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1. Introduction 

Different colours around us stem from the interaction between incident light and matter. 

This interaction plays a fundamental role in the research fields of spectroscopy, microscopy 

and sensing. In contrast to other materials, where the light absorption of e.g. dye molecules is 

responsible for the resulting colour, in case of noble metal nanoparticles, the optical response 

is determined by the so-called localised surface plasmon resonance (LSPR). The phenomenon 

of LSPR can be described as a resonant collective oscillation of conduction electrons that 

results in a resonance peak in the optical spectrum of the particles. In the past few decades, 

these localised surface plasmon resonances have been proposed to be utilised in 

nanophotonics,1–3 optoelectronics,4–8, optical nanoantennas,1,2,9 optical metamaterials,10 

surface plasmon-enhanced infrared photodetectors,11 high-efficiency thin-film solar cells,12 

high-resolution microscopy,13 high-density optical data storage,14 drug delivery,15–17 

photodynamic cancer cell treatment,4,18,19 environmental monitoring20 and biosensing.15  

Localised surface plasmon resonances are very sensitive to particle geometry and the 

surrounding medium. As a consequence, by tailoring the size and shape of plasmonic 

nanoparticles and the dielectric properties of the environment, the optical response of the 

particles can be accurately tuned. To do this, several wet-chemical syntheses exist, offering the 

possibility to produce noble metal particles with a variety of size and shape. Particles with 

different shape can also support various plasmon modes. For example, gold nanorods feature 

two dipolar plasmon modes with different energies; one of them is perpendicular and the other 

is parallel to the long axis of the rod. The latter, also known as longitudinal plasmon mode can 

be fine-tuned in a relatively wide frequency range by precisely adjusting the synthesis 

conditions, thus controlling the aspect ratio and the optical properties of the resulting nanorods. 

In most cases, a cytotoxic hexadecyltrimethylammonium bromide (CTAB) surfactant layer 

stabilises the synthesised nanorods,21 which is often required to be replaced with a 

self-assembled monolayer of usually sulphur-containing chemically attached ligands. 

Thorough understanding of the ligand replacement process of CTAB is therefore of central 

importance not only for fundamental research but also for applications. Because the distribution 

of the surfactant is inhomogeneous along the elongated particle,22 it is possible to develop 

surface chemical inhomogeneity of thiol molecules on the rod’s surface. The colloid 

interactions around these so-called patchy nanorods show directionality, providing the more 

rational design of nanoparticle assemblies. Nanoparticle assemblies show additional interesting 

optical effects because of plasmon coupling that are very sensitive to the geometrical 
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parameters of the given particle arrangement. Furthermore, assemblies consisting of different 

particles, such as nanosphere/nanorod heterodimers, exhibit more complex optical features due 

to the directional plasmon interaction between the differently shaped particles. Similar to this 

asymmetric plasmon interaction observed for heterodimers, a supporting substrate can also 

modify the original optical response of a deposited particle. In addition, inhomogeneity can be 

further enhanced in the near-field environment of the gold nanocrystals by changing the 

physical/chemical properties of the substrate along the nanorods, may leading to much richer 

plasmonic properties. 

As the presence of inhomogeneities in the vicinity of gold nanorods has a profound impact 

on the optical properties, detailed investigation of these phenomena is required. The objective 

of this work is to shed light on the influence of surface layer inhomogeneities, substrate 

inhomogeneities and asymmetric plasmon coupling on gold nanorods. By analysing the optical 

properties of nanorods in such inhomogeneous environments, the presented work attempts to 

establish connection between the optical response and the resulting structure.  
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2. Theoretical background 

The main purpose of this chapter is to provide a basic theoretical background for this work. 

First, the principles of plasmonics will be presented, introducing the concept of bulk plasmons 

and particle plasmons. Second, the interpretation of localised surface plasmon resonance 

(LSPR) will be briefly discussed from the simplest, analytical models towards the more 

complex, numerical approaches. Afterwards, various damping mechanisms of real metal 

particles, particularly chemical interface damping, will be described. A brief description of 

plasmon coupling will be given, which will be followed by the presentation of optical 

measurements performed at the single particle level. Finally, the preparation of gold 

nanoparticles with different size and shape, their surface modification and self-assembly 

pathways will be demonstrated. 

 

2.1 The optical properties of gold nanoparticles 

2.1.1 The dielectric function of metals and bulk plasmons 

From quantum mechanical point of view, plasmons are quasi-particles, representing the 

collective oscillation of conduction electrons in metals.23 As the particle sizes concerned in this 

work are well above 10 nm, a classical approach is completely sufficient to give an accurate 

understanding of the optical response of noble metals and their nanoparticles. The 

Maxwell-equations provide a macroscopical description of phenomena related to electric and 

magnetic fields, including wave optics.24 The differential form of these equations are 

 rot𝐇 = 𝐣 + 
∂𝐃

∂t
 Eq. (1) 

 rot𝐄 = −
∂𝐁

∂t
 Eq. (2) 

 div𝐃 = ρ Eq. (3) 

 div𝐁 = 0, Eq. (4) 

 where 𝜌 is the free charge density, j is the free current density and 𝑡 is time. The displacement 

field, denoted by D, is originated from free charges, while the total electric field, E also includes 

the contribution of polarisation field generated by the material. These fields are connected 

through a constitutive relation, which for the case of linear, homogeneous and isotropic 

medium is 

 𝑫 =  휀𝑬, Eq. (5) 
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where 휀 is a phenomenological parameter called dielectric constant or permittivity. As a result 

of Eq. (5), a material with higher dielectric constant is more polarisable compared to a material 

with lower permittivity. During optical investigations, alternating electromagnetic field is 

applied therefore the permittivity of a metal becomes frequency dependent and complex, since 

the material’s polarisation field is unable to follow the exciting electric field immediately. The 

frequency-dependent constitutive relation, in case of monochromatic excitation with 𝜔 

frequency can be written in 

 𝑫(𝜔) =  휀(𝜔)𝑬(𝜔) Eq. (6) 

form. Electric fields containing various frequencies and more complex dielectric responses can 

be described as a superposition of monochromatic waves. In order to elucidate the optical 

response of a metal, this frequency-dependent dielectric function (휀(𝜔)) need to be examined.23 

The first classical description of the frequency dependent dielectric function of metals was 

developed by Paul Drude in 1900.25 The model considers conduction electrons point-like, 

which move independently from other electrons in a homogenous background potential of the 

positive atomic cores. These electrons collide with the crystal lattice or other scatterers 

