relationship to composition and structure is fundamental to manipulate and optimize 

their functions.101 

In order to investigate electronic properties of NPs and NP-assemblies, different electronic 

transport measurements are utilized nowadays. The simplest experimental setup is given by 

a two-probe electrode configuration, where a bias voltage is applied across two electrodes.101 

Thereby, nanometer-spaced electrodes, typically fabricated by electron-beam lithography and 

metal evaporation,104-106 electrodes deposited by post-film fabrication through sputter-

coating and vapour-depositon107 or scanning tunnelling microscopy, are used to name the 

most prominent.108,109 A typical conductivity measurement of single gold NPs, which are 

assembled between pairs of electrodes and respective current (I) versus electrode bias voltage 

(V) curve is displayed in Figure 2.5.1. Thereby, a nonlinear current versus voltage behaviour 

(zero-bias resistance from 100 MΩ to GΩ) indicates that the contact is a high-resistance 

tunnelling type. Typically, conductivity measurements are performed several times to prove 

the reproducibility of I-V characteristics.110 
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Figure 2.5.1 Conductivity measurement (two-probe electrode configuration) of 50-nm-diameter gold 

nanoparticles. A) Schematic of the fabrication process of the gold contact. B) SEM image of single gold NPs 

organised between the pairs of electrodes. C) Close-up SEM image of B. D) Current versus electrode bias 

voltage measurement of the gold NPs. Reprinted with permission from [110]. Copyright {2004}. American 

Chemical Society. 

 

 

 

 

 

 

 

 

 

  



20  State of the Art 
 

2.6 Applications of One-Dimensional NP Assemblies 
 

In general, particle material, particle size, shape and interparticle distance of chain-like 

assembled NPs determine its applications. Thus, the applications can be classified into three 

category groups: electronics, photonics and magnetics. Since the electrical properties of 

chain-like NP-assemblies are significantly influenced by the used NP system, a wide variety of 

applications is possible.85 Figure 2.6.1 a-c) displays a possible application of Pt NP-chains 

templated by a tobacco mosaic virus (TMV) in data storage. Due to an occurring conductance-

switching property, attributed to charge tripping events, the NP structures can act as memory 

device based on bistable conductivity.90  

Figure 2.6.1 Electronic applications of one-dimensional NP assemblies. a) Typical I-V curve of the tobacco 

mosaic virus (TMV)-Pt device. b) TEM image of a TMV-Pt nanowire. c) Comparison of TMV-Pt and TMV-only I-

V characteristics. d) Image of a high-sensitive and flexible gas sensor based on binary NPs. e) SnO2 and gold 

NPs assembled through the LBIA strategy. f) Magnified image of a binary NP chain shown in e). g) Electrical 

response curve of the gas sensor toward the exposure of different acetone concentrations. Reprinted with 

permission from [85]. 

 

Especially metallic NPs exhibit interesting optical properties (e.g. silver NPs, gold NPs and a 

variety of transition metal NPs) due to its plasmonic characteristics (localized surface plasmon 
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resonance). Therefore, 1D assemblies of metal NPs were already applied for the detection of 

environmental toxins,111 as waveguides to directionally transfer photons112, colour displays 

(cf. Figure 2.6.2)113,114 and flexible gas sensors (cf. Figure 2.6.1).115 Magnetic NPs show 

collective and anisotropic magnetic properties because of anisotropic dipolar interactions.85 

Thus, 1D assembled magnetic NPs can be used in a wide range of applications like 

biomedicine, sensors and water treatment.85 Superparamagnetic NPs like Fe3O4 NPs have 

been applied as contrast agents for magnetic resonance imaging (MRI)116 or as heat sources 

for hypothermic cancer treatment.117 

 
Figure 2.6.2 Photonic applications of 1D NP-assemblies. a-b) Sensors using gold NP-assemblies. c-g) 

Gold NP chains are used for waveguiding along the assembly. h-k) Application in colour displays. Fe3O4 NPs 

are assembled in a resin and produce a coloured pattern. Reprinted with permission from [85]. 
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3 Scope of the Thesis 

 

The discovery of artificial polymers and especially the control of the polymerization in the 20th 

century was the beginning of a new era in material science. In the 21th century, 

nanotechnology has become one of the most intensively investigated fields of material 

science.4,118-120 Nowadays, the synthesis of monodisperse and well-shaped nanoparticles has 

been established and is scalable for many different nanoparticle systems.121,122,123 

Nevertheless, the controlled assembly of those nanosized objects towards higher hierarchical 

structures (one-dimensional, two-dimensional or three-dimensional) remains challenging. 

The idea of nanoparticles as chemical building blocks includes a transfer of specific principles 

from classical polymer science to the chain-like assembly of nanoparticles, which is supposed 

to follow analogous laws and principles.  

In this work, a library of different shaped and sized gold particles (truncated 

cubeoctahedron (TOH), cube and octahedron) as well as cubic silver-gold core-shell particles 

should be prepared to investigate different processes of particle organization namely 

Oriented Assembly and Oriented Attachment. To this end, a generalized assembly mechanism 

will be elaborated, in-situ techniques such as UV-vis absorption measurements will provide 

access to kinetics of the assembly process by implementing reaction rates and a controlled 

transition from Oriented Assembly to Oriented Attachment (crystallographic fusion of the 

particles) will be demonstrated. Hereby, the NP-polymerization process will be improved by 

different additives and optimized reaction conditions. Further, ex-situ investigations (TEM and 

SEM) allow the determination of parameters as polydispersity and mean length of the formed 

NP-chains by using tailored image processing methods. Inspired by common copolymers, gold 

and silver-gold core-shell particles will be combined, leading to mixed NP-chains, and 

compared to homogenous gold NP-chains. Electric conductivity, measurements using 

nanometer sized electrodes and nanoprobers, will reveal intrinsic properties of the obtained 

gold NP-chains. This information will give an indication for possible applications of the 

developed gold structures.  
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4 Synthesis of Nanoparticles and Characterization 

 

Gold and silver nanoparticles have become a broad new subdiscipline in the field of colloids 

and surfaces since these nanocrystals combine  unique optical and size-dependent properties 

with a high chemical stability.124 For these reasons and the almost unlimited possibilities to 

tune shape, size, and surface chemistry, silver and especially gold nanoparticles constitute a 

perfect model system to get deeper understanding of colloids and surfaces’ world. The 

following chapter sums up the performed particle synthesis and the respective nanoparticle 

characterizations. 

 

4.1 Gold Nanoparticles 

4.1.1 CTAB stabilized Gold Nanoparticles (truncated cubeoctahedra (TOH)) – Two-

step Method 

 

Most of the gold nanoparticle syntheses are based on the reduction of Au(III)-ions in aqueous 

solution by using a reducing agent like ascorbic acid or sodium borohydride.7,125,126 Reiner et 

al. developed a method for the synthesis of truncated cuboctahedra (TOH) by a two-step seed-

mediated growth procedure.17 By following this procedure, 55 nm sized TOHs were 

synthesised successfully under ambient conditions (TOH 6). Figure 4.1.1 shows the procedure 

and a TEM image of the resulting TOHs. In a first step, gold seeds were produced by a fast 

chemical reduction of chloroauric acid with sodium borohydride. In the next step, the seeds 

were added to a growth solution containing chloroauric acid and cetyltrimethylammonium 

bromide (CTAB) as stabilizing agent. Here, ascorbic acid was applied as reducing agent instead 

of sodium borohydride. The usage of a weak reducing agent increases the control over size 

and shape of the particles.127,128 

TOHs gained via a two-step synthesis have typically a diameter around 40-60 nm and exhibit 

a narrow size distribution (see TOH 6: standard deviation 𝜎 = 1.9 nm; 55±1.9 nm; PdI = 0.03) 

according to TEM investigations. The narrow size distribution is also indicated by a narrow 

absorbance band at around 530 nm (Figure 4.1.1 c)). Nevertheless, the synthesis includes 

drawbacks regarding its reproducibility and variety in terms of size and shape. Following the 
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described procedure, the control of morphology is limited and only TOHs were produced 

successfully. It is known that those syntheses are very sensitive and highly depend on the 

quality of used surfactant (CTAB) and minimal impurities within the stabilizer. Small changes, 

which may occur from using different suppliers or even different batches from the same 

supplier, will have an influence on the morphology of the resulting nanoparticles.129,29 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.1 Synthesis of CTAB stabilized gold TOH nanoparticles. a) Scheme of the utilized growth 

method. b) TEM image of TOHs (TOH 6) synthesized via a two-step growth mechanism. First step: synthesis of 

small gold nanospheres (around 10 nm diameter). Second step: final growth towards TOH; size is tuneable by 

the amount of added seeds to the growth solution. The scale bar is 100 nm. c) UV-vis absorption spectrum of 

the synthesized TOHs (TOH 6). TEM based size distribution is inserted. 
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4.1.2 Cetylpyridinium chloride (CPC) stabilized Gold Nanoparticles (TOHs, Cubes and 

Octahedra) – Three-step Method 

 

Recently a more robust method for the gold nanoparticle synthesis was published, which 

utilizes a three-step seed-mediated growth method.8 The first step is similar to the initial 

nucleation step in the already presented two-step method, whereas the growth phase is 

divided into two steps. In the second step, the synthesized seeds experience an isotropic 

growth, forming spherical gold particles with a diameter of around 9±1 nm. In the last step, 

the isotropic particles grow anisotropically towards different shapes (TOHs, cubes and 

octahedra) by adding different ratios of reducing agent (ascorbic acid) and potassium bromide 

(cf. Figure 4.1.2 a) and b)).  

 

 

 

 

 

 

 

 

 

 

Figure 4.1.2 Synthesis and characterization of CPC stabilized gold nanoparticles with different shapes. a) 

Synthesis of cubes, TOHs and octahedra by a three-step seed mediated growth mechanism. Due to the faceted 

growth in the final step, three different shaped gold nanoparticles are accessible. b) SEM, TEM images, and 

SAED of the synthesized particles. Top left: gold cubes (Cub 1); bottom left: gold TOHs (TOH 2); bottom right: 

gold octahedra (Oct 2). The scale bar is 50 nm. Top middle: SAED of a single gold cube. Scale bar is 5 nm-1. Top 

right: SEM image of gold cubes. Scale bar is 1 µm. c) Stokes’ hydrodynamic diameter of octahedra (green: 

sedimentation coefficient distribution g(s); blue: diffusion corrected continuous sedimentation coefficient c(s)) 

and TOHs (black: g(s); red: c(s)) were determined by AUC measurements. The particles exhibit a narrow size 

distribution.  
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The bromide is acting as growth directing agent by promoting specific facets of the gold 

crystal. For example, a low concentration of bromide accompanied with a high concentration 

of reducing agent leads to a stronger expression of {100} facets and therefore results in a cubic 

shape. The three-step method utilizes cetyltrimethylammonium chloride (CTAC) in case of 

isotropic growth and cetylpyridiunium chloride (CPC) in the final faceted growth step as 

stabilizing agent instead of CTAB. Figure 4.1.2 a) sums up the synthesis plan. 

Using this approach, the particle size is easily adjustable by varying the amount of gold spheres 

in the final faceted growth step. The more gold spheres are added (same initial composition 

of the growth solution), the smaller are the resulting faceted nanoparticles. The obtained gold 

nanoparticles were single crystalline, which is demonstrated by SAED in Figure 4.1.2 b) for gold 

cubes (Cub 1). The reflexes are distinct and correspond to the lattice parameters of crystalline 

gold, which exhibits a face centred cubic (fcc) crystal structure. Due to optimized synthesis 

conditions, the produced particles show a narrow size distribution. AUC experiments revealed 

for example a hydrodynamic diameter of 30 nm for gold octahedra (Oct 2) and 36 nm for TOHs 

(TOH 2). The measured sizes were further confirmed by TEM analysis of the same particle 

batch, revealing diameters of 28±2.1 nm and 34±1.0 nm respectively. The small deviations are 

justified, considering a swollen surfactant bilayer in aqueous solution (AUC measurements). 

DLS measurements further support the particle sizes determined by TEM and AUC (cf. Table 

3.3.1). SEM images of gold cubes (Figure 4.1.2 b)) indicate the monodispersity qualitatively. 

The regular 2D or 3D assembly of the cubes to superstructures requires a certain particle 

monodispersity.130 A regular assembly is also visible in TEM images of TOHs and octahedra in 

Figure 4.1.2. The determined polydispersity (PDI) of the respective CPC stabilized 

nanoparticles characterizes the size distribution quantitatively. Here, the PDI of the 

nanoparticles was calculated as follows: 

𝑃𝐷𝐼 =   
𝜎

𝑑
 

 

(5) 

 

with the standard deviation σ and the particle diameter d (determined by TEM analysis). 

According to the international standards organizations (ISOs) a PDI < 0.05 is typical for a 

monodisperse nanoparticle sample, whereas a value > 0.7 is common to a broad size 

distribution.131 Therefore, most of the obtained gold nanocubes and TOH particles are 

monodisperse (cf. Table 4.3.1). Even though the gold octahedra exhibit PDIs slightly higher 
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than 0.05, the particles show a narrow size distribution. In general, the size distributions of all 

particles (cube, TOH, and octahedra) are comparably low.132,133 

 

4.1.3 Gold Nanorods 

 

Seed-mediated growth in the presence of cationic surfactants (for example CTAB) is widely 

adopted for the synthesis of gold nanorods (NRs).134,135 An improved particle synthesis 

regarding ratio control and monodispersity is provided by  adding aromatic additives as 5-

bromosalicylic acid. The CTAB–aromatic compound system leads to more positive micellar 

surface charges, which result in an improved binding between negatively charged Au(III) 

precursors and positively charged micelles.136 The presented nanorods (NRs) were prepared 

by utilizing a CTAB-5-bromosalicylic acid system. The gold rods are single-crystalline and 

elongated along the [100] direction. Figure 4.1.3 displays the characterization of Rod 1 and 

Rod 2.  

 

Figure 4.1.3 Synthesis of stabilized gold nanords with a CTAB - 5-bromosalicylic acid system. a) TEM image 

of rods with a length/width ratio of 4.1 (Rod 2). Width and length distribution is added on the right side. The 

synthesis with aromatic additives leads to monodisperse gold nanorods. Note, that there is a certain amount 

(around 1.2 %) of side-products (spherical gold particles). Scale bar is 50 nm. b) UV-vis absorbance spectra of 

two rod samples with different length/width aspect ratios (3.7 (Rod 1) and 4.1 (Rod 2)).  

 

According to TEM analysis Rod 1 has a length/width ratio of 3.7 (length: 37±3.9 nm; width: 

10±1.6 nm; see Appendix Figure 12.3), whereas Rod 2 (Figure 4.1.3 a) exhibits a ratio of 4.1 

(length: 45±5.0 nm; width: 11±1.5 nm). The DPIs are far below 0.7 (cf. Table 4.3.1), but the 



28  Synthesis of Nanoparticles and Characterization 
 

particles cannot be considered as monodisperse. In addition, UV-vis absorption spectroscopy 

indicates stable and homogenous nanorods due to well defined and narrow transversal 

(around 520 nm) and longitudinal (around 775 nm) surface plasmon resonance bands (LSPR 

bandwidth of Rod 1 and Rod 2: full width at half maximum, fwhm ~ 135 nm). Rods with a 

higher length/width ratio are visible (Figure 4.1.3 b)) by a red shifted LSPR band. Here, Rod 2 

exhibits a red shift of 19 nm compared to Rod 1. Besides the nanorods, a small amount of 

spherical and quasi-spherical gold particles was obtained (around 1.2 % according to TEM 

analysis, cf. Figure 4.1.3 a)), which is also reflected by a shoulder of the TSPR absorption band 

around 545 nm. 

    

4.2 Silver Nanoparticles with Gold Core (Core-Shell Particles) 

 

The gold-silver core-shell particles (gold core and silver shell: denoted by AgCub) were 

synthesized by a three-step seed-mediated growth method.37 Step one and two are similar to 

the initial two steps in the three-step method for gold nanoparticles described in section 4.1.2 

CPC STABILIZED GOLD NANOPARTICLES. In the last step, the synthesized CTAC stabilized gold spheres 

were added to a growth solution containing ascorbic acid (reducing agent), silver nitrate, and 

CPC as stabilizing surfactant. The silver is growing on the gold core, whereat the Ag{100} facets 

are preferred due to a minimization of the surface energy by chloride adsorption on the 

Ag{100} facets.37,137,138 Hereby, the concentration of added gold spheres determines the final 

silver particle size. The more spheres are added, the smaller are the resulting core-shell cubes. 

The obtained core-shell particles are monodisperse (cf. Table 4.3.1) according to TEM 

investigations (see Figure 4.4). TEM and high-resolution TEM images of the nanocubes (Figure 

4.2.1 a) and b)) display the core-shell characteristic of the synthesized nanoparticles. The gold 

core is visible due its higher electron density as a darker point in the center of each cube. The 

cubic shape of the particles is further confirmed by SEM microscopy in Figure 4.2.1 e). The 

silver shell is crystalline (fcc crystal structure), which is demonstrated by a regular FFT pattern 

in Figure 4.2.1 c). Nevertheless, the AgCub-particles aren’t as monodisperse as the gold cubes 

(cf. PDIs in Table 4.3.1). The UV-vis absorbance measurement elucidated a main signal at 

443 nm corresponding to the main diameter (Figure 4.2.1 d)). Besides, a slight shoulder 

around 480 nm and a local maximum at around 560 nm is visible, which may correspond to 
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bigger particles and indicate a broader size distribution than for gold cubes (here gold Cub 2). 

In addition, the edges and corners of the cubes are more rounded compared to the gold cubes 

(cf. Figure 4.1.2 and Figure 4.2.1). Maybe the elevated reaction temperatures lead to 

intermediates with AgCl structures, which would result in a preferred growth of {100} and 

{110} facets.37  

 

 

 

 

 

 

 

Figure 4.2.1 Synthesis and characterization of silver cubes with gold core. TEM image a) and HRTEM image 

b) of the synthesized silver cubes (AgCub 1). The gold core is visible due to its higher electron density as a dark 

point in the silver cube. Scale bar is 50 nm. c) FFT pattern of a gold-silver cube displaying the crystalline 

structure of the formed silver shell (fcc). Scale bar is 0.5 nm-1. d) Comparison of the UV-Vis absorbance spectra 

of AgCub 1 and gold Cub 2 (black). The maximum of the adsorption band is around 443 nm for AgCub 1. e) SEM 

image of AgCub 1 sample.  
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4.3 Conclusive Summary of Chapter 4 

 

By utilizing seed-mediated growth methods in aqueous solution, different shaped gold 

particles (TOHs, cubes, octahedra, and rods) as well as silver cubes with a gold core were 

achieved and stabilized (mostly with CPC) in aqueous solution (cf. Table 4.3.1). Furthermore, 

a narrow size distribution and a homogenous morphology of all synthesized gold and silver 

nanoparticles were confirmed by TEM measurements (Table 4.3.1). Besides, the presented 

NPs exhibit single crystallinity, as shown in electron diffraction studies. Since microscopic 

techniques lack on a statistic relevance due to a limited amount of analysed particles, 

complementing methods as AUC, DLS and UV-Vis absorption spectroscopy were performed to 

confirm the microscopic measurements. The AUC and DLS results, shown in Table 4.3.1 for all 

isotropic particle species (Cub 1, TOH 2, Oct 2 and AgCub 1) validate the TEM very good. 

Expecting a swollen bilayer of surfactant at the particles in solution, the tendency towards 

bigger diameters in case of AUC and DLS measurements is reasonable. In general, DLS 

measurements are skewed toward larger particles due to an overrepresentation of them.139 

In addition, the plasmonic behaviour of gold and silver nanoparticles often impede DLS 

measurements and causes artefacts.140 Nevertheless, the UV-vis absorbance bands for all 

obtained particles exhibit a distinct maximum and indicate a stable and homogenous 

nanoparticle dispersion.  

For a controlled polymerization of single units into more complex structures, it is in 

need of homogenous particles. The presented particles fulfil this requirement and therefore 

an ideal library of NPs is available for kinetic and mechanistic studies of the metal NP assembly 

process. The synthesis of gold-silver core shell particles yielded less monodisperse particles 

probably due to more complex reaction mechanism and elevated reaction temperatures. 

Nevertheless, the AgCub-particles exhibit a sufficient monodispersity and morphology to 

enable reproducible and significant assembly data. The obtained gold nanorods exhibit the 

broadest size distributions and therefore cause limited informative value in assembly 

experiments. In summary, utilization of a three-step seed-mediated growth method led to the 

best results regarding shape and size control of the particles (gold TOHs, cubes, octahedra and 

gold-silver core shell particles). Optimisation of reaction parameters as amount and size of 

added seeds, seed preparation (cf. Table 4.4.1), and CPC concentration gave rise to 
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monodisperse (cf. DPIs in Table 4.3.1) gold nanoparticles with tailored dimensions. Therefore, 

most of the following studies are using particles synthesised by the three-step growth method.  

 

Table 4.3.1 Summary of all used metal nanoparticles. All particles were analysed by TEM investigation 

and most of them by DLS. Different sorts of particle (TOH, cube, octahedron and silver cube) were additionally 

analysed by AUC. All associated measurements, more details and plots are presented in the Appendix Figure 

12.1-6. 

sample diameter  
TEMa / nm 

PDI diameter  
DLSb / nm 

diameter 
AUCc / nm 

surfactant 

Cub 1 40±2.1 0.05 45 38.2 CPC 

Cub 2 59.1±1.2 0.02 - - CPC 

TOH 1 19.7±1.0 0.05 25 - CPC 

TOH 2 34±1.0 0.03 41 36.1 CPC 

TOH 3 37±1.2 0.03 45 - CPC 

TOH 4 42.6±1.1 0.02 48 - CPC 

TOH 5 50.4±2.8 0.05 - - CPC 

TOH 6 55±1.9 0.03 56 - CTAB 

Oct 1 23±1.8 0.08 29 - CPC 

Oct 2 28±2.1 0.07 36 30.2 CPC 

Rod 1 length: 37±3.9 
width: 10±1.6 

0.10 
0.16 

- - CTAB 

Rod 2 length: 45±5.0 
width: 11±1.5 

0.11 
0.13 

- - CTAB 

 
AgCub 1 
AgCub 2 
 

 
60.0±4.7 
49.6±4.5 

 
0.08 
0.09 

 
64 
51 

 
56.4 

- 

 
CPC 
CPC 

a At least 100 particles were investigated for each particle species. b The given diameters are volume corrected. 

Intensity weighted data are listed in the Appendix. c Diameter is based on the s distribution. For more details, see 

Appendix Figure 12.1-6.  
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4.4 Experimental Part – Nanoparticle Synthesis and Characterization 
 

4.4.1 Materials and Methods 
 

Materials Cetyltrimethylammonium bromide (CTAB) was purchased from FISHER SCIENTIFIC, 

Cetyltrimethylammonium chloride 95% (CTAC) was purchased from ABCR. Cetylpyridinium 

chloride (CPC) and gold(III)chloride trihydrate ≥ 99.9 % was purchased from SIGMA-ALDRICH. 

Sodium borohydride and Potassium bromide was purchased from MERCK. Ethanol ≥ 99.8 % 

p.a., silver nitrate ≥ 99.9 % and L-ascorbic acid p.a. was purchased from CARL ROTH. Deionized 

water (Milli-Q) was purified before use with a MILLI-Q Direct8 device (conductivity: 

17.0 µS/cm). 