(phonons, other electrons etc.) with the relaxation rate of 𝛾0 according to the kinetic gas 

theory.26 The band structure of the material is taken into account by using the effective mass 

of the electron.27 On the basis of these assumptions, the equation of motion of conduction 

electrons can be analytically solved. The complex and frequency dependent dielectric function 

based on the Drude model is written as 

 휀(𝜔) = 휀∞ −
𝜔𝑝

2

𝜔(𝜔−𝑖𝛾0)
, Eq. (7) 

 where 휀∞ is the constant contribution of the bound electrons attached to atomic cores.24 The 

bulk plasma frequency, 𝜔𝑝, is 

 
𝜔𝑝 = √

𝑛𝑞𝑒
2

𝜀0𝑚𝑒
, Eq. (8) 

 where 𝑛, 𝑚𝑒 and 𝑞𝑒 are the density, the effective mass and the charge of electron, respectively, 

and 휀0 is the vacuum permittivity. Taking the real and the imaginary part of the expression that 

describes the frequency dependent behaviour of the dielectric function (Eq. (7)), we have 

 
ℜ𝔢[휀(𝜔)] = 휀∞(1 −

𝜔𝑝
2

𝜔2 − 𝛾0
2) Eq. (9) 

and 

 
𝔩𝔪[휀(𝜔)] =

휀∞𝛾0𝜔𝑝
2

𝜔(𝜔2 + 𝛾0
2)

 Eq. (10) 
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For noble metals, the bulk plasma frequency (𝜔𝑝), where the real part of the dielectric function 

equals to zero (if 𝛾0 ≅ 0), can be found in the ultraviolet region of the optical spectrum. The 

region below that (𝜔 < 𝜔𝑝) is of central importance from the plasmonic point of view, because 

in that range, the real part of the dielectric function is negative (ℜ𝔢[휀(𝜔)] < 0) and 𝔩𝔪[휀(𝜔)] 

is small in case of small damping (if 𝛾0 ≪ 𝜔). It should be noted that the charge density waves 

in bulk metal, also known as bulk plasmons, exhibit longitudinal character, meaning that they 

unable to couple with electromagnetic radiation having transversal character.28 

The real and imaginary parts of dielectric function calculated based on Drude model are fairly 

in line with the experimental data obtained by Johnson and Christy29 (Figure 1). As shown in 

Figure 1.b, at higher energies (above ca. 1.8 eV), there is an increasing deviation of the 

experimentally obtained imaginary component compared to the Drude model. In this part of 

the spectrum an additional contribution of the transition of electrons excited from the valance 

band to the conduction band need to be considered. This so-called interband contribution (휀𝐼𝐵) 

is added to the Drude model, and the resulting equation is written as: 

 
휀(𝜔) =

𝜔𝑝
2

𝜔(𝜔 − 𝑖𝛾0)
+휀𝐼𝐵(𝜔) Eq. (11) 

The extent of the interband transitions at higher energies is also illustrated in Figure 1.b (red, 

dashed line) calculated as the deviation between the experimental data and the results obtained 

from Drude model.30 

 

Figure 1. (a) The real and (b) imaginary part of gold dielectric function obtained experimentally (solid black line)29 

and calculated using Drude model (solid blue line).30 The green area indicates the error of the measured results. 

The red dashed line shows the deviation between the calculations based upon Drude model and the experiments 

because of the contribution of interband transitions. 

Interband contributions can be taken into account by using the classical Lorentz model for 

damped harmonic oscillators31 to describe the behaviour of electrons bound to the much heavier 

atomic cores.32 By adding a couple of Lorentz oscillator terms (usually 2-5 for gold),33 
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representing the different interband transitions, the dielectric function based on Drude-Lorentz 

model becomes 

 
휀(𝜔) =

𝜔𝑝
2

𝜔(𝜔−𝑖𝛾0)
+ ∑

𝐴𝑗𝜔𝑗
2

(𝜔𝑗
2−𝜔2)+𝑖𝛾𝑗𝜔

𝑗 , Eq. (12) 

 where 𝜔𝑗and 𝛾𝑗 are the resonance frequency and the damping of the given Lorentz oscillator, 

respectively. The parameter, 𝐴𝑗 weights the contribution of the given Lorentz oscillator. 

In practice, instead of calculating the dielectric function of a metal according to 

Drude-Lorentz model, it is usually taken from tabulated experimental data. In the literature, the 

results of Johnson and Christy29 are the most widespread for gold, however, in this work, the 

data obtained by Olmon et al.34 were used, because their higher resolution and accuracy in the 

visible part of the optical spectrum. Although the use of tabulated results is widely accepted 

and more accurate, they are unable to offer a physical background related to the optical 

response of metals. 

 

2.1.2 Particle plasmons 

In contrast with their bulk counterpart, metal nanoparticles exhibit localised plasmon modes. 

Due to external electric field, metal nanoparticles become polarised; conduction electrons  

move along the field, while the remaining and fixed positive atomic cores force these free 

electrons back to their original position, resulting in an oscillating motion (Figure 2.a). For 

nanospheres, a strong resonance occurs at a certain frequency, and a peak shows up in the 

optical spectrum of the particles, as shown in Figure 2.b.35 Around the resonance frequency, 

large enhancement of the electric field can be observed in the vicinity of the particle. The 

frequency and strength of this so-called localised surface plasmon resonance depend on the 

particle’s polarisability which is mainly determined by its material properties, its geometry and 

the dielectric properties of the surrounding enviroment.24 

Particles with various shape support different plasmon modes. For instance, gold nanorods 

can support two characteristic modes; the lower energy one, the longitudinal mode representing 

the electron oscillation along the long axis of the nanorod, while the transversal mode is 

associated with the electron oscillation in the direction of the short axis (see Figure 2.c). As a 

result, the optical spectrum of gold nanorods exhibits two localised surface plasmon peaks, 

corresponding to the transversal and the longitudinal plasmon modes (Figure 2.d). The 

resonance energies of these two modes, especially the longitudinal one, depend much more 

sensitively on the geometry of the nanorod compared to spherical nanoparticles.36 In plasmonic 



15 

 

applications, it is essential to tailor the resonance frequency, therefore, the purpose of the 

following section is to give a basic understanding on how the shape, the size and the 

environment of noble metal nanoparticles influence their optical properties. 

 

Figure 2. (a) Localised surface plasmon mode of a spherical gold nanoparticle.37 (b) The extinction spectrum of 

isotropic gold nanoparticles shows one plasmon resonance peak. The resonance wavelength mostly depends on 

the size of the particles.38 (c) Transversal and longitudinal localised surface plasmon modes of a nanorod.38 (d) 

The extinction spectrum of gold nanorods shows two plasmon peaks corresponding to the high energy transversal 

mode and the low energy longitudinal mode.38 

 

2.1.3 The optical properties of gold nanoparticles 

For plasmonic nanoparticles, the strong light-metal interaction leads to the decrease of 

incoming light intensity. As metals are inherently lossy conductors, part of the energy fed into 

the plasmon oscillation is converted into heat (absorption) and the other part is re-emitted in 

the form of scattered light (scattering). This light intensity decrease due to the absorption and 

the scattering is referred to as extinction. To quantitatively describe these effects, 

absorption (𝜎𝑎𝑏𝑠) and scattering cross-sections (𝜎𝑠𝑐𝑎) are introduced, representing the amount 

of the energy of scattered and absorbed light compared to the incident optical flux. The 

extinction cross-section (𝜎𝑒𝑥𝑡), which is proportional to extinction measured during ensemble 

optical spectroscopy (see Figure 2.b, d), is the sum of these two terms. 
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 𝜎𝑒𝑥𝑡 = 𝜎𝑎𝑏𝑠 + 𝜎𝑠𝑐𝑎. Eq. (13) 

Several approaches, both analytical and numerical, exist, attempting to calculate these 

cross-sections to interpret the optical response of noble metal nanoparticles. Numerical 

methods can provide a physically accurate picture by solving the Maxwell equations 

numerically. On the other hand, they may require a huge amount of computational power, 

depending on the complexity of the investigated system. Analytical expressions, however, 

despite their simplicity, allow to obtain a qualitative understanding on the optical response of 

the particles dependent on their morphology and the dielectric properties of the surrounding 

medium. 

The quasistatic approximation, which neglects retardation effects (electric field is assumed 

to be the same thorough the entire particle), is one of the widely used assumptions made for 

particles much smaller  than the wavelength of the incident light (usually less than 10% of the 

wavelength).39 On the basis of this approximation, the absorption, scattering and extinction 

cross-sections can be obtained from the particle’s complex polarisability (𝛼):40 

 
𝜎𝑎𝑏𝑠 =

𝑘

휀𝐷
𝔩𝔪(𝛼) Eq. (14) 

 
𝜎𝑠𝑐𝑎 =

𝑘4

6𝜋휀𝐷
2

|𝛼|2 Eq. (15) 

, where 𝑘 is the momentum of the exciting light, respectively. For spherical particles with the 

radius of 𝑅, polarisability can be written as 

 
𝛼 = 𝑅3

(휀𝑀(𝜔) − 휀𝐷)휀𝐷

휀𝑀(𝜔) + 2휀𝐷
 Eq. (16) 

As can be seen from the equation above, polarisability – and hence the associated cross-sections 

– have a maximum at the plasmon resonance frequency, that is where 휀𝑀(𝜔𝑟𝑒𝑠) = −2휀𝐷 is 

satisfied. As shown from Eq. (16), both absorption and scattering cross section increase with 

increasing particle volume (or diameter). As polarisability scales as the particle volume 

(𝑅3~𝑉), the absorption cross-section also scales as the particle volume (Figure 3.a) while 

scattering cross-section scales as 𝑉2 (Figure 3.b). As a result, smaller particles generally have 

a larger absorption cross section compared to their scattering cross-section until the particle’s 

radius reaches ca. 40 𝑛𝑚 (80 𝑛𝑚 in diameter) as shown in Figure 3.c. Above that size, the 

scattering becomes the dominant process. Besides geometrical parameter of the sphere, the 

dielectric properties of the surrounding medium also play an important role and influence on 

both absorption (𝜎𝑎𝑏𝑠~√휀𝑀) and scattering cross-section (𝜎𝑠𝑐𝑎~휀𝑀). The environment having 

higher refractive index induces more polarisation charges around the sphere, which screens the 
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excitation field effectively, resulting in a redshift (lower energy) and an intensity increase in 

the optical spectrum (see Figure 3.d).23 

 

Figure 3. Calculations based on quasistatic approximation, indicating the increase of (a) absorption and (b) 

scattering cross sections upon increasing the size of gold nanoparticles (c) Absorption, scattering and extinction 

cross sections calculated using quasistatic approximation and numerical approach (FDTD simulation) of a 80 nm 

spherical gold nanoparticle.41 (d) The extinction cross section of a 40 nm gold sphere as a function of the refractive 

index of the surrounding environment. 

For larger particles (larger than 10% of the wavelength of the incident light), the quasistatic 

approximation based calculations become less accurate to predict the optical response 

correctly, as retardation effects set in. As a result, higher order modes can also develop even at 

optical frequencies. On the basis of Mie-theory,42 these higher order modes can be a accurately 

described for nanospheres, considering retardation effects as well. Briefly, the model calculates 

the incident, the internal and the scattered field by using spherical harmonics (𝜓𝑛, 𝜉𝑛) after 

which absorption and scattering cross sections can be obtained.39 

 
𝜎𝑠𝑐𝑎 =

2𝜋

𝑘2
∑(2𝑛 + 1)(|𝑎𝑛|2 + |𝑏𝑛|2)

∞

𝑛=1

 Eq. (17) 

 
𝜎𝑒𝑥𝑡 =

2𝜋

𝑘2
∑(2𝑛 + 1)ℜ𝔢(𝑎𝑛 + 𝑏𝑛)

∞

𝑛=1

 Eq. (18) 

 𝜎𝑎𝑏𝑠 = 𝜎𝑒𝑥𝑡 − 𝜎𝑠𝑐𝑎 Eq. (19) 

The coefficients, 𝑎𝑛 and 𝑏𝑛 are obtained from proper boundary conditions. It should be noted 

that that the first term of cross sections of Mie theory (Eq. (17)-Eq. (19)) are equal to the ones 
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determined by quasistatic approximation. These parameters are also dependent on the 

refractive indices of both the particle and the surrounding medium and on the particle size. 

Figure 4.a and Figure 4.b show the calculated absorption and scattering cross-sections of 60 nm 

gold and silver spherical nanoparticles embedded into a transparent medium with the dielectric 

constant 1.5 based on Mie theory and a numerical approach called finite element 

method (FEM). In both cases, multipolar response and retardation should be taken into account 

because of the size of the particles. It is clearly seen that Mie-theory can successfully describe 

the optical response of the nanospheres, since its results are in good agreement with the more 

accurate numerical method. Figure 4.c illustrates the surface plots of possible dipolar and 

multipolar plasmon modes of a gold nanosphere based on Mie theory. 

 

Figure 4.Calculated absorption and scattering cross section according to Mie theory and finite element method (a) 

for 60 nm gold nanosphere and(b) 60 nm silver nanosphere.43 (c)The calculated surface charge plots of a gold 

spherical nanoparticle show the dipolar (n=1) and multipolar (n>2) plasmon modes. The plots were obtained by 

using boundary element method. 