 

Methods Transmission electron microscopy (TEM) images were taken with a ZEISS TEM 

LIBRA operating at 120 kV. High-resolution TEM images were taken with a JEOL JEM-2200FS 

operating at 200 kV. The particle concentration was increased for TEM-sample preparation by 

centrifugation (9000 rpm/7690 rcf, 2 min) and diluted with water in order to reduce 

redundant surfactant, which hinders imaging. Dynamic light scattering (DLS) measurements 

were performed on a MALVERN ZETASIZER NANO ZSP. Scanning electron microscopy (SEM) images 

were taken with a ZEISS GEMINI 500. UV-vis absorbance measurements were performed with 

a VARIAN CARY 50 BIO UV-VISIBLE spectrophotometer. Analytical ultra-centrifugation (AUC) 

experiments were executed on a BECKMAN OPTIMA XL-A.  

 

4.4.2 Experimental Procedures 
 

Gold Seeds Typically, 0.6 ml of ice cold 0.01 M NaBH4 was added to a vigorously stirred 

mixture of 7.5 ml 0.1 M CTAB and 0.25 ml 0.01 M HAuCl4 at 27 °C. After 2 min of stirring, the 

reaction mixture was aged for 1.5 h without stirring yielding a brown solution of gold seeds. 

The seeds were used immediately after synthesis without further purification.  
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Gold Spheres A mixture of 39 g of 0.1 M cetyltrimethylammonium chloride (CTAC) and 1 ml 

0.01 M HAuCl4 were tempered at 27 °C. Then 15 ml of tempered 0.01 M ascorbic acid (also 

27 °C) was added to the stirred reaction mixture. The size of the spheres is controlled by the 

amount of added seeds. Addition of 200 µl seeds into the growth stirred growth solution 

resulted in 19 nm sized spheres, whereas the addition of 400 µl seeds will produce 9 nm sized 

gold spheres. After the addition the reaction mixture was vigorously stirred for 2 min and then 

was allowed to stay for ~ 15 h at 27 °C without stirring. In a typical purification (surfactant 

exchange from CTAC to CPC) process, 3 ml of spheres were centrifuged, the slightly pink 

coloured supernatant was removed, followed by the addition of 0.1 M aqueous CPC solution 

(around 0.5 ml) until an absorbance of approx. 0.8 o.d. was reached. Durance of 

centrifugation and number of revolutions have an effect on gold spheres concentration as well 

as the number of added spheres used in the final faceted growth (see TOH, cube and 

octahedron). Detailed parameters are given in Table 4.4.1.  

 

Gold TOHs; CTAB stabilized (two-step growth method) The growth solution consisted of 

6.4 ml 0.1 M aqueous CTAB solution, 0.8 ml 0.01 M HAuCl4 and 32 ml Milli-Q water. The 

reaction mixture was tempered at 26 °C. Then, 10 min before the seed addition, 3.8 ml 0.1 M 

ascorbic acid solution was added under stirring to the growth solution. The addition of 

ascorbic acid achromatized the yellow reaction mixture. In contrast to the CPC stabilized TOHs, 

CTAB stabilized TOH NPs were synthesized via a two-step seed mediated growth method. The 

subsequent treatment of seeds was carried out as follows: 300 µl of unpurified gold seeds 

were diluted with 3 ml of Milli-Q water. Subsequently, 30 µl of diluted gold seeds were added 

in the vigorously stirred growth solution. After 1 min of stirring, the growth solution was 

allowed to react over night (approx. 15 h) without stirring at 26 °C. By centrifugation of the 

dispersion (9000rpm/7690 rcf, 10 min), the supernatant was disposed and the separated 

particles were redispersed in Milli-Q water to reach a final particle concentration of 0.8 mg/ml. 

Due to the efficient surface stabilization of CTAB, the gold TOHs (TOH 6) were stable for 

several weeks. 
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Gold TOHs; CPC stabilized (three-step growth method) CPC stabilized truncated 

cubeoctahedra (TOH) were synthesized by adding purified gold spheres to a growth solution. 

Therefore, a growth solution containing 12.5 g 0.1 M CPC, 1.25 ml 0.1 M KBr and 0.25 ml 

0.01 M HAuCl4, was tempered at 27 °C. 20 min before the spheres addition, 0.375 ml 0.1 M 

ascorbic acid was injected into the tempered growth solution. The amount of added gold 

spheres determines the final size of the TOHs (cf. Table 4.4.1). The reaction mixture was 

allowed to stay overnight (approx. 15 h) without stirring followed by the purification via 

centrifugation (9000 rpm/7690 rcf, 10 min). Afterwards, the supernatant was disposed and 

the nanoparticle concentration was adjusted to 0.49 mg/ml with Milli-Q water. 

 

Gold Cubes (three-step growth method) The gold cubes were also synthesized at 27 °C 

with a three-step seed mediated growth process. The growth solution was composed of 12.5 g 

0.1 M aqueous CPC, 0.25 ml 0.1 M KBr and 0.25 ml 0.01 M HAuCl4. Then, 0.375 ml 0.1 M 

ascorbic acid solution was added, which resulted in a decolourization of the growth solution. 

After 20 min, the purified gold spheres were injected to the stirred solution. The size of the 

particles was controlled by the amount of added seeds (cf. Table 4.4.1). The reaction was 

allowed to sit overnight (approx. 15 h). The gold cubes were purified by centrifugation (9000 

rpm/7690 rcf, 10 min) and the particle concentration was adjusted with Milli-Q water to 

0.49 mg/ml. 

 

Gold Octahedra (three-step growth method) The growth solution contained 12.5 g 

0.1 M CPC solution, 1.25 ml 0.1 M KBr and 0.25 ml 0.01 M HAuCl4 and was tempered at 27 °C. 

0.1 M Ascorbic acid (0.375 ml) was added to the growth solution. Then, after around 20 min, 

the prepared gold spheres (see Table 4.4.1 for details) were injected into the strongly stirred 

growth solution. After 2 min of stirring, the reaction mixture was allowed to stay overnight at 

27 °C. The gold octahedra were purified by centrifugation (9000 rpm/7690 rcf, 10 min) and 

the final concentration was set to 0.49 mg/ml with purified water.   
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Table 4.4.1 Summary of used spheres and corresponding centrifugation parameters for purification 
(exchange of surfactant: from CTAC to CPC). For all samples 2x3 ml of not-purified spheres were centrifuged 
and redispersed with 2x0.5 ml of 0.1 M CPC solution. For 9 nm sized spheres, higher revolutions per minute 
are necessary in order to achieve correct gold spheres concentrations for the TOH 1 synthesis.

sample 
 

size of used 
spheres 

centrifugation  
parameter 

amount of added spheres 
to growth solution 

 
TOH 1 

 
9 nm 

 
20,000 rpm, 20 min 

 
400 µl 

 
TOH 2 

 
19 nm 

 
9000 rpm/7690 rcf, 10 min 

 
500 µl 

    
TOH 3 9 nm 9000 rpm/7690 rcf, 10 min 600 µl 

 
TOH 4 

 
TOH 5 

 
Cub 1 

 
Cub 2 

 
Oct 1 

 
Oct 2 

 
9 nm 

 
9 nm 

 
9 nm 

 
9 nm 

 
9 nm 

 
9 nm 

 
 

 
9000 rpm/7690 rcf, 10 min 

 
9000 rpm/7690 rcf, 10 min 

 
9000 rpm/7690 rcf, 10 min 

 
9000 rpm/7690 rcf, 10 min 

 
9000 rpm/7690 rcf, 10 min 

 
9000 rpm/7690 rcf, 10 min 

 
400 µl 

 
300 µl 

 
300 µl 

 
200 µl 

 
700 µl 

 
500 µl 

 

 

Gold Nanorods  The synthesis is analogue to a procedure reported by Ye et al.136 

In brief, CTAB (0.18 g, 49 mmol) and 2,6-dihydroxybenzoic acid (12 mg, 0.07 mmol) were 

dissolved in hot Milli-Q water (5 ml, 50-70 °C) and tempered at 30 °C. Then, 0.24 ml 4 mM 

AgNO3 was added and the reaction mixture was kept undisturbed for around 30 min. 

Afterwards, 0.001 M HAuCl4 (5ml) was added and after 15 min ascorbic acid (0.04 ml, 0.064 M) 

was injected to the stirred mixture, which became colourless within seconds. Unpurified gold 

seeds were added (32 µl for Rod 1; 16 µl for Rod 2) and the particles aged overnight (approx. 

15 h) at 30 °C. The nanorods were purified by centrifugation (9000 rpm/7690 rcf, 10 min) and 

the particle concentration was adjusted to 0.13 mg/ml with water. 

 

Gold-Silver Nanocubes (three-step growth method) The growth solution consisting of 

5 ml 0.1 M aqueous CPC solution, 30 ml Milli-Q water, 2 ml 0.1 M ascorbic acid and 5 ml 

0.01 M AgNO3 solution was tempered at 65 ° C. Then, 2 ml of the purified, 9 nm sized gold 

spheres (purification: same parameters as for TOH 3-5) were added to the stirred growth 

solution. This resulted in AgCub 1 particles after one day of ageing (approx. 15 h). The particles 

were purified by centrifugation (9000 rpm/7690 rcf, 10 min) and removal of the supernatant. 

For storage, 2 ml of Milli-Q water were added, which led to a particle concentration of 

1.3 mg/ml. 
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5 Polymerization of Nanoparticles  

 

The polymerization of metal NPs, like any polymerization reaction, needs a controlled starting 

event to provoke a chain reaction. For radical polymerizations for example, the initiation is 

realized by thermal decomposition or photolysis of peroxides or azo compounds.141 In the case 

of polymerization of metals NPs, an initiation, a fitting reaction parameter as temperature, 

and the proper solvent need to be identified to allow reproducible kinetic studies of Oriented 

Assembly and Oriented Attachment in solution.  In the following, the terms ‘polymerization’ 

or ‘assembly’ describes both, Oriented Assembly and Oriented Attachment (a specification 

and differentiation of those terms is given in chapter 9 ORIENTED ATTACHMENT OF METAL 

NANOPARTICLES). In this context, this chapter is focused on identifying the best experimental 

conditions to investigate in-situ (UV-vis) and ex-situ (TEM) the ligand-induced dipole 

polymerization of gold NPs.  

 

5.1 Ligand-Induced Dipole Mechanism 

 

One possibility to trigger polymerization of nanoparticles (Oriented Assembly of Oriented 

Attachment) is a face-selective additive desorption. Initially, all NPs facets are covered by a 

stabilizing surfactant (here CPC or CTAB). By changing the solvent, additives or temperature, 

surfactant desorption from distinct facets occurs, increasing the reactivity of those facets and 

triggers assembly. This kind of assembly process of gold NPs has been previously described as 

a ligand-induced dipole mechanism.142,41 Surface adsorbates or an inhomogeneous 

distribution of surfactant on different facets induces electric dipoles on the metal nanoparticle 

surfaces41,143 that rearrange towards linear structures to minimize their repulsion (Figure 5.1.1 

a)). Due to the particle shapes, most of the particles align at crystallographic equal facets (see 

section 7.1 CONTROL BY PARTICLE SHAPE).   
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Figure 5.1.1 Schematic summary of utilized nanoparticle polymerization mechanism (ligand-induced 
dipole mechanism). a) Schematic ligand-induced dipole mechanism as formation mechanism of the NPs 
assembly into chain like structures. The destabilization of the NPs leads to a dipole induction at the surface. 
Due to dipole repulsion, the NPs rearrange into linear structures (Oriented Assembly). If the area of the 
particle-particle interface is small enough, crystallographic fusion of the particles occurs (Oriented 
Attachment). b) The assembly towards linear structures is visible by a colour change of the reaction mixture 
(from red to blue) due to a shifted plasmon band. Respective TEM images are beneath the different stages of 
assembly. Scale bar is 50 nm. c) Exemplary time dependent absorbance spectrum of the NP-chains formation.  

 

If there is no fusion of the particles, the assembly process is called Oriented Assembly. 

However, if crystallographic fusion of the NPs is taking place, the process is called Oriented 

Attachment. We assume that the kinetically critical step for the presented polymerization 

process is the surface dipole induction, which both kinds of assembly have in common. 

Thereby, Oriented Assembly and Oriented Attachment could be treated equally regarding the 

initial linear assembly step and can be determined (but not distinguished one from another) 

by a colour change of the reaction mixture from red (stabilized gold NPs) to blue (gold NP-

chains). The corresponding TEM images beneath the different stages of the assembly process 

in Figure 5.1.1 b) prove the linear arrangement of the gold particles (here exemplary for gold 

TOHs). Since the assembly occurs in solution, and the maximal absorption bands of gold and 

silver NPs are in the visible part of the electromagnetic spectrum, time dependent UV-vis 
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spectroscopy is the ideal and most used tool for in-situ investigations of metal NPs assembly 

processes.45,46,47 The macroscopic observation of the NP polymerization by UV-Vis absorption 

spectroscopy and especially the consumption of monomers (single NPs) enables 

determination of the polymerization reaction kinetics. Figure 5.1.1 c) shows a time dependent 

absorbance spectrum of a gold TOH assembly. Here, the transversal surface plasmon 

resonance (TSPR) band (around 530 nm) resembles the gold TOH monomers (black line; 0 min) 

and the width of the formed chains as the assembly proceeds. The emerging longitudinal 

surface plasmon resonance (LSPR) band (around 850 nm) can be related to the length of the 

formed chains and is red shifted regarding the initial monomer-absorbance band (see blue 

line after 10 min of polymerization at around 850 nm in Figure 5.1.1 c)). The final spectrum is 

analogous to the absorption spectra of previously reported longitudinal assembled gold 

structures.44,43 In the following, different conditions regarding the solvent were tested to find 

an ideal test system for the kinetic investigations of gold and silver NP assembly in solution.  

 

5.2 Destabilization with Ethanol and CPC 

 

The gold particles were destabilized by ethanol, seeking for a dipole driven Oriented Assembly 

towards linear structures as previously reported.142 Regarding the initial dipole induction, the 

partial removal of surfactant from the NPs surfaces is a crucial step. The cationic surfactants 

used in this study (CTAB or CPC) are more soluble in ethanol than in water.144 Therefore, the 

polymerization of the particles can be induced by the solvent exchange from water to ethanol. 

Several mixtures with differing water/ethanol ratios (regarding the volume) were screened to 

get insights into the kinetics of the gold NP-chains formation. Following a standard procedure, 

the stabilized NPs were injected into a destabilizing mixture at room temperature (T = 23 °C). 

The destabilizing process started immediately after the addition and the assembly process was 

monitored by UV-vis absorption spectroscopy. Comparing the time dependent UV-vis 

absorbance spectra (Figure 5.2.1 a)) of assembling TOH 6 particles in a  
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Figure 5.2.1 Polymerization of gold NPs. Destabilization investigations and catalysis of the assembly 

process. a) Time dependent UV-vis absorbance spectra of the particle polymerization. By using pure ethanol 

(colour: from yellow to red) the arising LSPR band and the TSPR band becomes more pronounced compared 

to an ethanol/water mixture (colour: from blue to green). b) Used CTAB concentrations for different volume 

fractions of ethanol. The red line displays the respective critical micelle concentration (CMC) of CTAB.144 

Depending on the CTAB concentration and the fraction of ethanol, the particles are stable or start to 

polymerize. c) In case of pure ethanol, the higher the surfactant concentration (here CPC) the higher is the 

reaction rate. d) Fluorescence spectroscopy of gold TOHs and 2-naphthalenethiol demonstrate an increased 

surface accessibility of the surfactant.   

 

water/ethanol mixture (colour: blue to green; volume fraction ethanol was 0.61) with the 

destabilizing in pure ethanol (colour: yellow to red), the arising LSPR band (around 850 nm) as 

well as the TSPR band (around 530 nm) are more pronounced in case of pure ethanol. Note 

that there is always a small amount of water in the polymerization mixture due to the addition 

of NPs stabilized in water (cf. Table 5.5.1). Distinct absorption bands, generally speaking, can 

be correlated to monodisperse and homogenous structures. Especially a distinct TSPR band 

indicates a chain like character of the assembled particles.145 Based on the UV-vis spectra, 

polymerization in pure ethanol led to the best assembly results. Note that in both cases, 

destabilization in a water/ethanol mixture and in pure ethanol, the CTAB concentration was 

around 0.05 M. From the conducted experiments, it was observed that the critical micelle 
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concentration (CMC) of the surfactant plays a relevant role in the assembly process. Figure 

5.2.1 b) shows the CMCs of CTAB for different water/ethanol mixtures (red line).144 The 

destabilization experiments indicate that a CTAB concentration beneath the CMC in the 

respective solvent leads to an assembly of the gold NPs. The same relation goes for CPC, too 

(results not shown). Note that all the assembly experiments stacked to a common surfactant; 

e.g. if the particles were synthesised with CPC, the polymerization mixture only contained CPC 

(see Table 5.5.1). In the following, the assembly experiments were performed with CPC 

stabilized gold particles, since the three-step growth method offers a better control of particle 

size and shape (cf. Table 4.3.1). Interestingly, the lack of surfactant in the destabilizing phase 

hinders the assembly process and consequently a polymerization without additional 

surfactant results in the lowest rate constant (cf. Figure 5.2.1 c)). If you compare the rate 

constant of the particle assembly (see 6.1 KINETICS OF POLYMERIZATION for more details) at 

different surfactant concentrations in Figure 5.2.1 c), increasing CPC concentrations in the 

media promote the assembly. The higher the concentration, the higher is the rate constant of 

the assembly at which a maximum at very high surfactant concentrations is expected. The 

standard destabilization experiment was performed as follows. The CPC concentration was 

adjusted between 0.05 - 0.1 M (dissolved in ethanol), which turned out to be ideal to achieve 

a linear and controllable polymerization of the NPs according to UV-Vis absorption 

measurements (cf. Appendix Figure 12.7). On a first glance, an increase of the reaction rate by 

increasing the stabilizing agent concentration may seem contradictory. Complementary 

fluorescence experiments shed light into the mechanism behind this observation. Figure 5.2.1 

d) displays the results of fluorescence spectroscopy experiments with 2-naphthalenethiol as 

fluorophore in ethanol. Thiols exhibit a strong affinity towards gold surfaces and therefore will 

preferentially adsorb on the NPs as self-assembled monolayers (SAMs).146 The adsorption of 

fluorophores on gold nanoparticles reduces their fluorescence drastically. The plasmon 

damping correlates with the magnitude of the dipole moment induced in the metal NP. The 

induced surface dipoles act as additional scattering centers.143 The fluorescence shows the 

reported emission spectrum of 2-naphthalenethiol with a maximum at 370 nm and second 

maximum at 480 nm.147  As expected, the fluorescence is strongly reduced by the addition of 

gold TOHs due to adsorption on the NPs. Interestingly, the addition of CPC further decreases 

the fluorescence. This indicates that the added surfactant (CPC or CTAB) in the ethanol phase 

increases the accessibility on the gold surface. Thereby the speed of the ligand adsorption-
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desorption on the NP surface is increased and supports the ligand-induced dipole induction 

by possible inhomogeneous distribution of surfactant. If the dipole induction is promoted, the 

final rate constant of the assembly will be increased and this would explain the catalytic 

influence of surfactant in the polymerization process. If the reaction proceeds too fast, this 

leads to a broadening of the LSPR band. A very high reaction speed comes along with a broader 

size distribution of the NP-chains. Furthermore, the excess of surfactant would hinder the ex-

situ analysis. Therefore, a CPC concentration of 0.05 M will be used in the following to obtain 

a controlled polymerization and a narrow chain-length distribution.  

 

5.3 Transfer of NP-Polymers onto Substrates 
 

In order to study the produced assemblies by electron microscopy, a special procedure for the 

sample preparation to transfer the NP-structures from the reaction mixture directly onto a 

substrate (silicon wafer or TEM copper grid) was developed to minimize the drying artefacts. 

The setup and a graphical illustration of the principle is displayed in Figure 5.3.1. 

 

 

 

 

Figure 5.3.1 Schematic illustration of the NP-chain transfer onto a substrate. In a first step the substrate 

(silicon wafer or TEM grid) is placed in the reaction mixture. Then a centrifugal force, perpendicular to the 

substrate, is applied. Thereby the NP-polymers are pressed against the substrate and stop to react within 

several seconds.  

 

The respective substrate is directly placed in the reaction mixture. Then centrifugal forces, 

which are perpendicular to the substrate, are applied. The NP-chains are pressed against the 

substrate and stop to polymerize within seconds. By doing so, a ‘snap-shot’ out of the 
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polymerization reaction was achieved at variable reaction times and drying artefacts were 

reduced drastically. The results from section 6.2 SIZE AND LENGTH DISTRIBUTION confirm the 

reliability of the developed sample preparation method. A drawback of the method is the 

overlap of different NP-chains due to the merging of different planes (particle-chains at 

different points in space) into a common plane on the substrate. Nevertheless, this problem 

would arise by simple drying as well. To avoid this artefact, the chain concentration was 

minimized by decreasing the initial monomer concentration in the reaction mixture to an 

optimized value (cf. Table 5.5.1), which allows reliable in-situ (UV-vis absorption) and ex-situ 

(TEM and SEM investigations) analysis of the assembly process.  
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5.4 Conclusive Summary of Chapter 5 

 

Most of the previous studies regarding the self-assembly of NPs towards super structures use 

linkers to achieve the assembly.148-151 However, this approach is challenging since the more 

complex the system gets, the more difficult is the determination and differentiation of forces 

and energies. The approach presented here, by only using NPs, ethanol and respective 

surfactant the system becomes very simple, reproducible and robust. Comparable procedural 

methods show a lack of assembly control.47 Therefore, the presented method is the first 

reported study on well-defined chain-like assembled gold NPs without the use of directing 

agents as thiols. In addition, the access to different shaped particles offers a good 

differentiation of different facets involved in the polymerization process and thereby a 

morphology directing effect of the nanoparticles itself. The crucial influence of the particle 

morphology is discussed in section 7.1 CONTROL BY PARTICLE SHAPE. In contrast to nanoparticle 

assembly processes with ethylene glycol, where high temperatures are needed (around 

130 °C),17 the presented method works at room temperature and therefore, in-situ 

measurements to get better insights into the assembly process are feasible. Interestingly, the 

use of surfactant in the destabilizing experiments support the assembly. In case of CPC 

surfactant, it acts as a catalyst in the polymerization reaction most likely by improving the 

surface accessibility and increasing the absorption-desorption dynamics of surfactant on the 

metal NPs surfaces. Fluorescence measurements with 2-naphthalenethiol support this 

hypothesis. Thus, polymerization reaction times are reduced drastically and the formation of 

NP-chains occurs within minutes instead of hours. The optimized polymerization process, 

including the optimal monomer (NPs) concentration, concentration of catalytic surfactant, 

solvent, reaction temperature, accompanied by a new method of ex-situ investigations (NP-

chain transfer at a substrate by centrifugal forces), enables a feasible way to analyse Oriented 

Assembly and Oriented Attachment of gold nanoparticles. Therefore, this polymerization 

method was selected to effect the assembly in the following chapters of the thesis. 
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5.5 Experimental Part – Polymerization of Nanoparticles 
 

5.5.1 Materials and Methods 
 

Materials Cetyltrimethylammonium bromide (CTAB) was purchased from FISHER SCIENTIFIC, 

Cetylpyridinium chloride (CPC) and 2-naphthalenethiol 99% was purchased from SIGMA-

ALDRICH. Ethanol ≥ 99.8 % p.a. was ordered from CARL ROTH and deionized water (Milli-Q) was 

purified before use with a MILLI-Q Direct8 device (conductivity: 17.0 µS/cm). 