For nanorods approximated as ellipsoids, the absorption and scattering cross sections can 

be analytically calculated according to another quasistatic approach, the Gans theory.44 As a 

consequence of breaking the spherical symmetry, three polarisability values arise along the 

three main axes of the elongated spheroid. 

 𝛼𝑖 = 𝑎𝑏𝑐
(𝜀𝑀(𝜔)−𝜀𝐷)𝜀𝐷

3(𝜀𝐷+𝐿𝑖(𝜀𝑀(𝜔)−𝜀𝐷))
, Eq. (20) 

 where 𝑎, 𝑏, 𝑐 are the half-lengths of the main axes of the ellipsoid, and 𝐿𝑖is the depolarisation 

factor dependent on the particle geometry. The optical response, thus, is not only affected by 

the size of the particle but also determined by its shape. When the aspect ratio (AR) of 
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nanoellipsoid increases while diameters of the short axes remain the same, the transversal 

resonance frequency slightly blueshifts and the longitudinal LSPR produces a considerably 

higher redshift, because of the much higher polarisability along the longitudinal direction. 

Besides this redshift, the longitudinal resonance peak intensity also exhibit a large increase as 

shown in Figure 5.a. For spherical particles, along all axes 𝐿𝑖 =
1

3
, therefore Eq. (20) becomes 

Eq. (16) (𝑅 = 𝑎 = 𝑏 = 𝑐) , getting back the result calculated based on quasistatic 

approximation. The longitudinal LSPR of gold nanorods display a sensitive dependence on the 

refractive index of the surrounding environment. In accordance with the prediction of the 

Gans theory, the observed peak shift is proportional to the refractive index of the dielectric 

environment (Figure 5.b). In Figure 5.c the near field intensity map of a nanosphere and a 

nanorod can be seen at their resonance frequency (at the longitudinal LSPR frequency for the 

nanorod). These maps display that a large increase of the electric field can be observed around 

the particle and the resulting electric field can be an order of magnitude higher than that of 

incident light. In addition, a considerably higher field enhancement can be observed in the 

vicinity of rod compared to the sphere. The near field intensity map of the rod also shows that 

the enhanced electric field is strongly localised around the tips.45 

 

Figure 5. The calculated extinction spectra of gold nanorods as a function of their AR (from 1.5 to 6) with fixed 

diameter (5 nm), showing the increasing resonance wavelength and intensity upon nanorod lengthening.36 (b) The 

plasmon shift of the longitudinal plasmon resonance wavelength as a result of changing the refractive index of the 

surrounding medium.36 (c) The near-field intensity map of a gold nanosphere and a gold nanorod at their resonance 

wavelength.46 

Due to the anisotropic geometry of nanorods, they exhibit more interesting features 

compared to isotropic nanospheres and have directional optical response. For instance, by using 

light polarised linearly along different directions, the transversal LSPR and the longitudinal 

LSPR mode of an individual rod can be excited separately. When the illumination is polarised 

along the long axis of the nanorod, only longitudinal resonance peak can be seen in the optical 

spectrum. On the other hand, only transversal mode is excited by using polarisation orthogonal 

to the long-axis of the rod (Figure 6.a). If illumination is randomly polarised, the transversal 

and longitudinal modes are excited simultaneously.47 Moreover, noble metal nanorods exhibit 
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further anisotropic behaviour, since their plasmon peak shift sensitivity to the refractive index 

of the environment strongly depends on where the environmental change exactly occurs. Figure 

6.b illustrates the longitudinal peak shift sensitivity of particles with different ARs upon 

binding of a dielectric probing particle. It indicates that the tips are more sensitive to the change 

in the dielectric properties because in that region the near-field intensity is much higher 

compared to the side region of the rod.48  

 

Figure 6. (a) The extinction cross-section of an individual gold nanorod with AR=2 in case of longitudinally (red) 

and transversally (black) polarised excitation. The inset shows the polarisation dependence of σext at 630 nm.47 (b) 

The plasmon peak shift sensitivity of nanoparticles with different AR, indicating that the tip regions are 

significantly sensitive to the changes in the dielectric environment than the side region.48 

To get a more accurate picture on the optical response of gold nanorods or other arbitrary 

shaped particles, some effects need to be taken into account. For instance, retardation can 

modify the parameters of the optical spectrum of gold nanorods. In general, retardation causes 

the increase of the resonance energy (ℏ𝜔𝑅𝑒𝑡), which is proportional to the nanorod 

surface (𝑆).49 Furthermore, by exciting interband transitions, an additional redshift of the 

plasmon peak (𝜔𝐼𝐵) can be also observed.50 Hence, the resonance frequency, considering the 

contributions of these effects, can be expressed as 

 𝜔𝑟𝑒𝑠 = 𝜔0 + 𝜔𝑅𝑒𝑡 + 𝜔𝐼𝐵 Eq. (21) 

as shown in Figure 7.a.50 

Analytical formulae in quasistatic limit qualitatively predict the optical properties of metal 

nanoparticles, assuming specific geometries (spheres, ellipsoids etc.) and occasionally relying 

on some approximations. To calculate the optical response of arbitrary shaped nanoparticles 

(e.g. nanorods) or complex particle structures (e.g. sphere/rod heterodimers), numerical 

approaches are required. Numerical methods solve the Maxwell-equations considering proper 

initial and boundary conditions with the bulk dielectric function extracted from tabulated, 

experimental data, instead of using simple models for the dielectric response, such as Drude 

model. In this work, two different numerical approaches were used: the finite element method 
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(FEM) and the boundary element method (BEM). FEM subdivides the whole simulation 

volume into smaller parts, so-called finite elements (see Figure 7.b). The mesh size, that 

represents the volume of these finite elements, is the most crucial parameter, because it 

determines the computational resource required for the simulation and the adequacy of the 

model. One of the greatest advantages of using FEM is that nanoparticles with arbitrary shape 

can be easily implemented.51 In contrast to FEM, BEM scales as the particle surface instead of 

its volume, limiting the calculations to the boundaries. As a result, this approach presumes 

homogeneous materials with isotropic dielectric functions and well-defined interfaces, leading 

to the drastic decrease of the computational resources needed for simulations.52 

 

Figure 7 (a) The contribution of interband transitions and retardation effects to the resonance energy as a function 

of nanorod surface.50 (b) Plots of the total electric field relative to excitation field for bare and silica-coated gold 

nanorod calculated based on FEM. Panels also show the mesh structure set up for the simulation.53 

2.1.4 Plasmon damping mechanisms 

In real metals, particle plasmon oscillations are inherently damped through both radiative 

and non-radiative decay channels. Each damping contribution can be described by its 

dephasing time (𝑇2) related to the decay time of surface plasmon oscillation (see Figure 8.a). 

In principle, such dephasing could be studied in time domain by exciting the plasmon resonance 

by an ultra-short laser pulse and determining the decay of some nonlinear optical effect induced 

by a second laser pulse by varying the temporal separation between the two laser pulses.30 For 

noble metal nanoparticles, dephasing times can be found in the order of 5-20 fs54,55 that makes 

their experimental determination fairly difficult in time domain. In frequency domain, 

fortunately, the homogeneous linewidth (Γ) of an individual particle’s spectrum provides 

information on the damping and can be connected to the corresponding dephasing time:54,56,57 

 
Γ =

2ℏ

𝑇2
 Eq. (22) 

as can be seen in Figure 8.b. 
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Figure 8. A damped oscillation in (a) time and (b) frequency domain. The two curve connected through 

Fourier-transform. The spectrum of the oscillator shows Lorentzian line shape30 

Treating the particle plasmon as a damped harmonic oscillator,50 the experimental spectrum of 

an individual particle exhibits a Lorentzian line shape in the frequency domain and can be fitted 

with a Lorentzian function to determine both 𝜔𝑟𝑒𝑠 and Γ. The Lorentzian fitting function is 

written in 

 
𝐼(𝜔) = 𝐼𝑚𝑎𝑥

Γ2

4(𝜔 − 𝜔𝑟𝑒𝑠)2 + Γ2
 Eq. (23) 

form, where 𝐼 and 𝐼𝑚𝑎𝑥 the intensity and its maximum value at 𝜔𝑟𝑒𝑠. The overall plasmon 

linewidth can usually be described as a sum of several damping contributions.54,58,59 

 Γ = γ0 + Γ𝐼𝐵 + Γ𝑟𝑎𝑑 + Γ𝑠𝑢𝑟𝑓 + Γ𝐶𝐼𝐷 Eq. (24) 

The first bulk damping term, denoted by 𝛾0, represents the electron scattering on electrons, 

phonons or other impurities, thus it is generally considered to be a material specific parameter 

(γ0 ≈  73  𝑚𝑒𝑉 for gold).60,61 An additional damping contribution arises, just like in the 

Drude-Lorentz model for the dielectric function, ascribed to the interband transitions (Γ𝐼𝐵) 

above a threshold energy, which is 1.76 𝑒𝑉 (ca. 705 nm) for gold.62 As a result, single particle 

spectra above this energy (below this wavelength) value become non-Lorentzian, affecting the 

precise determination of resonance energy and plasmon linewidth by means of fitting. 

Considering the nanoparticles as oscillating dipoles or “nanoantennas”, particle plasmons can 

also be damped due to the emission of electromagnetic radiation.63 This contribution (Γ𝑟𝑎𝑑) is 

proportional to the volume of the particle (𝑉) in the quasistatic limit.61,62 

 Γ𝑟𝑎𝑑 = ℎ𝜅𝑉 Eq. (25) 

, where 𝜅 is the radiation constant, which depends on the resonance energy and the dielectric 

constant of the surrounding environment. For very large particles (above 100 nm), radiation is 

the dominant decay channel of plasmons. For particles with smaller dimensions than the 

electron mean free path (𝑙𝑒𝑓𝑓 ≈ 37.7 nm),64 another plasmon peak broadening effect can be 

observed, which cannot be described by classical electromagnetism and bulk dielectric 



23 

 

function.65 This so-called surface damping originates from the electron scattering on the 

particle-medium interface and its contribution can be expressed as66,67 

 Γ𝑠𝑢𝑟𝑓 = 𝐴𝑠𝑢𝑟𝑓

𝑣𝐹

𝑙𝑒𝑓𝑓
 Eq. (26) 

, where 𝑣𝐹 is the Fermi velocity and 𝐴𝑠𝑢𝑟𝑓 is a proportionality factor. For non-spherical 

particles, 𝑙𝑒𝑓𝑓 =
4𝑆

𝑉
, where 𝑆 and 𝑉 are the surface and the volume of the particle, 

respectively.68,69 

Although Eq. (26) considers well-defined interface, real particle surfaces inevitably feature 

surface ligands or adsorbates that might influence the plasmon resonance. As a result, an 

additional plasmon decay mechanism may arise, the so-called chemical interface damping 

(CID).58 In general, physisorbed molecules on the particle’s surface do not contribute to CID 

significantly, while chemically bound molecules, e.g. thiols (for the Au-S bond see later 

Chapter 2.3.3) will increase the value of CID. According to Persson’s theory,70 the broadening, 

Γ𝐶𝐼𝐷 also depends on 𝑙𝑒𝑓𝑓 in the same way as surface damping (Γ𝐶𝐼𝐷 = 𝐴𝐶𝐼𝐷
𝑣𝐹

𝑙𝑒𝑓𝑓
). The combined 

proportionality factor  

(𝐴 = 𝐴𝐶𝐼𝐷+𝐴𝑠𝑢𝑟𝑓) have been determined in the past decade for fully covered particles, like 

CTAB-capped (𝐴𝐶𝑇𝐴𝐵 = 0.3)61 and dodecanethiol-covered nanorods (𝐴𝐷𝐷𝑇 = 0.46)71 and for 

gold nanorod/SiO2 core-shell particles (𝐴𝑆𝑖𝑂2
= 1.4 ).60 However, its actual value depends 

strongly on the chemical nature of the given molecule.72,73 The broadening of the resonance 

peak caused by molecular binding also depends on the actual coverage of the attached 

molecules on the particle.58 Despite the numerous investigations related to CID, it is the less 

understood damping mechanism and the accurate description of this contribution still remains 

unclear. Based on the most widespread theory proposed by Persson,70 this plasmon decay 

channel originates from the direct charge transfer from the valance band of the metal to the 

unoccupied states of the bound molecules (see Figure 9.a).74 The electronic character of the 

functional group of the adsorbate ligand can play a very important role, so that electron 

withdrawing groups increase the amount of damping, while electron donating groups decrease 

the CID.75 In contrast to this theory, density function theory calculations show that line 

broadening associated with CID upon the addition of different thiols can be linked to the 

induced dipole created at the metal/surrounding interface (see Figure 9.b).72 
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Figure 9. Proposed mechanisms of CID. (a) According to Persson’s theory CID can be interpreted as a direct 

electron transfer from the valance band of metal to the unoccupied states of the ligand.75 (b) Based on density 

function theory calculations, CID can be considered as a contribution stems from the scattering on a dipole induced 

by the ligand bound to the particle surface.72 

Similar to surface damping, the amount of energy–loss through CID strongly depends on the 

effective free path of the electrons (𝑙𝑒𝑓𝑓), therefore on the shape and the actual size of the 

nanorod. In Figure 10.a, the increase of CID after the addition of dodecanethiol is illustrated 

for gold nanorods with same aspect ratio, but different size (volume). Below a certain 

nanoparticle size, CID becomes the dominant plasmon decay channel; for 5 × 15 nm rods, this 

contribution can reach even as high as 49 % of the overall damping (Figure 10.b).71  