 

Methods Transmission electron microscopy (TEM) images were taken with a ZEISS TEM 

LIBRA operating at 120 kV. TEM samples were prepared as follows: TEM grids were placed in 

the reaction solution and centrifuged at 9000 rpm for 2 min in order to reduce drying 

artefacts. Then the samples were removed and washed for a few seconds with ethanol to get 

rid of imaging-hindering surfactant. UV-vis absorbance measurements were performed with 

a VARIAN CARY 50 BIO UV-VISIBLE spectrophotometer equipped with an external thermostat 

and a quartz cuvette. Fluorescence experiments were executed with a CARY ECLIPSE 

spectrophotometer from AGILENT TECHNOLOGIES.   

 

5.5.2 Experimental procedures 
 

Polymerization of Gold NPs The particles were polymerized by a solvent exchange. 

Therefore, the CPC or CTAB stabilized nanoparticles (in water) were injected into surfactant 

containing EtOH. In a typical experiment 125 µl of aqueous particles (0.49 mg/ml) were added 

to 2 ml of 0.05 M respective cationic surfactant solution (in EtOH). The temperature was set 

to 23±0.5 °C. A summary of all polymerization experiments in this chapter and the relevant 

parameters are given in Table 5.5.1. 
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Table 5.5.1 Summary of all experimental parameters of the experiments shown in chapter 5 

POLYMERIZATION OF NANOPARTICLES. 

 

 

 

Fluorescence experiments The 2-naphthalenethiol concentration in ethanol was adjusted 

to 6.7 mM. In a standard experiment, 125 µl of stabilized TOH (TOH 3) NPs were added to 3 ml 

of the 2-naphthalenethiol containing ethanol solution. The CPC concentration was set to 

0.05 M in the respective experiment.  

  

experiment 

(respective graph) 

amount of added 

spheres 

surfactant 

concentration 

ethanol : water [ml] 

Fig. 5.1.1 c) 125 µl of TOH 6 0.1 M CTAB 2 : 0.125 

Fig. 5.2.1 a) i) 125 µl of TOH 6 

ii) 125 µl of TOH 6 

0.1 M CTAB  

0.1 M CTAB 

2 : 0.125 

1 : 1.125 

Fig. 5.2.1 b) i) 125 µl of TOH6 

ii) 125 µl of TOH 6 

0.03 M CTAB 

0.06 M CTAB 

0.35 : 0.825 

0.7 : 0.425 

Fig. 5.2.1 c) i) 125 µl of TOH 3 

ii) 125 µl of TOH 3 

iii) 125 µl of TOH 3 

iv) 125 µl of TOH 3 

v) 125 µl of TOH 3 

- 

0.025 M CPC 

0.05 M CPC 

0.075 M CPC 

0.1 M CPC 

2 : 0.125 

2 : 0.125 

2 : 0.125 

2 : 0.125 

2 : 0.125 
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6 Kinetics of Oriented Assembly and Attachment 

 

Kinetics and Mechanism: those expressions are closely related, but you cannot always 

conclude from a reaction mechanism to reaction kinetics and the other way around.152 

Kinetics help to determine the rate in which reactions are proceeding. The possibility to 

describe a time dependent evolution of a reaction quantitatively, offers researchers and 

industry a control of yield, product but also design of experiments or syntheses. Especially in 

the polymer field, knowledge of kinetics is fundamental for the experimental setup design and 

resulting material.153,154 The reaction mechanism constitutes the basis of a specific reaction 

kinetic. Depending on assumed mechanism, the measured kinetics can be explained and 

derived. The following chapter shows the connection between the revealed mechanism (see 

section 5.1 LIGAND-INDUCED DIPOLE MECHANISM) and the determined kinetics of the NP-

polymerization.  

 

6.1 Kinetics of Polymerization 

 

Basically, polymerization reactions can be classified in step-growth polymerization 

(alternatively: polyaddition or polycondensation) and chain-growth polymerization 

(alternatively: chain polymerization).13 In chain polymerizations, unsaturated monomers add 

onto the active site on a growing polymer chain. Therefore, the number of active sites is 

limited. The average chain length of the formed polymers is strongly increased in the 

beginning of the reaction and the maximal chain length is already reached at low conversion. 

In contrast to the chain polymerization, the step-growth polymerization is characterized by a 

large number of low molecular weight oligomers in the beginning of the polymerization (at 

low conversion values). The average chain length is slowly increased with ongoing conversion 

until a high conversion is reached. Subsequently, the chain length is growing rapidly.  

The determination of reaction rate constants or activation energies provides 

predictability and control of the assembly process. Therefore, a kinetic model was developed 

in the following to describe the polymerization of the gold TOH nanoparticles quantitatively. 

Considering a ligand-induced dipole mechanism (see 5.1 LIGAND-INDUCED DIPOLE MECHANISM) the 
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kinetics of the assembly process should be closely related to the kinetics of a step-growth 

polymerization. A step-growth polymerization refers to a polymerization mechanism in which 

bi-functional (or multifunctional) monomers react to dimers in a first step and afterward to 

trimers, tetramers, longer oligomers and eventually long polymer chains. The principle of a 

step-growth polymerization is provided in Figure 6.1.1 a).  

 

 

 

 

Figure 6.1.1 Mechanistical investigations of the NP polymerization. a) Theoretical mechanism of a step 

growth polymerization. In the beginning, there is the formation of dimers. Then, the dimers and monomers 

react to trimers, tetramers and longer oligomers. b) Exemplary TEM images of different stages of the gold 

particle polymerization as analysed in this work. A: formation of dimers in the beginning. B, C and D: with 

longer reaction times trimers, tetramers and oligomers emerge (particles: TOH 4). The scale bar is 40 nm. c) 

Exemplary time dependent absorbance band of TSPR at 530 nm and LSPRdimer at 610 nm during the NP-

polymerization (particles: TOH 4). There is a maximal absorbance of the LSPR band nm after 20 s 

polymerization time, which indicates the initial formation of dimers. The TSPR band (representing the 

monomer concentration in the beginning) is decreasing due to monomer consumption.  

 

Complementary analytical techniques such as UV-vis absorption spectroscopy, AUC, TEM and 

PTM were combined to investigate the early stages of the nanoparticle assembly and to prove 

the assumed class of polymerization (step-growth). Hereby, gold truncated cubeoctahedra 

particles were used as a benchmark system (cf. Table 4.3.1). Figure 6.1.1 c) displays an 

exemplary time dependent absorption of the TSPR (black curve) and LSPRdimer-band (red 

curve) during the NP assembly (TOH 4). Initially, within seconds, there is a decreasing TSPR 

band, which represents mostly monomers in the beginning, and a significant formation of 

dimers. The dimer formation is visible by an arising absorption band around 610 nm. This 

wavelength is typical for gold nanoparticle dimers.155  

 



48  Kinetics of Oriented Assembly and Attachment 
 

 

 

 

 

 

 

 

 

 

Figure 6.1.2 Investigations of early polymerization stages by AUC experiments. a) Scheme of the 

performed band sedimentation experiment. The presented results refer to method: b) reaction between 

solutions. The scheme is taken from the thesis of C. M. Schneider.156  b) Analytical ultracentrifugation 

combined with a multi-wavelength detector indicates the evolution of small oligomers in early stages of 

polymerization. The inserted spectrum is a cut-out at a radius of 6.6 cm. The TSPR band at 540 nm (grey), 

LSPRdimer band at around 610 nm (red) and a LSPR band at around 700 nm (blue) indicate the formation of small 

NP oligomers. 

 

The occurrence of dimers and small oligomers (trimers, tetramers et cetera) in early stages of 

the polymerization is also visible in analytical ultra-centrifugation (AUC) in Figure 6.1.2 and 

particle tracking microscopy (PTM) measurements (cf. Appendix Figure 12.8). PTM analysis of 

the synthesized NP-chains Figure 12.8 (Appendix) demonstrates particle sizes, which are 

multiple of the monomer-size (TOH 5; diameter of around 50 nm) - especially dimers, trimers 

and tetramers. The formation of dimers is also visible in a special AUC experiment (band 

sedimentation experiment; for more details see following experimental part). The setup is 

presented in Figure 6.1.2 a). The stabilized particles overlay on the assembly-initiating phase. 

Since the particles sediment into the destabilizing solution, the polymerization starts and the 

centrifugal field separates different sized oligomers. A multi-wavelength detector is able to 

record time dependent UV-vis absorption spectra. Due to a necessary density gradient, the 

density of the destabilizing solution (ethanol and CPC; cf. section 5.2 DESTABILIZATION WITH 
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ETHANOL AND CPC) was increased by a glucose-water solution. Therefore, the assembly is not as 

good as for the destabilization in pure ethanol, which was already discussed in section 5.2 

DESTABILIZATION WITH ETHANOL AND CPC. Nevertheless, the cut-out spectrum in Figure 6.1.2 

reveals the TSPR band and LSPRdimer band at characteristic wavelengths for NP-dimers.157 

There is also a LSPR band at around 730 nm representing bigger NP-structures, probably tri- 

and tetramers. The combination of all these results give rise to the indication that the growth 

of the gold nanoparticle chains follows the step-growth polymerization mechanism. In 

general, a faster conversion of dimers leads to a narrower size distribution and smaller 

polymers, in accordance to a step-growth polymerization. The TSPR/LSPRdimer-band ratio 

reflects the amount of formed dimers. A low ratio indicates a high amount of dimers, since - 

according to Lambert-Beer law - a higher concentration leads to a higher absorption. 

Exemplarily, Figure 6.1.3 a) represents the TSPR/LSPRdimer band ratio of three different sized 

TOHs during the polymerization (black: TOH 2, red: TOH 3, green: TOH 4). The smaller the 

particles, the lower is the ratio. Thereby, smaller TOHs exhibit a higher amount of dimers 

compared to bigger TOHs. The time dependent evolution moreover indicates that the 

formation of dimers is faster for smaller TOHs and a constant ratio between the TSPR and the 

LSPR band is reached earlier. Bigger particles form less dimers and their conversion is 

decreased. Probably the dipole induction is favored for smaller particles, which would explain 

the observed absorbance behaviour and increased conversion for TOH 2 particles.  

The width of the final LSPRoligomer band is an indicator for the length distribution of the 

NP-chains. The definition of the LSPRoligomer bandwidth is depicted in Figure 6.1.3 c). The 

smaller the TOHs, the narrower is the width of the LSPR band (Figure 6.1.3 b)) and thereby the 

length distribution of the NP chains. More details of the LSPR-width determination and 

definition is given in the Appendix Figure 12.9. In addition, bigger particles exhibit a higher 

redshift of the LSPR band, which suggests the formation of longer but more polydisperse 

chains. This is again in agreement with a favoured initial dimer formation for smaller particles 

due to an increased dipole induction. Another explanation can be found in the surface/volume 

ratio. The smaller the particles, the higher is that ratio. Probably, the surface dipole induction 

strongly depends on the surface. Therefore, a higher surface/volume ratio might support the 

dipole induction as well. Similar observations and conclusions are also visible in the following 

kinetic studies.  
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Figure 6.1.3 Influence of different sized TOHs onto the polymerization. a) Evolution of the TSPR/LSPRdimer 

ratio during the polymerization for different sized TOHs (black: TOH 2; red: TOH 3; green: TOH 4). b) Red shift 

of the emerging LSPRoligomer band (black) and width (red) of the absorption band. c) Absorbance spectra of the 

polymerization at different stages (red: start; black: after 20 s; blue: 10 min) with indication of the LSPRdimer 

and LSPRoligomer band as well as the width of LSPRoligomer band. Reprinted with permission from {158}. Copyright 

{2021}. American Chemical Society. 

 

Regarding the kinetic studies of the particle assembly, exemplarily for TOH particles , several 

assumptions are necessary to extract conversions from the time dependent absorbance 

spectra. The surface plasmon resonance band at around 530 nm resembles the conversion of 

monomers only in the very beginning. As soon as chains (dimers, trimers et cetera) are 

present, the TSPR band of the chains, which resemble the width of the chains, overlaps with 

the surface plasmon resonance band of the monomers. Consequently, the absorbance around 

530 nm will not drop to zero, although the conversion is complete. The time dependent 

conversion for TOHs is presented in Figure 6.1.4 a). Another assumption is that the reactivity 

is independent on the NP chain length.  
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As already mentioned, a step-growth polymerization mechanism is reasonable for the 

presented system. Therefore, the kinetics of a classic step-growth polymerization (here: 

polyesterification) has been applied and tested to what extent the particle growth follows this 

kinetic model. 

 

1

1 − 𝑝𝑛−1
= 1 + (𝑛 − 1)𝑘𝑡[𝑁𝑃]𝑛−1 

 

(6) 

 

Here, n is the reaction order, p is the conversion, k is the rate constant, t is time in seconds 

and [NP] is the concentration of reactive particles. The conversion and [NP] was estimated by 

the intensity of the TSPR band around 530 nm and the known initial NP concentration 

(calculated by knowledge of gold concentration, NP diameter and shape). A reaction order of 

n = 2 was assumed, since Oriented Attachment typically exhibits reaction rates of second 

order.56,159,58 Converting the equation (6) leads to  

 

1
1 − 𝑝 − 1

[𝑁𝑃]
= 𝑘𝑡 

 

(7) 

 

 

Plotting the left side of the equation (7) against the time provides a line, which is visible in 

Figure 6.1.4 b). The slope of the linear regression provides the rate constant k. According to 

Arrhenius’ law, the rate constant is temperature dependent. Due to numerous assumptions, 

as estimation of complete conversion, negligence of overlapping signals at the TSPR 

wavelength, the rate constant exhibits a significant deviation. The following Table 6.1.1 

summarizes the maximal reaction rates of the polymerized TOH particles (TOH 1-4). All 

determined reaction rates are presented in the Appendix Figure 12.10. 
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Table 6.1.1 Determined maximal rate constant of TOH 1-4 and its respective Tk,max. The slope of the 

ascending regime in the respective Arrhenius plot determines the activation energy Ea.  

sample 
 

temperature 
Tk,max  

rate constant kmax / 
M-1s-1 

activation energy Ea / 
kJ/mol 

TOH 1 291 K 4.5 ∗ 109 276±35 

TOH 2 293 K 4.3 ∗ 109 28.3±6.5 

TOH 3 298 K 3.0 ∗ 109 66.5±6.8  

TOH 4 298 K 5.7 ∗ 109 85.7±15.8  

 

 

The calculated values show a clear and reasonable trend. The higher the temperature, the 

higher is the rate constant within a single particle species (cf. Appendix Figure 12.10). 

Interestingly, there is a maximal rate constant and therefore an optimized temperature for 

the polymerization process (Figure 6.1.4 b) and c)), which depends on the particle size (cf. 

Table 6.1.1). A maximal rate constant for a NP assembly was qualitatively reported by Li et al. 

regarding the rate constant value,41 but not quantitatively. The maximal rate constants in 

Table 6.1.1 have relatively high values. For comparison, other gold NP-assembly processes 

exhibit reaction rates of k = 103 s-1 (reaction order is one) and k = 104 M-1s-1 (reaction order is 

two).15,41 In difference to the introduced CPC-catalysed NP-polymerization, those assembly 

processes take reaction times of several hours to days. This emphasizes the catalysing effect 

of the surfactant addition in the polymerization mixture. However, the rate constants in Table 

6.1.1 show no clear trend. Possibly, the assumptions are too grave to allow an accurate 

determination of the reaction rate value. Nevertheless, the temperature dependent trends 

within a particle species in Figure 12.10 (Appendix) are significant and reasonable. Therefore, 

the data allow the calculation of specific activation energies summarized in Table 6.1.1 by 

utilizing an Arrhenius plots, since the determination of an activation energy does not require 

absolute rate constants, but only uses the trend and relative values. Thereby, the slope of the 

regression in the ascending regime represents the activation energy Ea of the assembly 

process (red line in Figure 6.1.4 c); the graph exemplarily shows the Arrhenius plot of TOH 4).  
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Figure 6.1.4 Kinetics of the polymerization: Time dependent conversion of TOHs during assembly. The 

conversion is derived from the decreasing TSPR band. b) By applying reaction rates of a polyesterification 

polymerization (step-growth polymerization), the reaction rate constants are presented in the slope of the 

regressions. Here, shown for TOH 2. c) According to ARRHENIUS’ law, the rate constant is depending on the 

reaction temperature. The slope of the linear regression (red line; used particles: TOH 4) is proportional to the 

activation energy Ea. d) Summary of all activation energies of different sized TOHs and the temperature of the 

respective maximal rate constant. There is an energetic minimum for TOHs with a diameter of around 34 nm 

(TOH 2).  

 

Figure 6.1.4 d) sums up the results of the activation energies for different sized TOHs and their 

respective temperature of maximal rate constant (Tk,max). The temperature of the maximal 

rate constant decreases with the particle diameter. Therefore, Tk,max probably depends on the 

Brownian motion and the corresponding diffusion coefficient, which is strongly influenced by 

the particle size itself. Figure 6.1.5 a) displays the calculated diffusion coefficient (Stokes-

Einstein equation) of different sized NPs (black graph) assuming a spherical shape, which is 

reasonable for a CPC covered TOH particle. The red graph (Figure 6.1.5) is the corresponding 

derivative of the diffusion coefficient. The diffusion coefficient increases strongly when the 

radius is smaller than 10 nm (diameter of 20 nm) that demonstrates the decreasing rate 

constant for small particles. 
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Figure 6.1.5 Calculated diffusion coefficients and van der Waals potentials of gold NPs. a) Calculated 

diffusion coefficients of spherical particles in dependence of their radius (black) and the corresponding 

derivative (red). The diffusion coefficient increases strongly under a radius of 10 nm. b) Van der Waals 

potential between different sized NPs in dependence of the distance. The potential was calculated via a 

Hamaker formulation (program: Hamaker2.1). The inserted table shows the corresponding minimal energy 

barrier for respective particle stabilization.  

 

Interestingly, the size dependent activation energy Ea (Figure 6.1.4 d)) exhibits an 

energy minimum at around 34 nm sized particles (TOH 2) of 28.3 kJ/mol (11.6 KBT at a 

temperature of 20 °C). This energy is rather low considering that the minimum energy barrier 

for NP stabilization should be 3 - 5 KBT according to the DLVO-theory.158 For comparison, 

citrate stabilized gold NPs exhibit an assembly activation energy of 36 kJ/mol.47 Here, the 

energy barrier is mainly influenced by the surfactant surface desorption, which is considered 

as the rate determining step in the NP-assembly process.47 Regarding energy variations, 

hydrothermal Oriented Attachment of zinc sulphide NPs exhibit a variance of 53 - 137 kJ/mol, 

depending on the capping ligand.160 Therefore, the determined activation energies of TOH 2 

(28.3±6.5 kJ/mol), TOH 3 (66.5±6.8 kJ/mol) and TOH 4 (85.7±15.8 kJ/mol) are reasonable. The 

activation energy of TOH 1 is comparatively high (Ea = 276±35 kJ/mol). Probably, the observed 

value is overestimated, since the estimated required minimal stabilization energy is around 

58 kJ/mol. The activation energy determination of TOH 1 in Figure 6.1.4 d) was performed 

with rate constant values within a small temperature range (range: 4 K), due to the lowest 

Tk,max of all TOHs and a lower temperature limit of the setup (15 °C). This lack of data points 

induces the highest deviation of all investigated particles. In addition, TOH 1 shows in 

increasing amount of spherical, triangular and octahedral particles (cf. recent publication of 

Schupp et al.158), which possibly leads to a decreased linear assembly (see chapter 7.1 CONTROL 
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BY PARTICLE SHAPE). This would also explain the extremely high activation energy. The loss of 

control over the final particle shape is connected to the nanoparticle size itself. TOH 1 

represents the smallest particle size used in this work. In general, the smaller the particles, the 

bigger is the reduction of particle-shape homogeneity. 

The theoretical stabilization energy was calculated by the usage of the Hamaker2.1 

program, which itself uses a Hamaker formulation to calculate van der Waals forces and 

potentials of NP interactions.161 The resulting interaction potentials are shown in Figure 6.1.5 

b). Detailed information of the simulation parameters is mentioned in the following 

experimental part. Note, that the Hamaker stabilization energies of TOH 2 and TOH 4 again 

support the reliability of the measured activation energies, since they are in a comparable 

order of magnitude. The distance-dependent interaction energies of the NPs suggest that 

smaller particles exhibit lower attractive interactions and forces.  

It can be assumed that counteractive trends lead to a minimum of Ea and therefore to 

an optimal particle size for the dipole driven self-assembly. On the one hand, the surfactant 

layer strongly influences the strength of the induced dipole. Assuming a constant thickness of 

the surfactant layer (not dependent on the particle size) smaller NPs exhibit an increased 

dipole moment due to an increasing surface/volume ratio.41 Interestingly, the estimated 

volume ratio Vsurf./VAu-bulk is one around a particle diameter of 34 nm (see Appendix Figure 

12.11 for the calculation). Therefore, the smaller the particles, the stronger is the induced 

dipole and thereby supports the linear assembly process.  On the other hand, assembly 

contributing Van der Waals interactions are diminished for smaller particles (Figure 6.1.5 b)). 

Van der Waals forces are the dominating force for long distance NP-interactions, whereas 

Coulomb interactions dominate for close proximity.162 Thus, the Van der Waals interactions 

are an important factor in the assembly process. In addition, the mobility of particles increases 

strongly with reduced size, which is displayed in the increasing diffusion coefficient and a 

higher rotational diffusion coefficient. Previously reported studies of a diffusion controlled 

Oriented Attachment 160,163 process indicate the importance of the nanoparticle diffusion. 

Thus, an increased mobility and rotational diffusion counteracts the NP assembly and may 

lead to an enhanced activation energy for small particles.  
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6.2 Size and Length Distribution 

 

In the classical polymerization framework, chain-length distributions and degree of 

polymerization are typical parameters for the interpretation of the polymerization process. 

Therefore, this chapter includes the investigation how far typical classical polymerization 

parameters can be adopted to the presented NP polymerization process. In order to receive a 

chain distribution, the particle polymerization was analysed at different time points and the 

NP chains were transferred to SEM silicon wafers by using the elaborated experimental setup 

presented in chapter 5.3 TRANSFER OF NP-POLYMERS ONTO SUBSTRATES. Subsequently, the samples 

were investigated by SEM microscopy and the images processed with ImageJ software 

package and a script originally developed by Holger Hilbert for the characterization and 

analysis of the SEM images. The process is displayed in Figure 6.2.1. Thus, for each 

polymerization several hundred NP chains could be analysed, which can be considered as a 

significant amount.164 Typically, the degree of polymerization is pictured in dependence of the 

molar fraction (Nn-mer/N0) or weight fraction (wn). Here, Nn-mer is the number of the particular 

n-mer and N0 is the number of initial monomers (nanomers).  

 

 

Figure 6.2.1 Image processing of NP chains in order to receive chain-length distributions. a) SEM image of 

polymerized gold TOHs. By image processing b), it is possible to achieve chain lengths of the formed NP 

polymers. The identified paths in the chains are displayed yellow. The program finally provides the longest 

paths as well as the number of branches. 
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Based on the maximal paths in the NP chains, mathematic models were applied to simulate 

the experimental data and to deviate classic polymerization parameters as the extent of 

polymerization and PDI. Assuming a step-growth polymerization, SCHULZ-FLORY distributions 

were calculated to determine the progress and quality of the polymerization. Therefore, 

following formula for the molar fraction was used (see chapter 2 STATE OF THE ART). 