 

Figure 10. (a) The increase of CID upon decreasing mean electron free path (leff) of different gold nanorods.71 (b) 

The morphological dependence of the plasmon decay channels.71 

The binding of a thiol molecule not only causes the broadening of the resonance peak, but 

also leads to a peak shift and an intensity change. The peak shift is obviously associated with 

the change of the optical density of the near field region, while the intensity change can be 

explained by the increase of the contribution of non-radiative damping channel.71 According 

to dipole antenna theory, any change in the plasmon resonance peak width will also affect its 

intensity, since it is proportional to the square of the quality factor (𝐼~𝑄2); the latter can be 

expressed in the form of:71 

 𝑄 =
𝜔𝑟𝑒𝑠

Γ
 Eq. (27) 

It should be noted that in contrast to resonance energy, which is predominantly sensitive to the 

composition of the near-field region at the tips,48 the CID related FWHM broadening is 
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proportional to the covered particle surface, independently of the location of the intensive 

near-field regions.58 

 

2.1.5 Plasmon coupling 

In contrast to isolated particles, noble metal particle assemblies show strikingly different 

optical properties as a result of plasmon coupling, originating from the Coulomb interaction 

between conduction electrons of different particles. These interactions emerge, when the near 

field of the particles placed in close proximity of each other, spatially and spectrally overlaps. 

As a result, various new plasmon modes, so-called coupled plasmon modes arise, modifying 

the original optical response of the individual particles.35 In coupled plasmonic nanostructures, 

several new phenomena arise such as spectral splitting,76 plasmonic Fano resonance77–79 and 

electromagnetically induced transparency80,81 as a consequence of interference between 

different plasmon modes. 

On the basis of plasmon hybridization theory, the energy of the resulting coupled modes can 

be derived in the quasistatic limit as the linear combination of the individual particle plasmon 

modes similar to the hybridization of atomic orbitals in molecules.82 Depending on the relative 

orientation of the dipoles induced by light, lower (bonding) and higher (anti-bonding) energy 

modes evolve.83–85 In case of spherical dimers, dipoles can be arranged end-to-end or 

side-by-side and can be oriented identically or oppositely, developing two bonding and two 

anti-bonding coupling modes, as shown in Figure 11.a. From an optical point of view, however, 

a dark (subradiant) and a bright (superradiant) modes can be distinguished depending on the 

overall dipole moment of the particle dimer. Unlike superradiant modes, scattered light from 

subradiant modes cannot be detected in far-field, as a result of the zero net dipole moment of 

the structure. Bright mode with end-to-end dipole arrangement exhibits a much larger energy 

shift than that of transversal coupling and a significantly greater enhancement of the electric 

field can be observed at the gap region (see Figure 11.b). This significant intensity increase of 

the local field (“hot-spot”) is exploited to detect the surface-enhanced Raman signal of a 

molecule located in the gap (SERS).35,86,87 
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Figure 11. (a) The evolution of coupled plasmon modes based on plasmon hybridisation theory. In the case of 

spherical homodimers at the quasistatic limit, two bonding (green B) and two anti-bonding (red A) modes arise, 

indicating either the subradiant (black D) or the superradiant (white B) nature of the coupling.88 (b) Near-field 

intensity plot of a gold nanosphere homodimer excited longitudinally (top panel) and vertically (bottom panel). 

The calculated scattering spectra of these modes, showing that longitudinally coupling features larger intensity 

and peak shift compared to the vertical one. 

The scattering cross-section and the wavelength at the longitudinally coupled resonance is 

highly dependent on the separation distance of the particles according to 

 ∆𝜆

𝜆
= 𝐴𝑒−

𝑔

𝐷𝜏, Eq. (28) 

 where 𝜆 and ∆𝜆 represent the plasmon wavelength of the individual particle and the shift 

caused by coupling, respectively. The gap distance is denoted by 𝑔, and 𝐴 and 𝜏 are empirical 

parameters determined by fitting.89 On the basis of this phenomenon, distances in nanoscale 

can easily be measured by investigating the optical response of the dimers, so that particle pairs 

can be used as so-called plasmon rulers.90–92 It should be noted that for 𝑔 < 0.5 𝑛𝑚 quantum 

effects need to be taken into account.45 

Symmetry plays a crucial role in coupled plasmonic nanostructures. For instance, in the 

plasmon coupling between two identical metal nanocrystals in a homodimer, usually only 

dipoledipole bonding plasmon modes are active under light excitation. Furthermore, 

heterodimers (dimers consisting of nanoparticles with different shapes or sizes) also exhibit 

additional special optical response due to the asymmetric splitting of individual plasmon modes 

(see Figure 12). This unique behaviour is determined by the separation distance just like for 

homodimers, but the size and the shape of the particles, and their relative geometrical 

arrangement plays an additional, crucial role. In this work, heterodimers composed of a gold 

nanosphere and a gold nanorod have been prepared and investigated, thus the optical properties 

of these structures will be discussed here. According to the investigations of Shao et al.,93 the 

scattering spectra of gold individual nanosphere/nanorod heterodimers exhibit two plasmon 

peak dependent on the relative arrangement of the nanosphere along the rod (Figure 12.a). 
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Based on electric field intensity maps, the lower-energy peak (peak 2) can be assigned to the 

bonding sphere dipole-rod dipole coupling, while at higher energy peak (peak 1) both 

sphere-dipole/rod-dipole and sphere-dipole/rod-quadrupole interaction can be seen. At the dip 

between the two peaks, the heterodimer’s optical response show a dipolar/quadrupolar plasmon 

coupling (Figure 12.b). At this wavelength, the plasmon oscillations on the sphere and the rod 

are in opposite phase, and their interaction results in a subradiant mode. The energy difference 

between the two peaks on each side of this dip tends to diminish as the nanosphere is moved 

from the end towards the central side of the nanorod. It has been shown, that dipole of the 

attached nanosphere tend to rotate around the rod’s dipole to maintain the bonding coupled 

plasmon mode, as shown in Figure 12.c. For the case, when nanosphere is located at the central 

side of the nanorod, two peaks strongly overlap resulting in only one broad peak in the 

scattering spectrum (see Figure 12.a).  