 

 

𝑁𝑛

𝑁0
= (1 − 𝛼)2𝛼𝑛−1 

 

       (8) 

 

Here, n is the number of monomers per NP-chain, Nn is equal to Nn-mer and α is the extent of 

reaction (between 0 - 1).  The weight fraction wn is defined as follows: 

 

𝑤𝑛 = 𝑛(1 − 𝛼)2𝛼𝑛−1 

 

(9) 

  

If you compare the polymerization without additional thiol after 5 and 10 min reaction time, 

the extent of reaction increases from 0.84 to 0.90 (see Figure 6.2.2 a)-d) and Table 6.2.1). In 

this context, the extent of reaction (α) which was calculated independently for the molar 

fraction weighted distribution and the weight fraction weighted distribution are in good 

agreement (0.83 and 0.90 respectively). Consequently, the PDIs are 1.84 and 1.90 respectively 

(cf. equation (3) in section 2.1 CLASSIC POLYMERIZATION – STEP-GROWTH POLYMERIZATION). Thus, the 

reaction is relatively fast, which was already indicated by relatively high reaction rates (see 

chapter 6.1 KINETICS OF POLYMERIZATION). However, since the evaluation of the NP chains is based 

on a microscopy method, having limited quantitative validity and artefacts during sample 

preparation, the calculated weight faction weighted size distribution exhibits a strong variance 

that could be improved to some extent by implementing a higher number of SEM images, but 

would extremely increase the experimental and computational effort. In addition to that, the 

image processing leads to artefacts too. 
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Figure 6.2.2 Based on the identified maximal paths in the NP polymers, the degree of polymerization can 

be illustrated in a molar fraction or weight fraction. a) and c) shows the molar fraction of polymerized gold 

TOH particles after 5 and 10 min reaction time respectively. The polymerization in EtOH was catalysed with 

CPC. b) and d) display the corresponding weight fractions. e) and f) demonstrate the molar and weight fraction 

of the polymerized TOHs, which were supported by aromatic thiols (4-Methoxythiophenol). The maximum of 

the weigth fractions is always highlighted yellow. The fitting parameters are inserted for all graphs. Here, the 

parameter A is the extent of reaction.  
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Table 6.2.1 Summary of evaluated reaction parameters by fitting equation (8) and (9) to the 

experimental data. 

a 4-methoxythiophenol b  

 

One example is presented in Figure 6.2.1 (compare a) and b)). Most of the NP chains are 

analysed correctly (see yellow circle), but in the case of less elongated NP assemblies the 

image processing algorithm fails (see white circle). The algorithm is unable to find a single path 

in the agglomerate, which results in interrupted paths and inappropriate branching. It was 

tried to minimize those artefacts, by ignoring results with a high amount of branches and by 

controlling the original image (Figure 6.2.1 a)) and the overlaying paths (coloured yellow in 

Figure 6.2.1 b)). Nevertheless, the distribution results are reasonable and tendencies are 

pictured correctly. By comparing the degree of polymerization after 5 min in Figure 6.2.2 b) 

and after 10 min in Figure 6.2.2 d), the maximal degree of polymerization increases from 5-

mer to 10-mer and the average chain-length is increased with time (cf. Table 6.2.1). Repeating 

this procedure with a new set of NP using additional aromatic thiols such as 4-

methoxythiophenol in the polymerization reaction, the robustness of the presented 

hypothesis and an expected speed-up of the reaction accompanied by  prolongation of the 

particle chains, due to an increased dipole strength (see chapter 7.3 CONTROL BY), was tested. 

Indeed, the polymerization reaches a conversion of 0.88 after 5 min and the maximum degree 

of polymerization is increased to 7-mer (compare Figure 6.2.2 e) and f) to a) and b)). Figure 

6.2.3 displays the number of branches in dependence on the reaction time and the use of 

aromatic thiols. Note that there have to be at least two particles in an arm to be considered 

as branching. Branching seems to occur preferentially for longer chains. Considering a 

polymerization without thiols, the higher the conversion, the higher is the amount of branches 

within the NP-chains. The average number of branches increases from 3.0 (after 5 min 

reaction time) to 4.1 (after 10 min reaction time) per chain. By using aromatic thiols, the 

average number of branching after 5 min is increased to 4.3 (cf. Table 6.2.1). The addition of 

sample 

 

reaction 

time 

extent of 

reactionb  

DPI degree of 

polymerization 

average 

branching 

TOH 3 with thiola 

TOH 3 without thiol 

TOH 3 without thiol 

5 min 

5 min 

10 min 

0.88 

0.84 

0.90 

1.88 

1.84 

1.90 

7.0 

5.4 

9.9 

4.3 

3.3 

4.1 
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the thiol ligands increases the reaction speed and causes the formation of longer NP-chains, 

but the increased reaction speed also reduces the controlled alignment of NPs. This finally 

leads to the formation of more branched structures and a non-linear assembly.   

Figure 6.2.3 Number of branches in dependence on the reaction time and the usage of aromatic thiols. 

When there is no thiol present in the reaction mixture, the branching increases with time. Therefore, short 

reaction times (small degrees of polymerization) reduce branching. The NP chains exhibit more branches by 

using additional thiols (4-methoxythiophenol). The increase in reaction speed also reduces the tendency of 

linear particle alignment.  

 

The analysis indicates that there are almost no NP-chains with only one branch. Most of the 

chains exhibit no branches, but as soon as branching occurs the splitting happens several 

times. Another factor is the used image processing macro for the data analysis. As soon as 2D 

assembly occured within the NP-structures, the algorithm produces branches even though 

there is no real branching (see white circle in Figure 6.2.1). Therefore, the average number of 

branches may be overvalued due to those artefacts. The influence of aromatic thiols is also 

visible in absorption measurements in Figure 6.2.4 a). The LSPR band is red-shifted in the case 

of thiol addition, which indicates the formation of longer NP chains and validates the findings 
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in Figure 6.2.2 and Table 6.2.1. Similar to the polymerized gold nanorods of Liu et al.,15 which 

was also described as a step-growth polymerization, the amount of short branching arms is 

predominant. Even though branching occurs during the polymerization, most of the 

monomers contribute to the extension of the polymer backbone.  

So far, many aspects of a classical polymerization reaction could be transferred to the 

NP polymerization. In polymerization reactions, the temperature has a great influence on the 

reaction outcome.165 This was already reflected in the temperature dependence of the 

activation energy of the particle assembly in chapter 6.1 KINETICS OF POLYMERIZATION.  

 

Figure 6.2.4 Influence of thiols and elevated temperatures onto the polymerization outcome. Absorption 

measurements of polymerized TOH NPs (TOH 3). a) A comparison of polymers, which were assembled with 

and without aromatic thiols (4-methoxythiophenol). The addition of aromatic thiols increases the LSPR band 

red shift significantly. b) Temperatures, which are higher than the optimal assembly temperature hinder the 

polymerization process and induce the formation of shorter NP chains. This is visible in a reduced red shift of 

the LSPR band. 

 

There is an optimal reaction speed at around 25 °C for TOH 3 particles. At higher reaction 

temperatures a decrease of speed and a decrease of the average chain length is expected. 

Due to the elevated reaction temperatures, the formed chains could be destroyed and smaller 

chain fragments evolve. This would result in a decreased average chain length. Figure 6.2.4 b) 

displays the absorption spectrum of polymerized TOH 3 particles at 25 °C and 30 °C. The LSPR 

band is shifted towards smaller wavelengths at 30 °C. This confirms a decrease of the NP chain 

length and is in agreement with findings of Li et al.41 
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6.3 Conclusive Summary of Chapter 6 

 

In this chapter, the NP assembly was successfully described in analogy to classical step-growth 

polymerization reactions. PTM, AUC, TEM and UV-vis absorption analysis of the assembly 

process demonstrated the initial formation of mainly dimers. With increasing conversion, 

those dimers react further resulting in the presence of NP oligomers. The formation of small 

chains in combination with a fast conversion is typical for step-growth polymerizations. 

Therefore, the kinetic model of a polyesterification (step-growth mechanism) has been 

applied and analysed to what extent this model can be adopted to NP polymerization in order 

to reproduce the experimental findings. By using mainly UV-vis absorption spectroscopy for 

the in-situ analysis of the assembly process, a differentiation between Oriented Assembly and 

Oriented Attachment was not possible. Nevertheless, the rate-determining step of both 

reaction paths is the face-selective alignment of the particles, which is depicted by the 

absorption spectrum. The differentiation between Oriented Assembly and Attachment, which 

deals especially with the NP interfaces within the NP-chains, will be discussed in chapter 9 

ORIENTED ATTACHMENT OF METAL NANOPARTICLES. However, complementary analytical techniques 

demonstrated remarkable analogies to a classic polyesterification reaction. For example, the 

NP-assembly kinetics are sufficiently describable with an adapted polyesterification rate law. 

By analysing the polymerization of different sized TOH particles (diameter: 20 – 42 nm) an 

energy minimum was found for a particle diameter of around 34 nm, which is probably caused 

by counteracting trends (strength of induced dipole versus Van der Waals forces). The 

determined energies are in good agreement with other NP assembly processes reported so 

far.47,160 The presented studies show that the NP-assembly process exhibits a temperature and 

size dependent maximal reaction rate, which was qualitatively reported for analogous NP-

assemblies 41 but not quantitatively. Moreover, electron microscope analysis in combination 

with specific image processing techniques enabled the determination of chain-length 

distributions. Again, principles of classical polymerization chemistry were successfully 

transferred to the presented system and provide statements on the extent of reaction or 

degree of polymerization (Schulz-Flory distributions). This offers the quantitative analysis of 

the formed polymerization products and tailored production of NP-chains. Thereby the chain-

length strongly depends on the reaction time, temperature and additives such as thiols.  
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6.4 Experimental Part – Kinetics of Polymerization 
 

6.4.1 Materials and Methods 
 

Materials Cetylpyridinium chloride (CPC) was purchased from SIGMA-ALDRICH. Ethanol ≥ 

99.8 % p.a. was ordered from CARL ROTH and deionized water (Milli-Q) was purified before use 

with a  MILLI-Q Direct8 device (conductivity: 17.0 µS/cm). D-glucose >99.5 % was purchased 

from SIGMA-ALDRICH. 4-methoxythiophenol was purchased from ABCR. 

 

Methods Transmission electron microscopy (TEM) images were taken with a ZEISS TEM 

LIBRA operating at 120 kV. SEM images were taken with a ZEISS GEMINI 500. TEM or SEM 

samples were prepared as follows: TEM grids or silicon wafer were placed in the reaction 

solution and centrifuged at 9000 rpm for 2 min in order to reduce drying artefacts. The 

samples were removed and washed for a few seconds with ethanol to remove excess 

surfactant. UV-vis absorbance measurements were carried out with a VARIAN CARY 50 BIO UV-

VISIBLE spectrophotometer equipped with a thermostat.  Analytical ultra-centrifugation 

measurements were performed with a BECKMAN OPTIMA XL-A ultracentrifuge.  PTM analysis 

were carried out with a NANONSIGHT LM10. A SOP Standard Measurement was used as script. 

An ImageJ-macro program (edited by Holger Hilbert) accomplished the image processing in 

order to get size distributions from the electron microscopy images. The ImageJ macro is 

adjusting and optimizing the contrast of the recorded SEM images. Subsequently, the 

algorithm is searching for the longest path in the recognized chains. The algorithm assigns 

every chain an identification number and displays the amount of branches for each NP-

assembly. Thereby, artefacts and non-chain-like aggregates are visible by an extremely high 

amount of branches and were excluded. The minimal energy barrier for the nanoparticle 

stabilization was calculated with the HAMAKER 2 program. Thereby following parameters were 

used: Hamaker constant 1.7 ∗ 10−19 J,166 temperature 293 K, solvent ethanol, CPC-

concentration 0.05 M, nanoparticle concentration 3.0 ∗ 10−4 wt%. Used models: electrostatic 

(Hogg-Hearly-Fuerstenau), steric (none), dispersion (non retarded). Stability for 12 h.  
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6.4.2 Experimental Procedures 
 

Polymerization of Gold NPs The particles were polymerized by a solvent exchange. 

Therefore, the CPC stabilized nanoparticles (in water) were injected into CPC containing EtOH. 

In a typical experiment 125 µl of aqueous particles (0.49 mg/ml; aqueous solution) were 

injected into 2 ml of 0.05 M CPC solution (in EtOH). The temperature was varied between 15 

- 30±0.5 °C.  

 

AUC measurements Regarding the analytical ultra-centrifugation measurements, a special 

method was used: a band sedimentation experiment. The reaction solution was prepared as 

follows: 4 ml of 50 wt% glucoseaq solution were mixed with 4 ml of 0.1 M CPC (dissolved in 

EtOH). In a typical experiment, 290 µl of the reaction solution were filled in the reference 

chamber, 270 µl were filled in the sample chamber and 3 µl of the stabilized NP were added 

to the reservoir. The temperature was set at 25 °C and the number of revolutions was 

3000 rpm.  

 

Table 6.4.1 Summary of the experimental parameters of the performed experiments shown in chapter  6 

KINETICS OF ORIENTED ASSEMBLY AND ATTACHMENT. 

a The concentration of added 4-methoxythiophenol was adjusted to 5 mM.  

experiment 

(resp. Figure) 

amount of added 

nanoparticles 

final surfactant 

concentration 

ethanol : 

water [ml] 

T [°C] 

Fig. 6.1.1 c) 62.5 µl of TOH 4 0.05 M CPC 1 : 0.06 22-23 

Fig. 6.1.3 a) i) 62.5 µl of TOH 2 

ii) 62.5 µl of TOH 3 

iii) 62.5 µl of TOH 4 

0.05 M CPC 

0.05 M CPC 

0.05 M CPC 

1 : 0.06 

1 : 0.06 

1 : 0.06 

20 

20 

20 

Fig. 6.1.4 a+b)a i) 62.5 µl of TOH 2 0.05 M CPC 1 : 0.06 15-25 

Fig. 6.2.2 a-d) 

Fig. 6.2.2 e+f)a 

Fig. 6.2.3 

Fig. 6.2.4 a+b) 

32.5 µl of TOH 3 

32.5 µl of TOH 3 

32.5 µl of TOH 3 

i) 62.5 µl of TOH 3 

ii) 62.5 µl of TOH 3 

0.05 M CPC 

0.05 M CPCb 

0.05 M CPCb 

0.05 M CPC 

0.05 M CPC 

1 : 0.03 

1 : 0.03 

1 : 0.03 

1 : 0.06 

1 : 0.06 

23 

23 

22-23 

22-23 

25-30 
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7 How to Control the Polymerization 

 

Polymerizations are controllable via temperature, solvent, catalyst as well as differences in 

the monomer configuration or conformation.167-169 Most of these parameters were already 

tackled in the previous chapters, especially influence of different solvents (5.2 DESTABILIZATION 

WITH ETHANOL), catalyst (5.2 DESTABILIZATION WITH ETHANOL AND CPC) as well as temperature and 

particle size (6.1 KINETICS OF POLYMERIZATION, 6.2 SIZE AND LENGTH DISTRIBUTION). However, for all 

investigated systems exclusively TOHs were applied as monomeric units. The following 

chapter is focused on the influence of different particle shapes, external influences, e.g. 

electric fields, and the binding strength of gold-thiol bonds.  

 

7.1 Control by Particle Shape 

 

Since different shaped gold NPs exhibit different facets and therefore different surface 

energies, an influence on the polymerization reactions according to the particle shape was 

expected. All previously introduced particle shapes (cubes, TOHs, octahedra; cf. 4.1 GOLD 

NANOPARTICLES) were applied to unravel the impact to the NP polymerization. Due to a ligand-

induced dipole mechanism, and the resulting linear assembly, the symmetry of the particles 

and their possibilities of a linear arrangement is critical for the polymerization process. There 

are several studies dealing with the linear assembly of gold rods, since they already offer 

anisotropic shape and reactive tips, which results from a decreased surfactant 

density.46,145,170,171 Here, co-polymers, tetrahydrofuran or different thiolated surface ligands 

were the most used additives in order to induce or control the assembly. So far, the presented 

method in chapter 5 POLYMERIZATION OF NANOPARTICLES only uses additional amounts of 

surfactant (CPC or CTAB) as a kind of catalyst. Figure 7.1.1 a) demonstrates the assembled gold 

rod structures by a solvent change from water to ethanol. As reported before (5.2 

DESTABILIZATION WITH ETHANOL AND CPC), additional surfactant (CPC or CTAB) was used to increase 

the reaction speed and supported the induced surface dipoles. 
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Figure 7.1.1 Polymerization of gold nanorods (Rod 2). TEM image of a gold rod assembly with a) ethanol 

and CTAB addition and b) with assembly directing 11-mercaptoundecanoic acid (MUA) addition. c) Time-

dependent UV-vis absorbance spectra (from blue to yellow) of rod assembly with additional thiol (MUA) at 

room temperature. Scale bar is 50 nm. 

 

The gold rods preferentially are oriented along their sides and not via their tips since the 

denser surfactant layer at the rod flank most likely provides more possibilities of a dipole 

induction, caused by an inhomogeneous surfactant distribution. Therefore, the particles tend 

to form bulky structures and the aimed formation of elongated structures is inhibited. In 

addition, the side-by-side assembly minimizes the contact area with the destabilizing ethanol 

and thereby reduces the internal energy. When carboxylated thiols were added, here 11-

mercaptoundecanoic acid (MUA), the assembly behaviour changes drastically. TEM 

investigations verify a preferential linear tip-to-tip orientation of the gold rods (Figure 7.1.1, 

Rod 2). In contrast to the CTAB catalysed assembly process, the thiol function preferentially 

binds on the less surfactant populated tips and connects different rods by a hydrogen binding 

of the acid groups.150 The elongated and preferential linear assembly was also evidenced by 

time-dependent absorption spectra in Figure 7.1.1 c). The typical occurrence of a red shifted 

LSPR band proves the elongated structure formation in solution. Note that a side-by-side 

assembly morphology leads to a blue shift. The LSPR band at 685 nm decreased and indicated 

the consumption of single rods. In addition, the TSPR band at 521 nm, representing the width 

of the structures, did not shift and thereby exemplifies a linear assembly. Intending to use 

synergy from MUA functionalization and above described CTAB catalysis to further tune the 

assembly, both parameters were combined. However, exclusively non-ordered assemblies 

were obtained (see Appendix Figure 12.12). The different additives are assumed to disturb 

each other by addressing different facets of the nanorods (tips versus sides). 
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By comparing gold octahedra, TOHs and cubes, drastic differences regarding the 

polymerization product were received. Since even slight differences in size for TOHs (see 6.1 

KINETICS OF POLYMERIZATION) influence the activation energies, a strong influence of the shape 

was expected. In the following all assembly experiments were performed with additional CPC 

as directing assembly agent (cf. section 5.2 DESTABILIZATION WITH ETHANOL AND CPC). Figure 7.1.2 

displays the influence of different shaped gold particles (TOH, octahedron and cube) after 

accomplished polymerization (tpolym. = 10 min).  

 

 

Figure 7.1.2 Oriented Assembly of different shaped gold NPs. a) UV-vis absorbance spectra of octahedra 

(black), TOHs (blue) and cubes (red) after accomplished polymerization (tpolym. = 10 min). The reaction 

temperature was adjusted to 20 °C. b) TEM analysis of polymerized gold cubes (A and B) and octahedra (C and 

D). Scale bar is 30 nm. c) LSPR/TSPR band ratio (black) and the corresponding width of the LSPR band (red) of 

the absorbance spectra after polymerization ((tpolym. = 10 min) are again dependent on the particle shape. d) 

Simulated particle shapes. The different crystallographic facets are coloured individually. Reprinted with 

permission from [158]. Copyright {2021}. American Chemical Society. 
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In-situ UV-vis absorption spectroscopy investigations (Figure 7.1.2 a) and b)) demonstrate the 

strong influence of differently shaped particles. Thereby, all used particles have a comparable 

diameter (Cub 1, TOH 2 and Oct 2). In contrast to cubic and truncated cubeoctahedral 

particles, gold octahedra exhibit two distinct LSPR bands after 10 min of polymerization. One 

band at around 610 nm and a second one at around 760 nm, which is analogue to the formed 

LSPR bands of assembled TOHs or cubes and represents the length of the elongated 

structures. TEM analysis of the polymerized octahedra (Figure 7.1.2 b) C and D) indicated a 

tendency towards 2D assembly, which may originate from the particle shape. This trend 

towards partial 2D assembly of octahedral particles is also visible in the absorbance spectra 

and explains the LSPR band around 610 nm. Note that there is no increased amount of dimers 

in the case of the octahedra assembly, which could explain the LSPR band at 610 nm as well. 

A comparison of the LSPR/TSPR band ratios (second LSPR band for octahedra) in Figure 7.1.2 

c) and the corresponding LSPR bandwidth indicates that TOHs lead to a pronounced linear 

polymerization of the particles. They combine a high LSPR/TSPR ratio with a small width of the 

LSPR band. A small LSPR/TSPR ratio insinuates a more linear particle assembly and a narrow 

LSPR band width argues for a more monodisperse chain length distribution.158  

The dominant crystallographic facets of the presented particle shapes are displayed in Figure 

7.1.2 d). For TOH particles the {111} and {100} facets are comparable regarding the surface 

area, octahedra exhibit mainly {111} and cubes {100} facets. The inserted planes in Figure 7.1.2 

d) display the main orientation of the nanoparticles in the assembled structures. Octahedra 

are exclusively oriented along [111], cubes are mainly aligned along [100] and rarely along 

[110]. Figure 7.1.3 displays an HRTEM investigation of polymerized gold TOH NPs (TOH 4). 

According to this, TOH nanoparticles, which are oriented over {111} and {100}, offer the most 

possibilities respectively highest interacting surface for a linear assembly. A TOH particle 

exhibits 14 possible contact faces (6x{100} + 8x{111}; 7 parallel counterparts), whereas a cube 

only offers 6 contact faces (6x{100}; 3  parallel counterparts). Therefore, TOHs provide the 

ideal shape for a controlled chain-like assembly (Oriented Assembly and Oriented 

Attachment).  
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Figure 7.1.3 Crystallographic investigations of formed gold NP polymers (polymerized TOHs). HRTEM 

image of polymerized TOH particles (TOH 4) and corresponding FFT patterns of the labelled regions/particles. 

The TOH particles are oriented over {111} (marked blue) and {100} (marked red) facets. The inserted TOH NP 

was simulated by VESTA®. Reprinted with permission from [158]. Copyright {2021}. American Chemical 

Society. 
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7.2 Control by an External Electric Field 

 

During the polymerization process, dipoles are induced on the NP surface. Therefore, an 

external electric field should influence the assembly. Van der Zande et al. described an 

alignment for stable gold nanorods due to an external electric field.172 The applied electric 

field is able to induce dipoles in the particles, which form string like structures to lower the 

free energy.173  

 

Figure 7.2.1 Influence of external electric field onto the assembly process. a) Used setup for the E-Field 

supported polymerization of gold TOHs (left) and assumed formation mechanism (right). The external electric 

field will direct the assembly towards more linear and longer chains. b) TEM image of resulting TOH assemblies. 

The NPs form long and strongly elongated NP chains, which appear as big networks in TEM analysis. The scale 

bar is 200 nm. c) Corresponding UV-vis absorbance spectra of assembled TOHs. Without an external field, the 

arising LSPR band is less red-shifted compared with an external field (here 5 kV). This indicates the formation 

of more elongated structures by applying an electric field. Image c) and parts of a) are reprinted with 

permission from [158]. Copyright {2021}. American Chemical Society. 
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Figure 7.2.1 a) presents the used experimental setup. A standard UV-vis cuvette was coated 

with an approximately 100 nm thick silver layer on opposite sides. Additional CPC in the 

ethanol phase was used as assembly supporting agent and the applied direct voltage was 

varied. The voltage was set to 0 V, 36 V, 1 kV and 5 kV with a working distance (distance 

between capacitor plates) of 1 cm. Thereby the electric field was varied between 0 – 500 kVm-

1. A strong response of dissolved gold particles, like the electro-optical effect, due to particle 

alignment requires field strengths around 100 kVm-1.172 In the presented experimental setup, 

this value is reached at a voltage of U = 1 kV. According to absorption measurements, 

application of low electric field strengths (36 V; 3.6 kVm-1) do not result in a significant change 

in the polymerization process. In contrast, application of a high field (U = 1 kV) resulted in a 

significantly red shifted LSPR band compared to a standard polymerization, which is displayed 

in Figure 7.2.1 c). Thereby, a further red shift was obtained by increasing the field intensity to 

500 kVm-1. Figure 7.2.1 b) displays a TEM image of TOH 3 particles polymerized in an electric 

field (E = 500 kVm-1). The difference is evident by comparing the assembled structures with 

and without the influence of an external field (see Figure 5.1.1 b) and SEM images in Figure 

6.2.1). Here, the formed NP-chains are longer and more elongated structures are observable. 

Therefore, electric fields can control the polymerization of gold NPs in a very straightforward 

and effective way.  
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7.3 Control by Thiolated Surface Ligands 

 

As mentioned for gold rods in chapter 7.1 CONTROL BY PARTICLE SHAPE, additional aromatic thiols 

can act as supportive agent for the NP polymerization. The polymerization was initialized by 

the already presented solvent exchange (from water to ethanol) and CPC was added as a 

catalyst (cf. section 5.2 DESTABILIZATION WITH ETHANOL AND CPC). Generally, thiol-containing 

linkers are very prominent in the field of nanoparticle self-assembly.157,43,16 Plasmonic 

properties of gold nanoparticles can be influenced by thiol containing aromatic ligands, which 

cause an electron transfer at the hybrid interface.174 Here, the electron transfer is sensitive to 

localized dipole moments of substituents at the aromatic system. For example, electron-

withdrawing substituents decreased the Gibbs free energy of the thiol adsorption on gold 

substrates.175 Thereby, the dipole driven NP polymerization may be improved by increasing 

the surface charge with electron-withdrawing thiolated ligands. Therefore, the influence of 

different thiols - especially aromatic thiolated ligands - on the assembly of gold TOHs and 

cubes was investigated. Figure 7.3.1 compares the absorption spectra of polymerized gold 

cubes (Cub 2) after 10 min reaction time with different thiolated ligands. 

 

 

 

 

 

 

 

 

Figure 7.3.1 Comparison of different thiols used in the polymerization of gold cubes (Cub 2). Non-

aromatic thiols (blue; 1-octanethiol) lead to a blue shift of the formed LSPR band, whereas aromatic thiols 

(red; 4-methoxythiophenol) cause a red shifted LSPR band. The black curve displays the UV-vis absorption 

spectra without using thiols in the polymerization. The reaction time was always tpolym. = 10 min. The inserted 

scheme shows a model of the used aromatic thiol. Here, the thiol group is yellow, the carbon atoms are black 

and the varying para-substituent R is coloured red.  
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Non-aromatic thiols as 1-octanethiol led to a blue shifted LSPR band (blue graph) compared 

with a polymerization without thiols (black graph). In contrast, aromatic thiols as 4-

methoxythiophenol (red graph) caused an increased red shift, indicating longer NP-chains. 

 

Table 7.3.1 Summary of all used thiols during the polymerization of gold cubes (Cub 2), the wavelength 

of the formed LSPR band after 10 min reaction time and respective mesomeric or inductive effect of the para-

substitutent R. All polymerization experiments were supported by CPC addition. Respective UV-vis absorption 

spectra are displayed in Appendix Figure 12.13. 

a The effect is related to the functional group R in Figure 7.3.1. 

 

As expected, the electron transfer to the gold surface by the aromatic thiols supports and 

strengthens the induced dipoles. Table 7.3.1 sums up the used thiols and the corresponding 

LSPR band after the polymerization (tpolym. = 10 min). The UV-vis absorption experiments 

insinuate, that the positive inductive (+I) or mesomeric (+M) effect of the para-substituent R 

in the aromatic system (4-methoxythiophenol and 4-methylthiophenol) resulted in increased 

red shifts, indicating more elongated structures. Note that for 4-chlorothiophenol the +M 

effect is dominated by the negative inductive (-I) effect, which is typical for halogenated 

aromatic systems.176 By utilizing MUA, which is often used for gold NP assemblies,150 a 

decreased red shift is observable. In contrast to aromatic thiols, MUA leads to a nanoparticle 

crosslinking via hydrogen interactions.150,43 Maybe the particle-particle linking of the MUA via 

hydrogen bridges hinders the dipole induced assembly mechanism and leads to a decreased 

length of the formed NP-chains. However, according to the absorption spectra, the formed NP 

used thiol mesomeric/inductive effect 

of the substitute Ra 

wavelength of formed LSPR 

band 

1-octanethiol - 727 nm 

MUA 

without thiol 

- 

- 

745 nm 

805 nm 

4-chlorothiophenol (+M)/-I 830 nm 

4-nitrothiophenol -M/-I 838 nm 

4-methylthiophenol +I 870 nm 

4-methoxythiophenol +M 885 nm 

2-naphthalenethiol - 889 nm 
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chains are significantly shorter compared to NP chains synthesized with aromatic thiols. The 

usage of 1-octanethiol, which is a steric thiol with an aliphatic chain and therefore misses 

delocalized electrons or the possibility of hydrogen interaction, also resulted in the formation 

of short chain-structures. Interestingly, utilization of 2-naphthalenethiol leads to the biggest 

red shift of the LSPR band (around 890 nm). Again, the presence of delocalized electrons 

supports the NP assembly. 2-naphthalenethiol provides an increased number of delocalized 

electrons (polycylic aromatic hydrocarbon), which may explain the decisive influence onto the 

polymerization. Therefore, enhancing the electron density in aromatic thiols, whereat a +M 

effect outmatches a +I effect (compare 4-methoxythiophenol and 4-methylthiophenol in 

Table 7.3.1) or increasing the number of delocalized electrons (see 2-naphthalenethiol) is an 

appropriate instrument to increase the average NP chain-length.  

The polymerization of gold TOHs in combination with aromatic thiolated ligands also 

increases the red shift of the LSPR band. However, in contrast to polymerized cubes the 

LSPR/TSPR ratio is strongly decreased compared to polymerized structures without additional 

thiol (compare spectra in Figure 7.3.2 b) and Figure 7.3.1). In addition, the red shift of the TOH-

chains, assembled with 2-naphthalenethiol, is reduced compared to the polymerized gold 

cubes. Again, application of MUA decreases the red shift as already seen for gold cubes.  

Electrochemical SERS observations of aromatic thiol monolayers on Au{111} and 

Au{100} facets demonstrated that phenyl rings are more flat-lying on {111} facets.177 In 

general, Au{100} exhibits only bridge sites whereas Au{111} has bridge and hollow sites as 

pictured in Figure 7.3.2 a). Thereby, the higher amount of hollow sites leads to a more lying 

adsorption geometry of aromatic thiols. The SERS study further indicates, that the bridge sites 

and thereby the {100} facets are more energetically favourable than hollow sites for the thiol 

adsorption (shown for 4-methylthiophenol).177 Thus, it can be concluded that aromatic thiols 

preferentially and more effectively increase the surface dipoles on the {100} facets.  
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Figure 7.3.2 Effect of thiols onto the polymerization of TOH 4 gold NPs. a) Differentiation of gold {100} 

and {100} facets. Au{100} facets show only bridge sites for the adsorption of thiols, whereat Au{111} exhibits 

bridge and hollow sites. Reprinted with permission from [177]. Copyright {2017}. American Chemical Society. 

b) Absorption spectra of the polymerized TOH NPs with different reaction conditions (without thiol: black; 

with MUA: red; with 2-naphthalenethiol: blue). 

 

The cubic gold particles mainly exhibit {100} facets, whereas the TOH particles have a 

comparable surface amount of {111} and {100} facets (see chapter 7.1 CONTROL BY PARTICLE 

SHAPE). Consequently, the addition is more supportive for gold cubes, and is less supportive in 

case of TOH particles by reducing the possible amount of assembly contributing faces. This 

theory is supported by a higher amount of visible TOH assembly along the [100] direction in 

TEM investigations (see Figure 7.3.3 b)). Another argument is given by the SEM based chain-

length analysis and subsequent fitting to classic polymer length distributions of a step-growth 

polymerization (compare chapter 6.2 SIZE AND LENGTH DISTRIBUTION). In the case of a thiol-

supported polymerization of gold cubes, the length distribution fitting is more accurate and 

the average amount of branching decreases to 1.7 branches per chain after 13 min 

polymerization time (branches per chain for TOH after 5 min of polymerization: 4.3). All these 

findings point out that thiolated ligands reduce the linearity of the formed TOH NP-chains. 
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Figure 7.3.3 Particle-particle distances in formed gold NP chains. TEM images of assembled gold NPs with 

and without the addition of aromatic thiols. Both polymerizations were catalysed by CPC addition. a) NP 

polymerization without the addition of thiol. The particle-particle distance is demonstrated with a blue line. 

b) NP polymerization with the addition of 4-methoxythiophenol. A yellow line displays the distance between 

the particles. Particles in both cases: TOH 4.  

 

Ex-situ TEM investigation of differently polymerized TOH (TOH 4) NPs in Figure 7.3.3 provide 

insights into the particle-particle distances within the formed chains. Due to their size, only 

Oriented Assembly is observable. Further details regarding the differentiation of Oriented 

Assembly and Oriented Attachment are given in chapter 9 ORIENTED ATTACHMENT OF METAL 

NANOPARTICLES. One polymerization was executed without the addition of aromatic thiols 

(Figure 7.3.3 a)) and another was performed in the presence of 4-methoxythiophenol (Figure 

7.3.3 b)). Both polymerizations were catalysed by additional CPC. Hereby the inter-particle 

distance increases from 0.79±0.19 nm (a) blue lines) to 1.36±0.31 nm (b) yellow lines). As 

expected, the addition of thiol containing ligands slightly increases the particle-particle 

distance by around 0.6 nm, which is in good agreement with the findings of Liao et al.178 

regarding the distance of thiol mediated gold particle-particle linkages. The resulting effects 

of an increased inter-particle distance will be discussed in chapter 10 ELECTRONIC CONDUCTIVITY 

OF GOLD NP-CHAINS. 
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7.4 Stabilization/Stop of Polymerization  

 

A stabilization or stop of the assembly process is essential to provide applications of the 

tailored NP-chains in the sensor field.179,180 Because of the catalytic effect of CPC (or CTAB) in 

the polymerization mixture (normally: 0.05 M CPC in ethanol), an increase of the surfactant 

concentration results in an increased reaction speed (see Figure 5.2.1 c) in chapter 5.2 

DESTABILIZATION WITH ETHANOL AND CPC). Therefore, the re-stabilization or stop of the 

polymerization was tested by a solvent exchange from ethanol back to surfactant containing 

water. UV-vis absorption measurements and TEM analysis in Figure 7.4.1 indicated a 

successful stop of the NP polymerization, at which the stabilization was realised at different 

stages. 

 

 

 

 

 

Figure 7.4.1 Stabilization/Stop of the polymerization process by solvent exchange. Used particles: TOH 3. 

a) UV-vis absorption spectra of stabilized short NP chains. The stabilization was initialized after a few seconds 

after the polymerization start. The absorbance after 1 (red line) min and 9 (black line) min of destabilization is 

not changing, which indicates a stop of the polymerization. b) The absorption spectra of stable NP chains, 

which were stabilized at a proceeded polymerization state (t = 10 min), demonstrate the possibility of 

stabilization of long NP chains. The spectrum is not significantly changing after stabilization. c) A and B: 

Corresponding TEM images of the observed NP chains (corresponds to absorption spectra in b)) prove that the 

NP chains are stabilized and separated in solution.  
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Figure 7.4.1 a) proves the stabilization of short structures, after a few seconds of 

polymerization, whereas b) demonstrates the stabilization of longer chains (stabilization after 

10 min of polymerization) by stable absorption spectra. TEM investigations of long NP chains 

(shown in Figure 7.4.1 c); corresponding absorbance spectra are displayed in Figure 7.4.1 b)) 

demonstrate that the chains are stable and well separated for several minutes. The stabilizing 

surfactant is visible as a shadow surrounding the structure in Figure 7.4.1 c) B. A drawback of 

the presented method is the strongly reduced NP concentration due to the solvent exchange 

(see strongly reduced absorbance of the absorption spectra in Figure 7.4.1). In a typical 

stabilization experiment, the polymerizing chains are added to the threefold volume of 0.1 M 

CPCaq or CTABaq. A subsequent accumulation by centrifugation was not successful, since the 

stabilized NP chains tend to agglomerate in a strong centrifugal field. Interestingly, an 

exchange of the surfactants has a positive effect on the stabilization. Thus, NPs that were 

polymerized in the presence of CPC are stabilized more efficient with an aqueous CTAB 

solution, which could be addressed to the stronger adsorbed bromide ions on gold surfaces 

than chloride ions.181 However, stabilization or a stop of polymerization at different stages of 

assembly is a mighty tool to produce tailored and long-time stable NP-chains in solution.  
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7.5 Conclusive Summary of Chapter 7 

 

Generally, classic polymerizations are tuneable or controllable by many different factors like 

temperature, catalysts, design of monomer or by knowledge of the polymerization kinetics 

and resulting reaction times. Interestingly, several aspects of a classic polymerization are 

transferable to the assembly/polymerization of gold NPs. As mentioned in chapter 5.2 

DESTABILIZATION WITH ETHANOL AND CPC, CPC acts as a directing assembly agent in the NP 

polymerization. The polymerization results regarding the linearity, length and quality of NP 

chains strongly depends on the particle shape itself. TOH particles provide the ideal shape for 

the ligand-induced dipole assembly of gold NPs, as TOH particles offer the most possibilities 

for a chain-like assembly (see chapter 7.1 CONTROL BY PARTICLE SHAPE). Assuming a dipole driven 

assembly mechanism, an influence of an external electric field was expected. Consequently, 

polymerization within an electric field (Efield = 500 kVm-1) leads to longer NP chains, indicated 

by an increased red shift of the arising LSPR band. Small electric fields (Efield around 3.6 kVm-1) 

have no significant effect on the assembly process. Thiolated ligands are often used in gold NP 

assembly processes170 due to their high affinity for attachment on gold surfaces. Therefore, 

several thiolate ligands with different properties were tested: aliphatic thiols (1-octanehtiol), 

aromatic thiols (e.g. 4-methoxythiophenol) and thiols with acidic groups (MUA). Compared to 

a polymerization without thiol, aliphatic thiols and MUA cause a blue shift of the LSPR band. 

This is probably due to hindering steric effects and unfavourable hydrogen bonds, which may 

counteract the ligand-induced assembly process. In contrast, aromatic thiols lead to a strongly 

increased red shift of the LSPR band compared to an assembly without thiols. These findings 

indicate the formation of longer chains by using aromatic thiols. Electron withdrawing 

substituents at the aromatic system further increase the NP chain length. It can be assumed 

that electron withdrawing thiolated ligands support the dipole induction and increase its 

strength. Cubic shaped gold NPs are most suitable for a thiol-supported polymerization. In 

contrast to gold TOH or octahedra, gold cubes mainly exhibit {100} facets with bridge sites. 

Those bridge sites lead to an advantageous geometry of the adsorbed aromatic thiols. Thereby 

the assembly directing effect of the aromatic thiols is the highest for cubic NPs, finally resulting 

in more linear and elongated NP-chains, probably due to the largest active {100} surface area. 

It is possible to stop the polymerization process at any time by exchanging the solvent back 

from ethanol to an aqueous CTAB solution. Because the CMC changes, the surfactant again 
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stabilizes the gold NPs sufficiently by recovering the electrostatic repulsions. By doing so, long-

term stable NP structures and length tailored, mainly depending on the time lag between 

polymerization start and re-stabilization, can be achieved. 
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7.6 Experimental Part – How to Control the Polymerization 
 

7.6.1 Materials and Methods 
 

Materials Cetylpyridinium chloride (CPC) was purchased from SIGMA-ALDRICH. Ethanol ≥ 

99.8 % p.a. was ordered from CARL ROTH and deionized water (Milli-Q) was purified before use 

with a MILLI-Q Direct8 device (conductivity: 17.0 µS/cm). 4-methoxythiophenol was purchased 

from abcr. 4-Methylthiophenol, 4-nitrothiophenol, 11-mercaptodecanoic acid 95% and 2-

naphthalenethiol 99% was purchased from SIGMA-ALDRICH. 4-chlorothiophenol >98 % was 

bought from FLUKA. 1-octanethiol 97 % was purchased from ACROS. 

 

Methods Transmission electron microscopy (TEM) images were taken with a ZEISS TEM 

LIBRA operating at 120 kV and HR-TEM images were taken with a JEOL JEM-2200FS operating at 

200 kV. SEM images were taken with a ZEISS GEMINI 500. TEM or SEM samples were prepared 

as follows: TEM grids or silicium wafer were placed in the reaction solution and centrifuged at 

9000 rpm for 2 min in order to reduce drying artefacts. The samples were removed and 

washed for a few seconds with ethanol to get rid of imaging-hindering surfactant. UV-Vis 

absorbance measurements were measured with a VARIAN CARY 50 BIO UV-VISIBLE 

spectrophotometer equipped with a thermostat. The external electric field was generated 

with a high voltage equipment (HOCHSPANNUNGSGERÄT 25 KV from PHYWE SYSTEME GMBH).  

 

7.6.2 Experimental Procedures 
 

Polymerization of Gold Rods Typically, 300 µl of Rod 2 (0.13 mg/ml) was added to a mixture 

of 2 ml 0.5 mM MUA (dissolved in EtOH) at room temperature. In contrast to gold cubes, TOH 

and octahedra, the addition of surfactant (here CTAB: final concentration 0.05 M) to the 

polymerization mixture did not support the linear alignment of the rods (tip-to-tip alignment). 
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Polymerization (Cubes/TOH/Octahedra) without thiol The particles were polymerized by 

a solvent exchange. Therefore, the CPC stabilized nanoparticles (in water) were injected into 

CPC containing EtOH. In a typical experiment 125 µl of aqueous particles (0.49 mg/ml) were 

injected into 2 ml of 0.05 M CPC solution (in EtOH). The temperature was varied between 22-

23 °C.  

 

Polymerization (Cubes/TOH/Octahedra) with thiol The particles were destabilized by a 

solvent exchange. Therefore, the water stabilized nanoparticles were injected into CPC and 

thiol containing EtOH solution. In a typical experiment 62.5 µl of aqueous gold nanoparticles 

(0.49 mg/ml) were added to a mixture of 0.5 ml of 0.1 M CPC solution and 0.5 ml of 10 mM 

respective thiol solution (both dissolved in EtOH). The temperature was set to 22-23 °C. 

 

Polymerization in an electric field The polymerization solution (CPC, EtOH) was prepared 

as mentioned above. The constant-voltage generator was set between 36 – 5000 V, the 

temperature was around 22 °C and the working distance of the electrodes was varied between 

0.3 – 1 cm. By doing so, the electric field strength was between 0 – 500 kVm-1. Note that the 

electric field was activated shortly after addition of monomers (gold NPs) with a delay of 

around 5 seconds.  

 

Re-stabilization/Stop of Polymerization The polymerization process is stoppable by a 

solvent exchange from ethanol to a surfactant containing (CTAB) aqueous solution. In a typical 

experiment, 300 µl of reaction mixture (parameters for polymerization: 125 µl of TOH 3 were 

added to 2 ml of 0.05 M CPCethanol solution at room temperature) was injected into 1 ml of 

0.1 M CTABaq solution at room temperature. Depending on the delay between polymerization 

start and injection into the re-stabilizing mixture, different chain-lengths of NP-polymers are 

observable. The NP-chains are stable for several hours, whereat slow sedimentation is 

observable when the solution not stirred. The polymerization is stoppable regardless of 

presence or absence of thiols during the polymerization.  
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Table 7.6.1 Summary of the experimental parameters of the performed experiments presented in 
chapter 7 HOW TO CONTROL THE POLYMERIZATION.  

a 1-octanethiol b MUA c 4-chlorothiophenol d 4-nitrothiophenol e 4-methylthiophenol f 4-methoxythiophenol g 2-

naphthalenethiol 

 

experiment 

(resp. Figure) 

amount of added 

nanoparticles 

final surfactant 

concentration 

ethanol : 

water [ml] 

final thiol 

conc. 

Fig. 7.1.2 a) i) 125 µl of Oct 2 

ii) 125 µl of Cub 1 

iii) 125 µl of TOH 2 

0.05 M CPC 

0.05 M CPC 

0.05 M CPC 

2 : 0.125 

2 : 0.125 

2 : 0.125 

- 

- 

- 

Fig. 7.1.3 

Fig. 7.2.1 

125 µl of TOH 4 

31.25 µl of TOH 4  

0.05 M CPC 

0.05 M CPC 

2 : 0.125 

2 : 0.031 

- 

- 

Fig. 7.3.1 i) 62.5 µl of Cub 2 

ii) 62.5 µl of Cub 2 

iii) 62.5 µl of Cub 2 

iv) 62.5 µl of Cub 2 

v) 62.5 µl of Cub 2 

vi) 62.5 µl of Cub 2 

vii) 62.5 µl of Cub 2 

viii) 62.5 µl of Cub 2 

0.05 M CPC 

0.05 M CPC 

0.05 M CPC 

0.05 M CPC 

0.05 M CPC 

0.05 M CPC 

0.05 M CPC 

0.05 M CPC 

1 : 0.062 

1 : 0.062 

1 : 0.062 

1 : 0.062 

1 : 0.062 

1 : 0.062 

1 : 0.062 

1 : 0.062 

5 mM Thiola 

5 mM Thiolb 

- 

5 mM Thiolc 

5 mM Thiold 

5 mM Thiole 

5 mM Thiolf 

5 mM Thiolg 

Fig. 7.3.2 b) i) 62.5 µl of TOH 4 

ii) 62.5 µl of TOH 4 

iii) 62.5 µl of TOH 4 

0.05 M CPC 

0.05 M CPC 

0.05 M CPC 

1 : 0.062 

1 : 0.062 

1 : 0.062 

- 

5 mM Thiolb 

5 mM Thiolg 

Fig. 7.3.3 a) 

Fig. 7.3.3 b) 

62.5 µl of TOH 4 

62.5 µl of TOH 4 

0.05 M CPC 

0.05 M CPC 

1 : 0.062 

1 : 0.062 

- 

5 mM Thiolg 
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8 Plasmonic Copolymers by Oriented Assembly 

 

So far, the successful synthesis of NP-chains consisting of similar shaped and sized gold 

particles has been demonstrated. The polymerization process and the out coming material 

was describable and comparable with a classic step-growth polymerization 

(polyesterification). In polymer chemistry, the combination of different monomers offers 

opportunities to change the macroscopic and microscopic properties of the final polymer 

significantly. So-called copolymers. In general, you can distinguish between block copolymers 

(AA-BB), alternating copolymers (A-B-A-B), sequential copolymers (A-BB-A-BB) and statistical 

copolymers to name a few.182 In order to mimic those classical copolymers, the following 

chapter deals with the copolymerization of different metal NPs by utilizing assembly methods 

presented in chapter 5 POLYMERIZATION OF NANOPARTICLES. Thereby particles with different shape, 

size and composition (gold and silver nanoparticles) were combined and the resulting NP-

assemblies have been analysed. 