 

Figure 12. (a) Calculated scattering spectra of gold nanosphere/nanorod heterodimers, varying the sphere position 

along the rod’s long axis. Black arrows indicate the transversal and the quadrupolar plasmon mode of the nanorod 

and the dipolar mode of the sphere.93 (b) Charge distributions on the central cross sections of the heterodimers for 

the higher-energy and lower-energy scattering peaks and the dip between them.93 (c) Rotation of the dipolar 

plasmon mode of the nanosphere as the sphere moves from the tip towards the central side of the nanorod.93 (d) 

Plasmon hybridisation diagram for the nanosphere/nanorod heterodimer system.93 (e) Classical mechanical model 

for describing the optical response of the nanosphere/nanorod heterodimer. ω1 and ω2 are the eigenfrequency of 

the oscillators and ν12 indicates the coupling strength between them. The diagram shows the dependence of these 

parameters as a function of sphere position along the rod.
93 

Besides plasmon coupling, which is originating from the electrostatic interaction between 

the conduction electrons, a phenomenon based on interference can also modify the overall 

optical response of the particle assemblies, leading to an asymmetrical line shape of the 

scattering spectrum. This effect, known as plasmonic Fano resonance,79,94 results from the 

interference between the fields produced by the spectral overlapping of a narrow dark mode 
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and a broad bright mode. Fano resonance, published by Ugo Fano in 1961,95 had originally 

described quantum systems, where a discrete peak interacts with a continuum. Later, this 

description was extended for plasmonic nanostructures as well to interpret phenomena related 

to interference of a narrow and a broad plasmon modes.96–101 As a consequence of this 

interference-based interaction, a characteristic asymmetric spectral line shape evolves in the 

optical spectrum of plasmonic nanostructures. For gold nanosphere/nanorod heterodimers, a 

pronounced dip can be seen in the scattering spectrum due to the destructive interference of the 

broad bright bonding dipole-dipole and the narrow dark bonding dipole-quadrupole mode 

(see Figure 12.d). This Fano resonance vanishes, when the sphere is located at the central side 

of the nanorod, since the symmetry of the system does not allow the excitation of the 

quadrupolar mode; the optical response is dominated by the dipolar coupling mode. The 

mechanical interpretation of Fano resonance describes the interacting system as a coupled 

two-oscillator model with two different resonance frequency and an interaction parameter, as 

illustrated in Figure 12.e. This model can provide a quantitatively accurate description of this 

interference phenomenon, and simulations based on this method are rather in line with 

experimental results. Besides nanosphere position, the model is able to account for the 

contribution of size effects and the particle separation distance on the optical response.93 Apart 

from their fundamental importance, Fano resonances in plasmonic media are of considerable 

interest in localised surface plasmon resonance sensing applications because they are 

extraordinarily sensitive to their local dielectric environment. The low scattering intensities 

associated with Fano resonances are potentially useful for plasmonic waveguide applications. 

Fano interference is also closely related to the electromagnetically induced transparency in 

plasmonic nanostructures.79,80 

In many cases, particles are investigated on a supporting substrate instead in a fully 

homogeneous environment. The presence of this substrate results in the symmetry breaking of 

the system, therefore it can substantially modify the optical response of the deposited particle. 

The change is strongly dependent on the chemical/physical properties of the substrate material. 

Particles deposited on a dielectric substrate can induce image charges in the support, which can 

couple with the conduction electron oscillation of the particle.102–105 In an actual experimental 

setup used for single particle scattering measurements, this interaction is enhanced by the actual 

measurement geometry: as the illumination of the particles is performed at an oblique angle 

(due to the dark-field optics discussed later), the exciting field contains components x,y and 

z-directions as well (Figure 13.a.).106 Substrates with low dielectric constant like glass are less 

polarisable, hence weak coupling is expected. As a result, the scattering image of a nanoparticle 
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deposited on a glass surface appears to be a solid bright spot (Figure 13.b) – the particle dipole 

orientation is parallel to the substrate and scatters towards the collection optics. Substrates with 

high permittivity (silicon, gold film) can cause a strong coupling between plasmon oscillation 

and image charge; the vertical electron oscillation becomes the dominant radiative process, 

resulting in a doughnut-shaped spot in the scattering image of the particle (see Figure 13.c).105 

Figure 13.d depicts the relationship between the scattering image of a particle and the dielectric 

function of the given substrate. Substrates cause a redshift of the plasmon resonance peak 

without any distortion in the shape of the scattering spectrum. The resulting redshift also 

depends on the morphology of the given particle. To quantitatively describe the effect the 

longitudinal LSPR wavelength of nanorods with different ARs were calculated based on 

quasistatic approximation as Figure 13.f illustrates. It shows that the calculated results are in 

good agreement with the experimental data. For larger nanoparticles, this quasistatic 

approximation fails because of multipolar plasmon modes so numerical approaches should be 

applied.104  

 

Figure 13. (a) The three main excitation of a nanorod, namely the longitudinal, the transversal and the vertical 

excitation.106 (b) Solid and bright far-field scattering images of gold nanorods on a glass substrate having low 

dielectric constant.105 (c) Doughnut shaped far-field scattering images of nanorods deposited on a gold film, 

resulting in a strong interaction between the propagating surface plasmons and the particle plasmons.105 (d) 

Dependence of the ratio between the light intensity at the centre of the scattering pattern of gold nanorods and the 

maximum intensity (RCM) on the dielectric function of the substrate.105 (e) Lorentzian scattering spectrum of an 

individual gold nanorod on an indium tin oxide (ITO) substrate.104 (f) Calculated and measured dependence of the 

longitudinal LSPR wavelength on the AR of nanorods immobilised on an ITO substrate.104 (g) Experimental 
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scattering spectrum of an individual gold nanorod on a silicon substrate, exhibiting multipolar response and Fano 

interference.106 

To conclude the main aspects of plasmonics related to this work, Table A1 is provided at the 

end of the thesis that summarises the different plasmon modes, the analytical and numerical 

approaches for interpreting calculating the optical response of the particles, the plasmon decay 

processes and the interactions can be emerged in coupled plasmonic systems.  
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2.2 Single particle spectroscopy 

The optical spectra and properties of a single nanoparticle with given geometry calculated 

using the analytical and numerical calculation approaches shown above cannot be directly 

compared to experimental measurements obtained using ensemble spectroscopic techniques. 