 

8.1 Gold – Silver Copolymers (Statistical Copolymers) 

 

Before combining different composed metal NPs, it has to be confirmed, that both NP species 

are forming NP-chains themselves. The polymerization of gold NPs has already been shown 

and discussed in the previous chapter. Therefore, the polymerisation of silver cubes with gold 

core (cf. section 4.2 SILVER NANOPARTICLES WITH GOLD CORE (CORE-SHELL PARTICLES) has been tested. 

In the following, the core-shell particles will be called silver particles, since the assembly 

directing surface consists of silver. The silver particles were polymerized according to the 

elaborated method presented in chapter 5 POLYMERIZATION OF NANOPARTICLES. Figure 8.1.1 

displays a comparison of absorption spectra from polymerized gold (AuCub 1; diameter of 

40 nm) and silver cubes (AgCub 1; diameter of 60 nm). Additional surfactant (here CPC) was 

utilized in the assembly process, since it acts as a catalyst during the polymerization by 

increasing the surface dynamics and supporting the dipole induction (cf. 5 POLYMERIZATION OF 

NANOPARTICLES) for gold NPs. The spectra taken after 10 min of polymerization time show 

significant differences of the LSPR/TSPR absorbance ratio (gold NP-polymer: TSPR ~ 530 nm, 

LSPR ~ 800 nm; silver NP-polymer: TSPR ~ 420 nm, LSPR ~ 900 nm). The polymerized gold 
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cubes exhibit a 1.36 times higher LSPR/TSPR ratio, which suggests a more linear assembly 

compared to polymerized silver particles. The reduced chain-like assembly of silver particles 

was also confirmed by complementary TEM investigations. 

Figure 8.1.1 Normalized UV-vis absorption spectra of gold and silver NP-chains. A comparison of 

polymerized gold cubes (Cub 2) and silver cubes (AgCub 1) shows significant differences. The absorbance 

spectra after 10 min of polymerization indicates a more linear assembly of the gold cubes (black line) 

compared to silver cubes (red graph) due to a reduced LSPR/TSPR ratio. 

 

Similarly than for gold particles, aromatic thiols increase the reaction speed of the 

polymerization and producing longer chains, which is indicated by a red shifted LSPR band (see 

Appendix Figure 12.14). Nevertheless, the directing effect of aromatic thiols in the 

polymerization of silver NPs is reduced compared to gold NPs. Probably the dipole induction 

is decreased for the silver particles, which could be assigned to a bigger dipole-strengthening 

effect of aromatic thiols on gold {100} facets as already discussed in chapter 6.3 CONTROL BY 

THIOLS. The determined activation energies of the assembly process for gold and silver cubes 

are within an assimilable region (Ea(AgCub 1) = 75±5.7 kJ/mol (42-nm-sized AuCube = 

86.4±6.7 kJ/mol)183. Detailed information to the activation energy determination are given in 

section 6.1 KINETICS OF POLYMERIZATION and in the Appendix Figure 12.15 and Figure 12.16. Due 
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to a related activation energy, particle shape, surfactant and crystal structure (both face-

centered cubic), gold and silver nanocubes should be able to form copolymers and the 

elaborated reaction mechanism for gold NP-chains is probably transferable to silver NPs. The 

presumed reaction mechanism (ligand-induced dipole mechanism), supported by aromatic 

thiols and CPC catalysed, is displayed in Figure 8.1.2 a). As long as aromatic thiols (e.g. 4-

methoxythiophenol) are employed to support the polymerization reaction, only Oriented 

Assembly of the NPs and no Oriented Attachment (see chapter 9.1 ATTACHMENT IN SOLUTION) 

occured. By doing so, different sized gold and silver nanocubes (AuCub 1: ~40 nm and AgCub 

1: ~60 nm) were copolymerized with additional 4-methoxthiophenol as directing agent. The 

different sized particles facilitated the analysis and therefore the differentiation between 

silver and gold particles.  

 

 

 

 

 

Figure 8.1.2 Copolymerization of silver and gold cubes by Oriented Assembly. a) Proposed mechanism of 

the copolymerization of gold and silver cubes towards statistical plasmonic copolymers. Aromatic thiols 

support the ligand-induced dipole mechanism. b) TEM image of the synthesized copolymers. The silver cubes 

(AgCub 1) are framed grey and gold cubes (AuCub 1) are framed yellow. c) UV-vis absorption spectrum after 

10 min of copolymerization proves the formation of elongated and stable structures in solution. d) The ratio 

of gold to silver in the NP-chains is controllable. Here, the normalized absorbance of two different composed 

NP copolymers (black: Ag/Au = 3.1; red: Ag/Au = 0.9) is displayed.  
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Ex-situ analysis (TEM image in Figure 8.1.2 b) and SEM image in Figure 8.1.3) as well as in-situ 

UV-vis absorbance spectroscopy in Figure 8.1.2  c+d) demonstrate the chain formation. 

Concluding from TEM analysis, the polymer is a statistical copolymer, whereat a slight 

preference towards alignment of similar particles is observable. For classic copolymers, the 

ratio of monomer A to monomer B is controllable by the initial monomer concentrations.167 

Therefore, the initial silver and gold NP concentrations were varied to produce different 

composed NP-copolymers. By doing so, copolymers with a molar Ag/Au ratios of 0.9 and 3.1 

were obtained (see Table 8.1.1). The Ag/Au ratios in the copolymer were determined by EDX 

measurements (Figure 8.1.3). Interestingly, gold is preferentially integrated into the 

copolymer. If you compare the initial molar monomer ratio and the final ratio in the copolymer 

in Table 8.1.1, the amount of gold is disproportionately higher. The higher the initial gold 

amount, the bigger is its incorporation into the polymer. Thus, the gold particles are 

polymerizing faster due to a faster dipole induction or due to a higher dipole strength. This 

tendency was already visible in the separated polymerization of gold and silver cubes in Figure 

8.1.1. The affinity of thiols to metals as gold and silver strongly depends on the respective thiol 

structure. For example, thioctic acid shows a higher affinity for gold whereas thiomalic acid 

exhibits a higher affinity for silver particles.184 The performed experiments indicate that 4-

methoxythiophenol has a higher affinity for gold surfaces and therefore supports the gold 

integration (cf. Appendix Figure 12.17). Figure 8.1.2 d) displays the absorbance spectra of two 

different composed copolymers. If the amount of gold particles is increased, which is visible 

in an increased TSPRgold absorbance band of the gold NPs at around 535 nm, the LSPR/TSPR 

ratio (compare TSPRsilver band at 440 nm and respective LSPR band) increases. This indicates a 

more linear assembly of the particles. Therefore, gold particles have a supportive effect within 

the copolymerization of gold and silver cubes, caused by a stronger and more prominent 

surface dipole. 

Table 8.1.1 Silver to gold (Ag/Au) ratio determined by EDX measurements (cf. Figure 8.1.3) of two 

plasmonic copolymers with different initial molar silver to gold ratios. The reaction was mediated by 4-

methoxythiophenol and catalysed by CPC. 

Ag/Au ratio reaction mixture Ag/Au ratio copolymer 

1:1 0.9:1 

4:1 3.1:1 
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Figure 8.1.3 EDX investigations on obtained gold/silver cubes copolymers. SEM image of a copolymer 

(gold and silver cubes; AuCub 1 and AgCub 1) chain. The corresponding EDX mapping proves the existence of 

small gold (red) and bigger silver cubes (cyan) in the chain structure. The polymer is a statistical copolymer, 

whereat a slight preference towards alignment of similar particles is observable. The scale bar is 250 nm.  

 

The activation energy of Oriented Assembly of silver cubes (Ea = 75±5.7 kJ/mol) and gold TOH 

(TOH 4; Ea = 85±15.8 kJ/mol) are also comparable. Therefore, a copolymerization of similar 

sized gold TOHs (TOH 5) and silver cubes (AgCub 2) was tested. To support the polymerization, 

CPC and 4-methoxythiophenol was added to the reaction mixture. The ex-situ TEM 

investigations and in-situ absorbance spectroscopy analysis in Figure 8.1.4 insinuate a co-

assembly of the particles in solution. 

 

Figure 8.1.4 Copolymerization of gold TOH and silver cubes. The copolymerization of gold and silver 

particles is not limited to a cubic shape. Here, gold TOH and silver cubes are polymerized (AgCub 2 and AuTOH 

5), leading to stable NP chains in solution. a) UV-vis absorption spectrum of the NP chains (red: smoothed 

signal) and b) corresponding TEM images of the structures.   
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Thereby, the well separated TSPR bands of gold (λ = 531 nm) and silver (λ = 523 nm) in 

combination with a LSPR band in the NIR region indicates the formation of separated NP-

chains. The TEM images further show that the different shaped particles form a statistical 

copolymer as previously seen for cubic gold and silver particles (cf. Figure 8.1.2).  

Another important parameter for the chain-like assembly of the NPs is the size homogeneity 

(cf. 7.1 CONTROL BY PARTICLE SHAPE). Therefore, the influence of different sized gold and silver 

particles was investigated. The diameter ratio from Ag/Au particles was varied between 1-1.76 

and different shaped particles (AgCub/AuCub; AgCub/AuTOH) were copolymerized with 

directing aromatic thiols (4-methoxythiophenol and 2-naphthalenethiol), since aromatic thiols 

showed the highest directing effect (cf. Table 7.3.1). Thereby, the copolymerization of AgCub 

and AuCub with diameter ratios of 1.02 (AgCub 1/AuCub 2) and 1.48 (AgCub 1/AuCub 1) 

resulted in chain-like assembled copolymers according to TEM investigations (Figure 8.1.2 b) 

respectively). The chain-like co-assembly of AuTOH and AgCub particles was also obtained by 

using particles with a diameter ratio of 1.0 (cf. Figure 8.1.4). In contrast to that, a diameter 

ratio of 1.76 (AgCub 1/AuTOH 2) resulted in a separation of the different sized particles (see 

Appendix Figure 12.18 for TEM investigations). Therefore, a certain conformity of interface 

forming facets is necessary to enable a proper alignment.  
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8.2 Conclusive Summary of Chapter 8 

 

Analogue to the polymerization of gold particles, the copolymerization of gold and silver 

particles is possible and can be described with a ligand-induced dipole mechanism. The 

polymerization of silver particles exhibits further similarities to gold particles and thus the 

cationic surfactant CPC in the polymerization mixture catalyses the assembly process (see 

chapter 5 POLYMERIZATION OF NANOPARTICLES). The dipole induction is favoured for gold particles, 

whereby the assembly of only silver cubes is less controllable and less linear. Since gold and 

silver particles - assembled by the presented ligand-induced dipole mechanism - have 

comparable activation energies, the copolymerization of different composed nanoparticles 

was feasible. Analysis of the copolymers show, that the use of thiolated ligands is essential to 

support a 1D assembly of the NPs. Again, aromatic thiols as 4-methoxythiophenol or 2-

naphthalenethiol have the best influence on the assembly process. The formation of statistical 

copolymers was acchieved, at which the co-existence of gold and silver cube nanoparticles 

was demonstrated by EDX, TEM and UV-vis absorption measurements. The copolymerization 

is limited to diameter - respectively interface area - fitting gold and silver particles. A big size 

difference leads to separation of the different particle systems instead of a co-assembly. In 

addition, the composition of the NP-chains is controllable. By varying the initial gold/silver 

ratio, the amount of each metal in the final NP chains is easily adjustable. Copolymerization 

of silver and gold NPs is not limited to a similar particle shape. Thereby, the combination of 

gold TOHs and silver cubes forming statistical copolymers was performed successfully. 
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8.3 Experimental Part – Plasmonic Copolymers   
 

8.3.1 Materials and Methods 
 

Materials Cetylpyridinium chloride (CPC) was purchased from SIGMA-ALDRICH. Ethanol ≥ 

99.8 % p.a. was ordered from CARL ROTH and deionized water (Milli-Q) was purified before use 

with a MILLI-Q Direct8 device (conductivity: 17.0 µS/cm). 4-Methoxythiophenol was purchased 

from ABCR.  

 

Methods Transmission electron microscopy (TEM) images were recorded with a ZEISS 

TEM LIBRA operating at 120 kV and HR-TEM images were taken with a JEOL JEM-2200FS 

operating at 200 kV. SEM images were recorded with a ZEISS GEMINI 500. EDX experiments 

were taken with a HITACHI Table-Top SEM TM3000 and a ZEISS GEMINI 500 equipped with an 

OXFORD EDX detector. TEM or SEM samples were prepared as follows: TEM grids or silicium 

wafer were placed in the reaction solution and centrifuged at 9000 rpm for 2 min to reduce 

drying artefacts. The samples were removed and washed for a few seconds with ethanol to 

remove imaging perturbing surfactant. UV-vis absorbance measurements were performed 

with a VARIAN CARY 50 BIO UV-VISIBLE spectrophotometer equipped with a thermostat.  

 

8.3.2 Experimental Procedures 
 

Copolymerization of Gold and Silver NPs  For the copolymerization experiments, 

typically 62.5 µl of a gold (0.49 mg/ml) and silver (1.3 mg/ml) nanoparticles mixture with 

different ratios (stabilized in aqueous solution) was preliminary prepared in a small vessel. 

Then the mixture was injected into a solution containing 0.5 ml of 0.1 M CPC solution and 

0.5 ml (10 mM) of respective thiol solution (both dissolved in EtOH). The temperature was set 

to 22-23 °C. 
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Table 8.3.1 Summary of the experimental parameters of the performed experiments shown in chapter 
8 PLASMONIC COPOLYMERS BY ORIENTED ASSEMBLY. 

a4-methoxythiophenol 

 

 

 

 

 

 

 

 

 

 

 

experiment 

(resp. Figure) 

amount of added 

nanoparticles 

final surfactant 

concentration 

ethanol : 

water [ml] 

final thiol 

conc. 

Fig. 8.1.1 31.25 µl of AgCub 1 0.05 M CPC 1 : 0.03 - 

Fig. 8.1.2 b) 

 

Fig. 8.1.2 d) 

15 µl of AgCub 1 

+ 30 µl of AuCub 1 

i) 85 µl of AuCub 1 

+ 30 µl of AgCub 1 

ii) 75 µl of AgCub 1 

+ 50 µl of AuCub 1 

0.05 M CPC 

 

0.05 M CPC 

 

0.05 M CPC 

 

1 : 0.045 

 

2 : 0.125 

 

2 : 0.125 

5 mM Thiola 

 

5 mM Thiola 

 

5 mM Thiola 

Fig. 8.1.3 75 µl of AgCub 1 

+ 50 µl of AuCub 1 

0.05 M CPC 2 : 0.125 5 mM Thiola 

Fig. 8.1.4 15 µl of AgCub 1 

+ 30 µl of AuCub 1 

0.05 M CPC 1 : 0.045 

 

5 mM Thiola  
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9 Oriented Attachment of Metal Nanoparticles 

 

In contrast to Oriented Assembly, Oriented Attachment is defined by crystallographic fusion 

of the nanomers, which results in single crystalline particles. So far, the term polymerization 

of the NPs did not distinguish between Oriented Assembly and Oriented Attachment in this 

work. The determined kinetic model (analogue to a polyesterification) is based on the 

evaluation of time dependent UV-vis absorbance spectra. Here, you cannot distinguish 

Oriented Attachment and Oriented Assembly only by the absorption spectrum. It was 

assumed that the first step of particle approach, which both processes have in common, is the 

decisive step for the kinetics of the assembly. The following chapter focuses on the 

investigation of the polymerized structures via electron microscopy techniques to distinguish 

if the NP-polymers are formed by Oriented Assembly or Oriented Attachment. Furthermore, 

different factors will be evaluated which are decisive for the respective reaction path 

(Attachment or Assembly). 

 

9.1 Attachment in Solution 

 

The kinetics of the NP polymerization process is excessively discussed in chapter 6.1 KINETICS 

OF POLYMERIZATION regarding the mechanism, rate constants and activation energies. The rate 

constant and activation energies were found to be strongly dependent on the particle 

diameter, which is displayed in Figure 9.1.1 a) for TOH NPs. Note that in the following, all 

assemblies were catalysed by additional CPC (cCPC = 0.05 M) and no thiolated ligands were 

added. Interestingly, electron microscopy investigations of the assembled NP-chains showed 

that there is a critical particle diameter in case of TOH particles, which decides whether the 

particles are mainly aligned by dipole induced c) Oriented Assembly or b) Oriented Attachment 

(Figure 9.1.1). 
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Figure 9.1.1 Transition from Oriented Assembly to Oriented Attachment by size-dependency. a) 

Activation energies for polymerization (black) and Tmax rate constant (red) in dependence of particle diameter 

(particle system: TOHs). There is a size dependent transition from Oriented Assembly to Oriented Attachment 

(critical diameter around 34 nm). TEM images of b) Oriented Attachment and c) Oriented Assembly of TOH 

NPs. The scale bar is 50 nm. Reprinted with permission from [158]. Copyright {2021}. American Chemical 

Society. 

 

Thus the fusion of the TOH nanocrystals via {111} or {100} facets requires a critical surface 

area of touching interface (a critical diameter of 34 nm; surface area of (111) and (100) facets 

is around 125 nm2 each). At a comparable particle diameter, gold cubes exhibit (100) interface 

areas of around 575 nm2 and octahedras’ (111) facet has a surface of around 200 nm2 (see 

Figure 7.1.2 d)). The interface area was estimated via TEM investigations and the presumed 

particle shape. Those particles are not affected by fusion events. Consequently, as soon as the 

interface falls below a critical area, for example for small octahedra (Oct 1; diameter of 23 nm 
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and a surface area of ~ 90 nm2 of the (111) facet; Oct 2: ~ 130 nm2), Oriented Attachment can 

be observed (Figure 9.1.2 d)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.1.2 HRTEM images of fused NP by Oriented Attachment. a), b) and c) The HRTEM images show 

crystallographically fused TOHs. The former boundary surface is still visible. d) Oriented Attachment of small 

gold octahedra (Oct 2) result in fused NP chains. The particles partially lose their shape during fusion.  

 

Even for the smallest gold cubes (Cub 1), no fusion was detected. This gives rise to the 

conclusion that the required activation energy for the crystallographic fusion was still too high. 

Figure 9.1.2 demonstrates the fusion of TOH particles (a-c) and d) octahedra NPs (Oct 2). The 

HRTEM images b) and c) further illustrate the occurrence of particle deformation at the 

interface and crystal defects as edge dislocations or grain boundaries. Those defects are 

typical for Oriented Attachment.67 Especially grain boundaries occur where two crystals begin 

growing separately and then meet. The critical diameter for Oriented Attachment in solution 

strongly depends on the particle shape. As already mentioned, an interface area dependent 
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energetic barrier was supposed, which arises from removal of remaining surfactant on the 

particle surfaces. The {111} facets are frequently fused in case of TOH, were {111} and {100} 

facets form the interface (see also chapter 7.1 Even though a complete and frequent 

Attachment (fusion) of particles requires a minimal contact surface area, partial 

crystallographic fusion of particles is observable for bigger particles, too. The red and green 

box in Figure 9.1.3 demonstrates a partial fusion, whereas the blue box shows a complete 

fusion via the {111} facet of TOH 3 NPs. 

Figure 9.1.3 HRTEM investigations of partially fused TOH NPs. A, B) Partially fused TOH 3 NPs (red box 

and green box) and respective corresponding FFT pattern (inserted) of particle 1 and 2. Blue box shows a total 

fusion of two TOH particles via the {111} facet.   

 

Therefore, the transition from Oriented Assembly to Oriented Attachment can not be 

seen as a sharp border. It is rather like a smooth transition. Regarding the surface energies of 

different gold facets, the energy increases as follows: (111) < (100) < (110).185 In general, 

Oriented Attachment frequently occurs on high-surface-energy faces.64,67 The thermodynamic 

driving force in the Oriented Attachment events is the surface energy reduction. Thereby, the 

TOH particles show an unaccepted Attachment behaviour by fusing frequently over the {111} 

low energy facets. Zhang et al. delivered an explanation of experimental observation of 

Oriented Attachment on relatively low energy surfaces, which counteracts the 

thermodynamic explanation and understanding of Oriented Attachment, by orientation-

specific long-range interatomic interactions.186 Thus, Oriented Attachment via low energy 

faces is not unknown. Probably the dipole induction is favoured on the {111} facets due to low 
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surface energy and a subsequent increase of the surfactant-layer dynamics (increased 

adsorption-desorption equilibrium). This would explain, why preferentially {111} facets act as 

the interface for the polymerized TOH NPs (compare Figure 7.1.3). Thereby, the 

polymerization is kinetically and not thermodynamically driven. In a second step, if the 

activation energy is low enough, crystallographic fusion occurs on the particle-particle 

interface. When thiolated ligands (like MUA or 4-methoxythiophenol) were used, Oriented 

Attachment does not happen even though there is a sufficient small particle interface area. 

This is also shown in Figure 9.1.4, demonstrating the polymerization results with the use of 

MUA (a) and without (b) is compared.  

 

Figure 9.1.4 Oriented Assembly versus Oriented Attachment: Thiols hinder the fusion process. a) Gold 

NPs polymerized with thiolated ligands, show no crystallographic fusion (ligand: MUA). b) The same 

nanoparticles (TOH 2) are fusing during polymerization (Oriented Attachment), when there are no thiolated 

ligands at the interface. Reprinted with permission from [158]. Copyright {2021}. American Chemical Society. 

 

 

Probably the adsorbed thiols hinder the Attachment process by increasing the activation 

energy for crystallographic fusion significantly, which would require the complete desorption 

of the bound thiols.  
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9.2 Attachment on Substrate 

 

The amount of possible applications can be increased by providing fused NP-chains, which 

changes for example the electric conductivity significantly. The utilization of assembly 

supporting thiolated ligands, or the use of bigger particles inhibits Oriented Attachment (cf. 

section 9.1 ATTACHMENT IN SOLUTION) at room temperature.  As the crystallographic fusion 

requires a sufficient activation energy an increase of temperature may induce the fusion of 

already assembled nanoparticles since most ligands cannot withstand high temperature.187,188  

Here, the assembly process was catalysed by CPC addition and further supported by the 

addition of 4-methoxythiophenol. The assembled NPs (aligned by Oriented Assembly) were 

transferred to different substrates, namely silicon wafer and carbon supported TEM grids by 

centrifugation as described before (see 5.2 DESTABILIZATION WITH ETHANOL AND CPC). Afterwards, 

the substrates were treated with high temperatures (350 °C, for 30 min in air) in order to 

induce the fusion. Note, that the heat-induced fusion was observed for both kinds of substrate 

(silicon wafer and TEM copper grid). Figure 9.2.1 displays TEM and HRTEM investigations of 

the fused NP chains. SEM images of the fused particles are presented in the Appendix Figure 

12.19. The TEM image displayed in Figure 9.2.1 a) demonstrates the NP-chains before the heat 

treatment. After the treatment, a complete fusion of the NP chains was observed (Figure 9.2.1 

b)). Thereby most of the particles (here: gold nanocubes Cub 3) loose their shape during fusion 

completely (see HRTEM images in Figure 9.2.1 c) and d)). This is in contrast to NP chains that 

have been formed by Oriented Attachment in solution (see 9.1 ATTACHMENT IN SOLUTION), where 

the NP preserved their shape widely. Again, the formed worm-like structures exhibit dark lines 

in the TEM images on the former particle-particle interfaces. Probably the enhanced contrast 

originates from crystal defects like grain boundaries as already reported for the Oriented 

Attachment (cf. section 9.1 ATTACHMENT IN SOLUTION). Inclusions of residual surfactant and 

accordingly thiolated ligands are unlikely, since the temperature induce thermal degradation 

of those compounds. In summary, the heat treatment of already assembled NPs offers the 

possibility to obtain fused NP chains, which were polymerized by additional thiolated ligands 

or which are too big for the Oriented Attachment process.  
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Figure 9.2.1 Crystallographic fusion of NP-chains by heat treatment. TEM and HRTEM images of fused NP 

chains on a substrate. a) Formed NP chains (Oriented Assembly) before heat treatment. The particles are 

separated and not fused. b) After heating up to 350 °C the particles show crystallographic fusion. HRTEM 

investigation in c) and d) display that the particle shape is partially preserved (c). However, most of the 

particles lose their shape totally and form worm-like structures (d).  
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9.3 Conclusive Summary of Chapter 9 

 

Temperature dependent kinetic studies already revealed that the NP assembly process 

strongly depends on particle shape and size (see chapter 6.1 KINETICS OF POLYMERIZATION). For 

TOH particles size-dependent activation energy was determined, whereat an energetic 

minimum was found for particles with a diameter of around 34 nm. Electronic microscopy 

investigations revealed that for small TOH particles, interestingly beginning from a diameter 

of around 34 nm, crystallographic fusion of the NP chains is observable (compare Figure 9.1.1). 

Hence, there is a transition from Oriented Assembly (nanoparticle diameter over 37 nm) to 

Oriented Attachment (nanoparticle diameter under 34 nm) in the elaborated CPC catalysed 

polymerization setup. The size-dependency was also shown for gold nano-octahedra. The 

frequently occurring fusion of {111} facets was observed, even though those facets are not 

the high energetic faces. Possibly, the ligand-induced dipole mechanism is accountable for 

that phenomenon. Due to a facilitated dipole induction on this facets, the particle-particle 

interface is primarily provided by the {111} facets. As the Oriented Assembly is a pre-stage of 

the Oriented Attachment process, a complete reorientation of the NPs is not likely and 

energetically challenging. It was further concluded, that the size dependent activation energy 

for the crystallographic fusion is the reason for not-occurring fusion of the used nanocubes. 

By comparing the investigated NPs, the primarily exposed facet-surfaces are decreasing from 

cubes ({100}) > octahedra ({111}) > TOHs ({111}, {100}). Even the smallest available nanocubes 

exceed the interface-forming surface of the 34 nm sized TOH particles. Therefore, a critical 

interface surface for Oriented Attachment was inferred to be lower than ~ 125 nm2, at which 

the crystallographic facets have a great influence, too. The bigger the interface, the higher is 

the amount of surfactant, which has to be removed for the NP-fusion. This finally leads to a 

size/surface-dependent activation energy for Oriented Attachment. The application of 

polymerization supporting thiolated ligands prevents fusion-events and therefore supports 

the proposed theory of a critical activation energy for the crystallographic fusion, since the 

thiols are strongly bound to the interfaces. The assembled NP-chains (not fused) can be 

transferred to substrates as silicon wafer (analogue to the method used in chapter 6.1 KINETICS 

OF POLYMERIZATION). Subsequent heat treatment (around 350 °C) resulted in the fusion of the 

NPs, albeit the NPs exhibited Attachment hindering properties as a high interface area or 

thiolated ligands. Thereby, the particles partially lose their shape and have to be differentiated 
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from the classic Oriented Attachment process presented in section 9.1 ATTACHMENT IN SOLUTION. 

Nevertheless, the subsequent heat treatment provides a higher variety of crystallographic 

fused NP-chains (longer and more linear structures, cf. chapter 6.2 SIZE AND LENGTH DISTRIBUTION) 

aligned by Oriented Assembly. 
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9.4 Experimental Part – Oriented Attachment 
 

9.4.1 Materials and Methods 
 

Materials Cetylpyridinium chloride (CPC) was supplied by SIGMA-ALDRICH. Ethanol ≥ 99.8 % 

p.a. was ordered from CARL ROTH and deionized water (Milli-Q) was purified before use with a 

MILLI-Q Direct8 device (conductivity: 17.0 µS/cm). 4-Methoxythiophenol was provided from 

ABCR.  

 

Methods Transmission electron microscopy (TEM) images were recorded with a ZEISS 

TEM LIBRA operating at 120 kV. HRTEM images were recorded with a JEOL JEM-2200FS operating 

at 200 kV. SEM investigations were performed with a ZEISS GEMINI 500. TEM or SEM samples 

were prepared as follows: TEM grids or silicon wafer were placed in the reaction solution and 

centrifuged at 9000 rpm for 2 min. The substrates were removed and washed for a few 

seconds with ethanol. UV-Vis absorbance measurements were executed with a VARIAN CARY 

50 BIO UV-VISIBLE spectrophotometer equipped with a thermostat.  

 

9.4.2 Experimental Procedures 
 

Oriented Attachment (TOH/Octahedra) The particles were polymerized by a solvent 

exchange. The CPC stabilized nanoparticles were injected into CPC containing EtOH. In a 

typical experiment 125 µl of aqueous particles (0.49 mg/ml) were added into 2 ml of 0.05 M 

CPC solution (solved in EtOH). The temperature was set to 22-23 °C.   

 

Polymerization (Cubes/TOH/Octahedra) with thiol  The particles were destabilized by 

a solvent exchange. Therefore, the stabilized nanoparticles were injected into CPC and thiol 

containing EtOH solution. Typically, 62.5 µl of aqueous Gold Nanoparticles (0.49 mg/ml) were 

added to a mixture of 0.5 ml of CPC solution and 0.5 ml of 10 mM 4-methoxythiophenol 

solution (both dissolved in EtOH). The temperature was set to 22-23 °C. 
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Attachment on Substrate After polymerization of the NPs, the NP chains were transferred 

to the substrate by centrifugation (9000 rpm, 2 min; cf. 5.3 SECTION TRANSFER OF NP-POLYMERS 

ONTO SUBSTRATES). The procedure is analogue to the TEM/SEM sample preparation. The 

substrate was washed with ethanol to remove excess surfactant, which hinders imaging.    

 

Table 9.4.1 Summary of the experimental parameters of the performed experiments presented in 
chapter 9 ORIENTED ATTACHMENT OF METAL NANOPARTICLES. The reaction temperature was set to room temperature 
(22-23 °C) for all listed experiments. 

a 5 mM MUA 

 

 

 

 

 

 

 

 

 

 

  

experiment 

(resp. Figure) 

amount of added 

nanoparticles 

final surfactant 

concentration 

ethanol : water [ml] 

Fig. 9.1.1 b)  125 µl of TOH 2 0.05 M CPC 2 : 0.125 

Fig. 9.1.1 c) 

Fig. 9.1.2 a+b) 

125 µl of TOH 3 

125 µl of TOH 2  

0.05 M CPC 

0.05 M CPC 

2 : 0.125 

2 : 0.125 

Fig. 9.1.2 c+d) 

Fig. 9.1.3 

125 µl of Oct 2 

62.5 µl of TOH 3 

0.05 M CPC 

0.05 M CPC 

2 : 0.125 

1 : 0.062 

Fig. 9.1.4 a) 62.5 µl of TOH 2 0.05 M CPC 1 : 0.062 

Fig. 9.1.4 b) 62.5 µl of TOH 2  0.05 M CPCa 1 : 0.062 
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10 Electronic Conductivity of Gold NP-Chains 
 

Since differently composed NP-chains (with or without thiolated ligands), crystallographically 

fused and not fused (Oriented Attachment and Oriented Assembly respectively) NP-chains 

were obtained, electronic conductivity measurements reveal intrinsic properties of the chains 

and can further provide possible applications. 

 

10.1 Conductivity Measurements by in-situ Nanoprobing 
 

In order to investigate the electronic conductivity of the formed gold NP-chains, micron sized 

gold electrode structures were produced on silicon wafer with a 1 µm thick thermal oxide 

layer due to a certain conductivity of the p-doped silicon itself by lithography methods (for 

more details see experimental part). By doing so, electrode structures as pictured in Figure 

10.1.1 a) were realized. The distance between the single finger-electrodes was varied from 

200 to 550 nm. According to the found chain length distribution (cf. chapter 6.2 SIZE AND LENGTH 

DISTRIBUTION) a distance between 200 and 300 nm is the most suitable to achieve an electrode 

connection via a single NP-chain. The polymerization was realized with the typical parameters 

elaborated and presented in chapter 5 POLYMERIZATION OF NANOPARTICLES (particle system: gold 

TOH 4). The assembly process was catalysed by CPC addition and optionally was mediated by 

thiolated ligands (4-methoxythiophenol). Then, the formed NP-chains were transferred onto 

the structure bearing substrates by the developed centrifugation method (see chapter 5.3 

TRANSFER OF NP-POLYMERS ONTO SUBSTRATES) after 4-5 min polymerization time. Longer 

polymerization times lead to a broader length distribution and thereby hinder reproducibility 

and feasibility of the conductivity measurements. In general, the conductivity of the NP-chains 

mainly depends on the quality of the NP-to-electrode contact, the particle-particle distance 

and the chain-length. These factors and the quantitative influence on the electric conductivity 

of the chains will be presented and discussed in the following. Figure 10.1.1 displays the 

conductivity measurements on thiol mediated TOH NP-chains. The SEM image in Figure 10.1.1 

b) demonstrates that the chain is slightly less overlapping with the gold electrode on the right 

end of the NP-chain (yellow box) compared to the left side (blue box). The conductivity 

measurement (current vs voltage) revealed an electric resistance Rvac of 1.69 ∗ 108 Ω. Here, 
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five subsequent forward-backward scans were performed to check the stability of the NP-

chains, which can sinter due to Joule heating.189,190 The measured NP-structures were 

analysed by SEM after the conductivity measurement at which a structure change was not 

observed. The NP-chains exhibit a direct proportional electric behaviour, which is reflected in 

a linear current-voltage curve in Figure 10.1.1 d) in a range of -0.1 V to +0.1 V. The measured 

current-voltage curve in a bigger range of -0.5 V to +0.5 V (Figure 10.1.1 c) revealed a deviation 

of an ohmic behaviour at higher voltages, probably resulting from heating-effects due to the 

chain resistance (Joule heating).191 In addition, the non-linear current versus voltage 

behaviour, as well as the zero-bias resistance of around 100 MΩ to GΩ indicates a contact of 

the high-resistance tunnelling type.110  

 

Figure 10.1.1 Conductivity measurements of aromatic thiol functionalised (4-methoxythiophenol) gold 

TOH NP-chains on 300 nm distanced electrodes. The nanoprobes are visible at the bottom. a) SEM image of 

the different sized electrode structures on the Si/SiO2 wafer. b) SEM image of a single NP-chain connecting 

two electrodes. The right side (yellow box) is less overlapping with the electrode compared to the left (blue 

box). c) and d) Conductivity measurements (current vs voltage) for different voltage regions on the shown NP-

chain. 
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Therefore, the conductivity measurements in the following will be restricted to a voltage range 

of ±0.1 V to avoid disturbing heating of the NP-chains. However, the I-V curves, even for the 

higher voltage range, show a symmetrical behaviour, which indicates that the connection of 

the NP-chain to both electrodes (cf. yellow and blue box in Figure 10.1.1 b) is sufficient. Figure 

10.1.2 displays the measurement of a thiol mediated TOH-chain, whereat both ends of the 

NP-chain are connected to the electrodes sufficiently (Figure 10.1.2 a)). The resulting 

conductivity measurement (I-V curve in Figure 10.1.2 b)) reveals a resistance of Rvac = 4.65 ∗

107 Ω. Thus, the resistance is decreased by a factor of 3.5. Table 10.1.1 summarizes measured 

resistances Rvac and the corresponding length of the shortest path between the connected 

electrodes through the NP-chain. As expected, a shorter path results in a better conductivity. 

In addition, the TOH-chain in Figure 10.1.2 exhibits branching and partially 2-dimensional 

assembled particles, which also reduces the resistance. In general, a determination of the 

conductivity from the measured zero-bias resistance requires considerations of the 

nanoparticle dimension, shape and the path length.191-193 

 

Figure 10.1.2 Conductivity measurements of gold TOH NP-chains assembled by thiolated ligands (4-

methoxythiophenol) on 250 nm distanced electrodes. a) Close-up SEM image of the analysed NP-chain. The 

NP-chain ends are connected to the electrodes sufficiently by overlapping them. d) Current-voltage curve 

measured on the gold TOH NP-chain.  

 

As already pointed out in chapter 7.1 CONTROL BY PARTICLE SHAPE, the particle-particle distance is 

almost doubled (from 0.79 nm without thiol to 1.36 nm with thiol) by using thiolated ligands. 

Therefore, an increased resistance in the case of NP-chains with thiols at the interface was 

expected.192,194 Figure 10.1.3 displays the conductivity experiments of gold TOH NP-chains 

(TOH 4), analogous to the conductivity measurements presented above. The distance of the 
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used electrodes was around 250 nm and the investigated chain is 315 nm long (cf. Table 

10.1.1) and connected sufficiently to both electrodes according to SEM analysis (see SEM 

image in Figure 10.1.3 a)). 

 

Figure 10.1.3 Conductivity measurements of gold TOH NP-chains (electrode distance: 250 nm), which were 

assembled without thiolated ligands. a) SEM image of the electrode structure and the two electrodes of 

interest including the connecting NP-chain. b) Conductivity measurement of the gold TOH NP-chain. The slope 

of the regression offers the resistance Rvac. 

 

The detected resistance was Rvac = 7.05 ∗ 105 Ω for the NP-chain (cf. Figure 10.1.3 b), Table 

10.1.1). Thereby, the resistance is decreased drastically (up to two orders of magnitude) 

compared to the thiol containing NP-polymers. Those results are in agreement with the 

assumption of thiolated ligands increasing the internal resistance strongly by increasing the 

particle-particle distance. The difference of resistance between thiolated and non-thiolated 

chains is also displayed in the Rvac/Chain-length value (Table 10.1.1), which is around two 

orders of magnitude higher in the case of thiolated NP-chains. 

Table 10.1.1 Summary of the analysed NP-chains (consisting of TOH 3 particles). The table shows the used 
thiolated ligand, length of the shortest path within the NP-chain and the obtained resistance Rvac. 

a See Appendix Figure 12.20 for SEM image and conductivity measurement.  

used 

nanoparticles 

used thiolated  

ligand 

length of 

shortest path 

Rvac /  Ω 

 

Rvac/length 

/  Ω/nm 

TOH 3 

TOH 3 

TOH 3a 

TOH 3 

4-methoxythiophenol 

4-methoxythiophenol 

- 

- 

561 nm 

475 nm 

570 nm 

315 nm 

1.69 ∗ 108  

4.65 ∗ 107 

2.71 ∗ 106  

7.05 ∗ 105 

3.01 ∗ 105 

9.78 ∗ 104 

4.75 ∗ 103 

2.24 ∗ 103 
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10.2 Conclusive Summary of Chapter 10 
 

Differently polymerized NP-chains, with and without thiolated ligands were analysed 

regarding their electric conductivity. Therefore, nanometer sized (40 nm thick; distance 

between electrodes varied between 200 to 550nm) gold finger-electrode structures with a 

3 nm chrome layer underneath were produced by electron beam lithography (EBL). By 

transferring assembled NP-chains from the reaction solution onto the structure bearing 

Si/SiO2 substrate by centrifugal forces, bridging of the electrodes was succeeded. In addition, 

the differently distanced finger-electrodes confirm the determined mean length of the gold 

NP-chains (cf. 6.2 SIZE AND LENGTH DISTRIBUTION). The 200 and 300 nm distanced electrodes 

match the mean chain-length (4-5 min of polymerization) best and the gold NP-chains enabled 

a sufficient bridging of opposite electrodes. Subsequently conductivity measurements (I-V 

curves) revealed a linear current-voltage behaviour between ±0.1 V and a non-linear 

behaviour for higher voltages (±0.5 V). The non-linear behaviour at higher voltages and the 

measured high resistances insinuates a high-resistance tunnelling type contact,110 which is 

typical for particle-particle distances > 0.5 nm.195 The particle-particle distance, controllable 

by the used thiolated ligands, influence the conductivity of the formed NP-chains significantly. 

The larger the distance, the bigger is the internal resistance and therefore allows tuning of the 

conductivity. 
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10.3 Experimental Part – Electronic Conductivity of Gold NP-chains 
 

10.3.1 Materials and Methods 
 

Materials Cetylpyridinium chloride (CPC) was provided by Sigma-Aldrich. 4-

Methoxythiophenol was ordered from abcr. Ethanol ≥ 99.8 % p.a. was purchased from CARL 

ROTH and deionized Water (Milli-Q) was purified before use with a MILLI-Q Direct8 device 

(conductivity: 17.0 µS/cm).  

 

Methods SEM investigations were performed with a ZEISS GEMINI 500. Samples were 

prepared as follows: Si/SiO2 substrates were placed in the reaction solution and centrifuged 

at 9000 rpm for 2 min after 3-4 min of reaction time. The samples were removed and washed 

for a few seconds with ethanol to remove imaging perturbing surfactant. Silicon (Si) substrates 

with a 1000 nm (±5%) thick thermally grown silicon dioxide (SiO2) layer from ACTIVE BUSINESS 

COMPANY GMBH were cut into 10 mm x 10 mm pieces. The silicon is boron doped, i.e. p-doped, 

with a resistivity of 10-20 Ωcm. The substrates were cleaned in deionized water, followed by 

acetone and isopropanol (IPA) in an ultrasonic bath for ten minutes each. Finally, the samples 

were dried with pressurized nitrogen flow. Afterwards, the positive electron-beam resist 950 

K PMMA A6 from MICROCHEM was spin-coated with 5000 rpm for 30 s (acceleration speed 2500 

rpm), which resulted in a film thickness of roughly 480 nm. The PMMA film was prebaked in 

an oven at 170 °C for 30 min. For lithography the samples were placed into the field emission 

scanning electron microscope (FESEM) ZEISS CROSSBEAM 1540XB, which is controlled by a EBL 

system from RAITH. An electron beam of 200 µA s cm-2, a working distance of 5 mm and a 30 

µm aperture were used to write electrode structures with spacings between 200 and 550 nm. 

After exposure the resist was developed by immersion in 1:3 MIBK:IPA mixture for 50 s and 

IPA for at least 1 min. Then, 3 nm Cr followed by 40 nm Au was thermally evaporated on the 

structured substrates. Finally, a lift-off process was applied (1 min ultrasonication in acetone) 

and the samples weredried with pressurized nitrogen flow.For in-situ I-V measurements a 

nanoprobing system from IMINA TECHNOLOGIES was transferred to the SEM chamber, which 

enables the usage of up to four individual miBot nanoprobers. Tungsten tips with a radius of 

1000 nm were used for measurements. First the respective NP-chain bridging the electrode 

gap was searched in the SEM, then two miBot nanoprobers were navigated to this position by 
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the software with an accuracy of 60 nm and the tips are brought in contact with one electrode 

each. The nanoprobes were connected to a Keithley 2401, which can be controlled remotely 

by a Matlab program to perform in-situ I-V measurements (voltage range: 1 µV-20 V, current 

range: 10 pA-1 A).  

 

 

10.3.2 Experimental Procedures 
 

Polymerization (TOH) with/without thiolated ligand  Water stabilized nanpar-

ticles were injected into CPC and thiol containing ethanol mixture. Thereby, 32.5 µl of aqueous 

gold nanoparticles (0.49 mg/ml) were added to a mixture of 1 ml of 0.1 M CPC solution and 

1 ml of 10 mM 4-methoxythiophenol solution (dissolved in ethanol). In case of no thiol 

addition, the particles (32.5 µl) were added to 2 ml of 0.05 M CPC solution. The temperature 

was set to 22-23 °C.  

Table 10.3.1 Summary of the experimental parameters for the investigated NP-chains presented in 
chapter 10 ELECTRONIC CONDUCTIVITY OF GOLD NP-CHAINS. The reaction temperature was set to room temperature 
(22-23 °C) for all listed polymerizations. 

a 4-methoxythiophenol 

 

Attachment on Substrate The NP-chains were transferred to the substrate by 

centrifugation (9000 rpm, 2 min) after 4-5 min of polymerization time. The procedure is 

analogue to the TEM/SEM sample preparation reported before (see also chapter 4.3 TRANSFER 

OF NP-POLYMERS ONTO SUBSTRATES). The substrate was washed with ethanol to remove 

redundant surfactant on the substrate.  

  

experiment 

(resp. Figure) 

amount of added 

nanoparticles 

final surfactant 

concentration 

ethanol : 

water [ml] 

final thiola 

conc. 

Fig. 10.1.1 b) 

Fig. 10.1.2 

Fig. 10.1.3 

32.5 µl of TOH 3 

32.5 µl of TOH 3 

32.5 µl of TOH 3 

0.05 M CPC 

0.05 M CPC 

0.05 M CPC 

2 : 0.03 

2 : 0.03 

2 : 0.03 

5 mM 

5 mM 

- 
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11 Summary and Outlook 
 

Using nanoparticles as building blocks stands as a promising approach for the tailored 

synthesis of complex structures on the nano- to mesoscale. Even though great achievements 

have been made in two-dimensional (2D) and three-dimensional (3D) spatial control of 

nanoparticle assemblies, the one-dimensional (1D) assembly of nanoparticles remains still as 

a challenge. For example, the ratio of surface areas for 1D, 2D and 3D assemblies is around 

20/10/1 (taking around 27000 NPs into account).85 Considering a general minimization of the 

surface energy within a NP aggregation, the high surface area of one-dimensional assembled 

NPs causes a decreased stability and fabrication difficulty of those structures.  

In this doctoral thesis, concepts of classical polymer chemistry have been transferred to the 

one-dimensional assembly (polymerization) of gold and silver nanoparticles in solution 

yielding to the development of new methods for the controlled synthesis of stable, highly 

anisotropic and high surface energy NP-structures. Thereby, mechanistic and kinetic studies 

reveal a size-dependent transition from Oriented Assembly (no fusion of the particles) to 

Oriented Attachment (crystallographically fused particles) of gold nanoparticles. 

 

Summary 

This work focuses on the manipulation of the interaction between metal nanoparticles and its 

organization towards 1D structures. Before analysing the formation of different nanoparticle 

systems into hierarchically ordered and complex structures, monodisperse and homogenous 

particles are required. To this end a three-step seed-mediated growth method was utilized for 

the synthesis of differently shaped and sized single-crystalline gold nanoparticles (Chapter 4), 

in particular truncated cubeoctahedra (TOHs), cubes and octahedra, which are stabilized by a 

cationic surfactant (e.g. cetylpyridinium chloride). Thereby, the reaction parameters as the 

amount of added seed, amount of faceting growth directing agents and temperature were 

optimized. As a result monodisperse particles (DPI < 0.1; approved by complementary analysis 

techniques) with a controllable shape and diameters ranging from 20 nm to 60 nm were 

achieved. In addition, single-crystalline cubic gold-silver core-shell particles (silver nanocubes 

with a gold core) were synthesized by modifying a nanoparticle growth method of Gómez-

Graña et al (Chapter 4).37 The obtained library of nanoparticles provided an ideal model 
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system to investigate Oriented Assembly and Oriented Attachment of plasmonic 

nanoparticles in solution by in-situ techniques like time dependent UV-vis absorption.  

The assembly method developed in this thesis, only using specific nanoparticles, ethanol 

and cetylpyridinium chloride (CPC), resulted in well-defined one-dimensional assembled 

nanoparticles via ligand-induced surface dipoles. Note that comparable methods that have 

been reported so far suffer from the lack of assembly control.47 It was demonstrated by 

fluorescence and UV-vis spectroscopy that the use of additional CPC increases the absorption-

desorption dynamics of surfactant and consequently acts as catalyst in the assembly process 

(Chapter 5). Thereby the polymerization time of the nanoparticles could be reduced 

significantly and this bears potential for in-situ sensor applications of the synthesised NP-

chains. In addition, an ex-situ analysis procedure was introduced in Chapter 5 to provide a 

complementary analytical technique that could support in-situ UV-vis measurements. By 

utilizing centrifugal forces, the polymerization products were transferred directly from the 

reaction mixture onto substrates. Herein, the combination of electron microscope analysis 

and specifically designed image processing techniques enabled the feasible determination of 

chain-length distributions at different reaction stages (Chapter 6). Moreover, Chapter 6 

presents the implementation of an assembly mechanism, which is analogue to a step-growth 

polymerization mechanism. Consequently, the kinetic model of an adopted polyesterification 

has been applied to determine kinetic parameters as activation energy or rate constants of 

the assembly process. By doing so, principles of classical polymerization chemistry have been 

successfully transferred to the elaborated NP-polymerization method and provides insights 

into the extent of reaction or degree of polymerization. Thus, the tailor-made synthesis of NP-

polymers and its quantitative analysis was achieved. Furthermore, it was demonstrated that 

the polymerization can be terminated at different reaction times by a stabilization method. 

This control over the chain-length paves the way for the one-dimensional NP-structures that 

are even stable in aqueous solution (Chapter 6).  

In order to investigate the assembly process in detail, the influence of the morphology 

to the structure was studied in Chapter 7. Therefore, differently shaped gold particles were 

applied such as TOHs, cubes and octahedra demonstrating a strong shape-dependency within 

the assembly process (Chapter 7). In detail, TOH particles exhibit the narrowest chain length 

distribution and formation of the longest NP-chains due to the highest number of possible 

orientations for the chain-like assembly. Furthermore, temperature dependent kinetic studies 
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of the TOH NPs revealed a significant size-dependent activation energies dependency, at 

which an energetic minimum (Ea = 28.3±6.5 kJ/mol) was obtained for particles with a diameter 

of around 34 nm due to counteracting trends (VAN DER WAALS interaction vs dipole-dipole 

interaction). This work further demonstrates that a transfer from Oriented Assembly (particles 

assemble on similar facets) to Oriented Attachment (particles show crystallographic fusion) is 

feasible below a critical particle size (Chapter 9). Herein, the frequently occurring fusion of 

low energy {111} facets, which is uncommon but not unknown for Oriented Attachment, can 

be explained with the proposed ligand-induced dipole mechanism. Therefore, it has been 

shown that the crystallographic fusion needs a sufficient small particle-particle interface due 

to area dependent activation energy. The critical interface area for Oriented Attachment was 

inferred to be lower than approx. 125 nm2 in the presented polymerization process.  

Beside the particle size and shape, further possibilities of assembly controlling factors like 

external electric fields or thiolated ligands were investigated. Whereas nonaromatic thiolated 

ligands hinder chain-like assembly, aromatic thiolated ligands support the assembly and lead 

to the formation of longer gold NP-chains possibly caused by an increased strength of the 

induced surface dipoles due to delocalized electrons. Here, the bridge sites, which are most 

frequently on gold {100} facets,177 result in an advantageous geometry of the adsorbed 

aromatic thiols. Consequently, the supporting effect of aromatic thiols is the largest for cubic 

gold nanoparticles exhibiting mainly {100} facets. Since the assembly directing effect results 

from surface dipoles, an external electric field influences and supports the NP-assembly by 

aligning the dipoles. Thereby, an electric field bigger than 100 kVm-1 is necessary to obtain 

significant effects. External electric fields are an elegant way to manipulate the assembly 

process where the higher the electric field strength, the more elongated are the obtained 

structures. 

Analogue to the polymerization of gold particles, the copolymerization of gold and gold-

silver core-shell particles is feasible. By utilizing the presented assembly method, statistical 

copolymers were produced (Chapter 8). Here, the ratio of initial gold to silver-gold core shell 

particles determines the final composition of the NP-copolymer, at which a tendency to a 

facilitated incorporation of gold particles is observable.  

To evaluate potential fields of applications, the produced NP-chains were further 

analysed regarding their electric conductivity in Chapter 10. In this light, nanometer sized gold 
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finger-electrode structures were realized by electron beam lithography on Si/SiO2 substrates. 

To this end, the internal resistances of different long gold NP-chains and chains with distinct 

composition (with or without thiolated ligands) were determined. Here, a dependency 

between the particle-particle distance, the chain-length and the conductivity was 

demonstrated. Thiolated ligands increase the particle-particle distance by up to a factor of 1.7 

resulting in an increased electric resistance. Thus, electric properties of the NP-chains can be 

controlled by altering thiolated ligand and/or the NP-chain length. This demonstrates that the 

gold NP-chains have the initial potential as electric devices. 

 

 

Outlook 

This PhD project describes the successful development of a feasible method to produce one-

dimensional metal nanoparticle structures in solution. Thereby, a particle-particle interface 

dependent transfer from Oriented Assembly to Oriented Attachment was demonstrated. As 

the assembly mechanism is based on dipole-dipole interactions, the chain-like NP assembly is 

controllable by external electric fields. Since very high field strengths (> 100 kVm-1) are 

required for significant influence onto the assembly, a reduction of the electrode distance to 

the micrometer scale could improve the experiment design strongly. Especially, the 

combination of spatial confinement, external electric field and ligand induced dipole 

mechanism possibly lead to a further improved control of the one-dimensional assembly 

process. 

Furthermore, in the course of this PhD work a cooperation with the Department of Physics 

(University of Konstanz) under the guidance of Prof. Dr. Lukas Schmidt-Mende has been 

started with the aim to evaluate the electrical properties of the produced NP-chains. Thereby, 

electron beam lithography methods combined with in-situ Nanoprobing, and temperature 

dependent conductivity measurements provide an accurate and straightforward 

determination of conduction mechanisms and properties of the one-dimensional NP 

structures. This will ease the electrical characterization of many types of one-dimensional 

metal NP structures in the micrometer scale. 
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12 Zusammenfassung und Ausblick 
 

Die Verwendung von Nanopartikeln (NPs) als kleinste Bausteine ist ein vielversprechender 

Ansatz, um komplexe Strukturen in der Nano- bis Mesoskala herzustellen. Obwohl bereits 

große Erfolge im Bereich der zweidimensionalen (2D) und dreidimensionalen (3D) Anordnung 

von Nanopartikeln erzielt wurde, bleibt die eindimensionale Strukturierung eine 

Herausforderung. Das Oberflächenverhältnis von 1D, 2D und 3D Nanostrukturen beläuft sich 

beispielsweise auf 20/10/1 (Betrachtung von 27000 NPs).85 Da ein System generell bei der 

Agglomeration auf eine Minimierung der Oberflächenenergie zustrebt, ist die Herstellung von 

1D Strukturen aufgrund der hohen Oberflächenenergie erschwert und führt oft zu instabilen 

Strukturen. 

In dieser Doktorarbeit werden Konzepte der klassischen Polymerchemie auf die 

eindimensionale Anordnung von Gold- und Silber-Nanopartikeln übertragen, um eine neue 

Synthesemethode von stabilen, hoch-anisotropen Strukturen mit hoher Oberflächenenergie 

zu etablieren. 

 

Zusammenfassung 

Diese Doktorarbeit behandelt die Manipulation von Wechselwirkungen zwischen Metall-

Nanopartikeln und deren Anordnung zu 1D Strukturen. Um eine möglichst genaue Analyse des 

Systems zu bewirken, ist die Verwendung von monodispersen und einheitlichen Partikeln 

elementar. Daher wurde eine dreistufige Nanopartikelsynthese (‚seed-mediated growth 

method‘) verwendet, wodurch verschieden geformte, einkristalline Gold-Nanopartikel in 

einem breiten Größenspektrum erzeugt wurden (Kapitel 4). Hierbei wurden die 

Synthesebedingungen wie Menge der Partikelkeime, wachstumsdirigierende Agentien und 

Temperatur dahingehend optimiert, dass monodisperse (DPI < 0.1) abgeflachte Kuboktaeder 

(TOH), Würfel und Oktaeder in einem Größenbereich von 20-60 nm erhalten wurden. Neben 

den Gold-Partikeln wurden zusätzlich Gold-Silber ‚core-shell‘-Partikel synthetisiert, wobei eine 

modifizierte Synthesemethode von Grana et al. verwendet wurde (Kaptiel 4).37 Die somit 

erzeugte Auswahl an Gold- und Silber-Partikeln diente im Folgenden als Modelsystem für die 

Untersuchung von Oriented Assembly und Oriented Attachment Prozessen. 
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Dabei wurde eine Methode zur gezielten 1D Nanopartikelanordnung erarbeitet, die 

spezifizierte Nanopartikel, Ethanol und Cetylpyridiniumchlorid (CPC) verwendet. Die 

Anordnung beruht hierbei auf der Dipolinduktion auf der Nanopartikeloberfläche und 

übertrifft die Anordnungskontrolle von ähnlichen Methoden.47 Mittels Fluoreszenz- und UV-

vis-Spektroskopie konnte demonstriert werden, dass CPC in dem System als Katalysator 

fungiert, indem es die Absorption-Desorptions-Dynamik auf der Partikeloberfläche erhöht und 

somit die Oberflächenzugänglichkeit für Liganden erleichtert (Kapitel 5). Aufgrund der 

katalysierten Nanopartikel-Polymerisation wurden die Anordnungszeiten stark verkürzt. Dies 

ebnet somit den Weg für die Anwendung der NP-Ketten in in-situ Sensoren. Neben der in-situ 

Analyse des Anordnungsprozesses wurde im Zuge dieser Arbeit eine ex-situ Analysemethode 

entwickelt. Mittels Zentrifugalkräften war es möglich, die kettenartigen Nanostrukturen direkt 

aus der Reaktionslösung auf ein Substrat zu übertragen und damit den Assemblierungsprozess 

zu unterbrechen. Die Kombination aus Elektronenmikroskopiestudien und speziell 

entwickelter Bildverarbeitungstechnik erlaubt eine schnelle Ermittlung von 

Kettenlängenverteilungen zu verschiedenen Reaktionsstufen (Kapitel 6). Im Zuge dessen 

wurden erfolgreich Analogien zu der klassischen Stufenwachstumspolymerisation erarbeitet. 

Somit konnte ein angepasstes kinetisches Model der Polyveresterung auf den Nanopartikel-

Anordnungsprozess übertragen werden und damit kinetische Parameter wie 

Aktivierungsenergien oder Geschwindigkeitskonstanten des Assemblierungsprozesses 

ermittelt werden (Kapitel 6). Diese Arbeit demonstriert demnach die erfolgreiche 

Übertragung von Konzepten der klassischen Polymerchemie auf die Metall-Nanopartikel-

Assemblierung. Die Nanopartikelpolymerisation kann zudem zu beliebigen Zeitpunkten der 

Reaktion unterbrochen werden. Die erhaltenen Nanopartikelketten können daraufhin in 

wässriger Lösung stabilisiert werden (Kapitel 6). 

Um ein tieferes Verständnis des Anordnungsprozesses zu bekommen, wurde der Einfluss der 

Partikelmorphologie untersucht. Hierbei zeigte sich eine starke Abhängigkeit von der 

Partikelform. Da TOH-Partikel die größte Anzahl an Orientierungsmöglichkeiten für eine 

kettenförmige Anordnung besitzen, wurde bei deren Assemblierung die schmalste 

Kettenlängenverteilung erreicht (Kapitel 7). Die Größe der Partikel spielt eine weitere wichtige 

Rolle. Studien zur Aktivierungsenergie ergaben, dass diese stark von der Partikelgröße 

abhängt. Dabei wurde ein Minium bei einer TOH-Partikelgröße von 34 nm ermittelt, welches 

wahrscheinlich auf zwei gegensätzliche größenabhängige Trends (Van der Waals 
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Wechselwirkung versus Dipol-Dipol Wechselwirkung) zurückzuführen ist. Dabei kommt es bei 

eben dieser Partikelgröße zu einem Übergang von Oriented Assembly (Anordnung der Partikel 

an identischen kristallographischen Flächen) zu Oriented Attachment (Partikel fusionieren). 

Das Auftreten von Oriented Attachment Ereignissen ist somit eng mit der Größe der Partikel-

Partikel Grenzfläche verbunden, was auf eine flächenabhängige Aktivierungsenergie schließen 

lässt (Kapitel 9). Zudem konnte in dieser Arbeit gezeigt werden, dass der Dipol-basierte 

Anordnungsmechanismus das Auftreten von Oriented Attachment an niederenergetischen 

{111} Flächen erklären kann (Kapitel 9).  

Um die Anordnung noch stärker kontrollieren zu können, wurde zusätzlich der Einfluss von 

Liganden mit Thiolgruppen untersucht, welche generell eine starke Affinität für 

Goldoberflächen aufweisen. Hierbei zeigte sich, dass aromatische Thiole die Assemblierung 

unterstützen und zu längeren Ketten führen. Kubische Partikel werden dabei am besten 

dirigiert. Aufgrund von ‚bridge-sites‘ in den vorwiegend vorkommenden {100} Flächen bei 

kubischen Gold-Partikeln,177 ergibt sich eine vorteilhafte Geometrie der adsorbierten Thiol-

Liganden und die induzierten Oberflächendipole werden verstärkt (Kapitel 7). Da während der 

Assemblierung Dipole erzeugt werden, kann die Anordnung mittels eines externen 

elektrischen Feldes beeinflusst werden. Bei einer Feldstärke von 100 kVm-1 treten signifikante 

Änderungen der Kettenlänge auf. Das elektrische Feld richtet die Dipole bei ihrer 

Assemblierung aus und führt somit zu einer Verlängerung der Nanostrukturen. Der Einsatz 

von elektrischen Feldern bietet somit eine elegante Option zur Steuerung der Nanopartikel-

Polymerisation (Kapitel 7). 

Analog zu der Polymerisation von Goldpartikeln konnte eine Copolymerisation von Gold- und 

Silberpartikeln erreicht werden. Hierbei konnte demonstriert werden, dass der Gold zu Silber 

Anteil in den statistischen Copolymeren steuerbar ist (Kapitel 8). Somit wurde ein weitere 

Analogie zur Polymerchemie aufgezeigt und lässt die Anzahl von weiteren Anwendungen der 

erarbeiteten Anordnungsmethode stark steigen. 

Die synthetisierten 1D Strukturen bieten möglicherweise einige Anwendungen in der Sensorik 

aufgrund ihres plasmonischen Verhaltens. Um weitere Anwendungsmöglichkeiten zu eruieren 

und abzugrenzen, wurden die erzeugten Strukturen bezüglich ihrer elektrischen Leitfähigkeit 

in Kapitel 10 untersucht. Hierfür wurde eigens eine neuartige Methode der Vermessung 

entwickelt und optimiert. Die Studie ergab, dass sich die Leitfähigkeit je nach Partikel-Partikel-
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Abstand, welcher einstellbar ist, stark verändert. Somit bieten die Nanopartikelketten eine 

breite Einsatzmöglichkeit bei elektrischen Instrumenten. 

 

Ausblick 

Dieses Promotionsprojekt beschreibt die erfolgreiche Entwicklung einer praktikablen 

Methode zur Herstellung eindimensionaler Metall-Nanopartikelstrukturen in Lösung. Dabei 

wurde ein Partikel-Partikel-Grenzfläche abhängiger Übergang von Oriented Assembly zu 

Oriented Attachment demonstriert. Da der Anordnungsmechanismus auf Dipol-Dipol-

Wechselwirkungen beruht, ist die kettenartige NP-Anordnung durch externe elektrische 

Felder steuerbar. Da für eine signifikante Beeinflussung der Anordnung sehr hohe Feldstärken 

(> 100 kVm-1) erforderlich sind, könnte eine Reduzierung des Elektrodenabstands auf die 

Mikrometerskala das Versuchsdesign stark verbessern. Insbesondere die Kombination von 

räumlicher Beschränkung, externem elektrischen Feld und liganden-induziertem 

Dipolmechanismus führt möglicherweise zu einer verbesserten Kontrolle der 

eindimensionalen Anordnung.  

Darüber hinaus wurde im Zuge dieser Promotionsarbeit eine Kooperation mit dem 

Fachbereich Physik (Universität Konstanz) unter der Leitung von Prof. Dr. Lukas Schmidt-

Mende begonnen, um die elektrischen Eigenschaften der hergestellten NP-Ketten zu 

untersuchen. Dabei ermöglichen Lithografiemethoden in Kombination mit in-situ 

Nanoprobing und temperaturabhängigen Leitfähigkeitsmessungen eine Bestimmung der 

Leitungsmechanismen und Eigenschaften eindimensionaler NP-Strukturen. Die erarbeitete 

Methode könnte zudem die elektrische Charakterisierung anderer eindimensionaler Metall-

NP-Strukturen im Mikrometerbereich erleichtern. 
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I Nanoparticle Synthesis and Characterization 

 

TEM-Investigation 

 

 

 

 

 

 

 

 

Figure 12.1 TEM images of the synthesized gold TOH nanoparticles and respective size-distribution 
(inserted). a) TOH 1, b) TOH 2, c) TOH 3, d) TOH 4 and e) TOH 5.  
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Figure 12.2 TEM images of a) gold cubes Cub 2 and b) gold octahedra Oct 1. The TEM-samples were 

prepared following the introduced method.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.3 TEM image of gold Rod 1 particles. The length is around 37 nm and the width is around 10 nm 

according to TEM investigations.   
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DLS-Investigation 

Figure 12.4 DLS data from the synthesized and used NPs. The graphs display the measured intensity 

weighted size-distribution and the volume corrected distribution. The values in Table 4.3.1 relate to the 

volume corrected size-distribution: a) TOH 1, b) TOH 2, c) TOH 3, d) TOH 4, e) TOH 5, f) Cub 1, g) Oct 1, h) Oct 

2 and i) AgCub 1. 
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AUC-Investigation 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 12.5 AUC data from AgCub 1 evaluated with SEDFIT. Blue framework: sedimentation coefficient 

distribution g(s) and diffusion corrected continuous sedimentation coefficient c(s) in Svedberg units; black 

framework: STOKE’s hydrodynamic diameter distribution (also g(s) and c(s) distribution). The size in Table 4.3.1 

relates to the diffusion corrected distribution (red). 
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Figure 12.6  AUC data from Cub 1 evaluated with SEDFIT. Blue framework: sedimentation coefficient 

distribution g(s) and diffusion corrected continuous sedimentation coefficient c(s) in Svedberg units; black 

framework: STOKE’s hydrodynamic diameter distribution (also g(s) and c(s) distribution). The size in Table 4.3.1 

relates to the diffusion corrected distribution (red). 
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II UV-vis Analysis of Assembly with different CPC-Concentrations 

 

 

Figure 12.7 Time dependent UV-vis absorption measurements during the 1D assembly process. The 

addition of CPC to the destabilizing ethanol solution (A) increases the assembly speed and results in an 

increased LSPR/TSPR ratio, indicating a better chain-like NP assembly than without additional CPC (B). Note 

that there is a time delay of 20 s for all shown curves (0 s equals a measurement after 20 s of polymerization) 

 

III PTM-Analysis of Polymerization 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.8 PTM-analysis of the polymerization of TOH 5 NPs. Size distribution in early stages of 

polymerization measured by particle tracking microscopy (PTM). The polymerization progresses from red to 

orange to yellow. Consequently, the amount of bigger particles is increasing with progressing polymerization. 

Top right: Inset shows an overlay of the three measurements. Species with diameters that are multiples of 

50 nm are present.  
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III Definition of LSPR-bandwidth 

 

Figure 12.9 Used bandwidth definition of the forming LSPR band. a) Time dependent evolution of the 

UV-vis absorbance spectra during destabilization of gold TOH in ethanol (CPC catalysed). The broad red shifted 

absorption band corresponds to surface plasmons of the formed gold chains. b) Definition of the LSPR-

bandwidth: The intersection of line 1 and 2 is point A. The intersection of the horizontal blue line including 

point A with the spectrum defines point B. The wavelength difference between A and B is the LSPR-bandwidth. 
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IV Kinetics of the Polymerization 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.10 Arrhenius-plots of a) TOH 1, b) TOH 2, c) TOH 3 and d) TOH 4. The rate constant exhibits a 

temperature dependent local maximum. The activation energy of the assembly process is calculated from the 

linear regression (red line) of the increasing section. Reprinted with permission from [158]. Copyright {2021}. 

American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.11 The graph displays the theoretical surface/volume ratio of a spherical particle. The ratio is 

one at a diameter of around 34 nm (radius = 17 nm), which is visible at the point of intersection (red line and 

black curve).  



Appendix  127 
 

V Assembly of Gold Rods 

 

 

 

 

 

 

 

 

 

 

Figure 12.12 Time-dependent UV-vis absorption spectra of assembled gold rods by using CTAB and MUA 

as additives. The broadening of the LSPR band around 800 nm indicates an uncontrolled aggregation. 

 

 

VI Control of the Polymerization by Thiols 

 

 

 

 

 

 

 

 

 

Figure 12.13 Normalized UV-vis absorption spectra after 10 min of polymerization time. The spectra were 

normalized on the TSPR band at around 534 nm. The monomers were gold nanocubes (around 40 nm 

diameter). Thiols with an aromatic system lead to an increased red shift of the evolving LSPR band, indicating 

the formation of longer NP chains. Graph is taken from the bachelor thesis of E. Schwarz [183]. 
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VII Kinetics of Silver Cube Assembly 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.14 Comparison of polymerized silver cubes (10 min reaction time). Analogue to the 

polymerization of gold NPs CPC acts as a catalyst. The usage of 2-naphthalenethiol increases the red shift of 

the formed LSPR band. Probably the aromatic thiol supports the linear assembly and longer NP chains evolve. 

Graph is taken from the bachelor thesis of E. Schwarz [183]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.15 Arrhenius-plot of AgCub 1 particles.  The trend is analogous to the gold particles. There is a 

temperature dependent maximal rate constant (here at 25 °C). The slope of the linear regression (red line) 

determines the activation energy: Ea = 75±5.7 kJ/mol. Graph is taken from the bachelor thesis of E. Schwarz 

[183]. 
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Figure 12.16 Arrhenius plot of the CPC catalysed one-dimensional assembly of 42-nm-sized gold cubes. 

The activation energy is presented by the slope of the red regression of the ascending regime (Ea = 

86.4±6.7 kJ/mol).183 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.17 Time dependent UV-vis absorption spectra of an exemplary polymerization of silver 

nanocubes and gold cubes (mediated by 0.05 M CPC and 0.005 M 4-methoxythiophenol). 
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Figure 12.18 Copolymerization of silver cubes and gold TOHs. The TEM images a) and b) display the 

separation of the two different particle systems due to a non-fitting particle diameter and therefore non-fitting 

respective interfaces.  
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Figure 12.19 SEM images of fused gold NPs. The particles were fused on the silicon substrate by thermal 

treatment. a) SEM image with an InLens detector b) Same sample with a SE2 detector. Scale bar is 300 nm.  
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Figure 12.20 Conductivity measurement on NP-chains. a) SEM image of electrodes and bridging NP-chain. 

b) Respective I-V curve and calculated zero bias resistance.  
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