This is related to the inhomogeneous broadening of the resonance peak encountered in a real 

ensemble experiment. This inevitable broadening stems from the size distribution of the 

nanoparticles in the solution, resulting in a variety of Lorentz oscillators with a slightly 

different resonance frequency. Consequently, the sum of these oscillators, thus the ensemble 

spectrum as well, exhibits a non-Lorentzian line shape (see Figure 14.).57 

 

Figure 14. The ensemble optical spectrum of nanoparticles consisting of several Lorentz oscillators with different 

resonance frequency exhibit a non-Lorentzian line shape.107 

Single particle experiments, however, overcome this drawback of ensemble measurements, as 

they enable us to investigate isolated particles and obtain the optical spectra without 

inhomogeneous line broadening of the resonance peak. Additionally, single particle 

spectroscopic experiments can be combined with electron microscopy measurements, 

providing structural, geometrical information about the investigated particles (for technical 

information about correlated SEM/single particle spectroscopy see Appendix 10.3). The 

structural data can be used as input parameters for optical simulations, allowing for a more 

detailed understanding of the structure/optical properties relationship at the level of individual 

nanoparticles and their assemblies. 

The principles of the optical characterisation of individual nanoparticles can be traced back 

to the ultramicroscope developed by Zsigmondy in 1902.108 A noticeable amount of single 

particle measurement techniques are based on the large scattering cross-section of the gold 

nanoparticles. In a typical experiment for obtaining the scattering spectrum of an individual 

nanoobject, an optical microscope with dark-field (DF) illumination coupled with an imaging 

spectrograph is used.57 Dark-field illumination is achieved by using a DF condenser, which 

excludes the direct light from the detection through blocking the central part of the illuminated 

beam and realizing an oblique incident illumination cone at the same time (Figure 15). Hence, 
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only the scattered light from the sample is collected by the microscope objective. It should be 

noted that the numerical aperture (NA) of the condenser lens required to be higher than the 

objective one not to allow light to enter the collection objective directly.109 Dark-field 

microscopy can be operated in transmission (trans-illumination) and reflection mode 

(epi-illumination) as well. In the latter case, a special DF microscope objective is used.110 

 

Figure 15. (a) A setup of a dark-field optical microscope operated in trans-illumination mode. (b) The schematic 

of the dark-field microscope coupled with an imaging spectrograph used in this work.88 

As gold nanoparticles have high scattering cross-section, they are easily detectable in 

dark-field on a substrate that does not scatter. They can be identified as coloured point sources 

in the DF image with the dimension determined by the point-spread function of the optical 

system (Figure 16.a). In order to obtain the scattering spectrum of an individual nanoparticle, 

this well-defined and separated bright spot has to be decomposed spectrally and the intensity 

distribution measured. This can be achieved by coupling a spectrometer to the optical 

microscope. The challenging task of measuring individual particle’s spectrum has three main 

prerequisites. 1) By means of a mechanical positioning system, the sample has to be moved 

precisely so that in the projected DF-image the scatterer of interest gets projected onto the 

entrance slit of the spectrograph (Figure 16.b). 2) The spectrograph that resolves the scattered 

light spectrally, should be aberration corrected in order to maintain the tight confinement of 

the spectrally decomposed spot in the form of a well-defined line at the exit port of the 

spectrometer. (Figure 16.c) 3) A high sensitivity array detector is necessary that allows 

exposure time on the seconds timescale without compromising the measurement by the 

accumulation of noise – a requirement met only by dedicated, cooled spectroscopic CCD array 

detectors.  
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Figure 16. (a) Dark-field image of gold nanoparticles deposited on a glass substrate.88 (b) The dark-field image 

projected onto the entrance slit of the spectrograph.88 (c) By using a grating, the spectra of the particles located in 

the slit can be obtained in the CCD image.88 

In Figure 17, a selected scattering spectrum of an individual nanoparticle can be seen in the 

CCD image. The CCD position along x axis corresponds to the wavelength, thus the single 

particle spectrum can be easily acquired. By binning the intensity of this spectrum, a 

Gaussian-like distribution can be seen which can be used for position optimisation. 

 

Figure 17. The scattering spectrum of an individual gold nanorod in the CCD image.88 
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2.3 Synthesis, surface modification and self-assembly of gold nanorods 

For the preparation of nanoscale particles, two general approach exist, namely the top-down 

and the bottom-up methods. In former, nanoparticles are fabricated from bulk material by using 

physical lithography techniques. In this study, only bottom-up approaches were utilised in 

order to produce nanoparticles, where gold salts (HAuCl4) are dissolved in aqueous phase and 

reduced to Au0. The first successful attempt for synthesising gold nanoparticles was carried out 

by Micheal Faraday in 1857 using phosphorous as a reducing agent.111 Since then, several 

chemical syntheses based on have been developed, extending the possible shape of the gold 

nanoparticles and improving their monodispersity.15,112–123 

 

2.3.1 Synthesis of spherical gold nanoparticles 

One of the most common methods for preparing negatively charged gold nanospheres with 

narrow size distribution is the Turkevich method,112 where Au3+ is reduced by sodium citrate 

at high temperature (T=100 °C). In this process, citrate plays an important role after the 

reduction, because it also acts as a stabilising agent physisorbed to the particle’s surface 

through its carboxyl group. Numerous investigations were published about improving the 

monodispersity of the particles or creating nanocrystals with different shape.124–126 The 

characteristic size of citrate-capped particles, however, prepared by the traditional Turkevich 

method is limited to ca. 20 nm. To overcome this limitation, seeded-growth procedures can be 

utilised, where small nanoparticles, so-called seeds, are overgrown by adding more Au3+ and 

reducing agent. The final dimension of the particles can be controlled by setting the amount of 

the additives (see Figure 18).113 

 

Figure 18. Citrate stabilised seeded-growth particles with different sizes (a) 15 ± 2 nm (seeds), (b) 31 ± 3 nm, (c) 

69 ± 3 nm, (d) 121 ± 10 nm, (e) 151 ± 8 nm, (f) 294 ± 17 nm 
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2.3.2 Synthesis of gold nanorods 

Besides nanospheres, elongated gold particles are extensively produced and used for 

potential applications due to their easily tunable longitudinal LSPR. In bottom-up procedures, 

the resonance peak can be tailored by adjusting the synthesis conditions properly. In the 

literature, several studies present the possibility to fabricate nanorods including 

wet-chemical127–129, electrochemical,130 sonochemical,131 solvothermal,132 

microwave-assisted133 and photochemical reduction techniques.134 In this study, for preparing 

nanorods, a robust seed-mediated method was applied. Figure 19.a illustrates the concept of 

this technique. First, 1.5 nm seed particles are produced using sodium borohydride as a strong 

reducing agent. The resulting particles are stabilised by hexadecyltrimethylammonium 

bromide (CTAB). CTAB is a cationic surfactant commonly used in nanorod syntheses.135 The 

appropriate amount of seed solution is then added to the so-called growth solution. The simplest 

growth solution of gold nanorods is usually composed of an aqueous solution of HAuCl4, 

ascorbic acid (AA), silver nitrate and CTAB. The presence of AA causes the reduction of Au3+ 

to Au+, thus facilitating the further reduction of Au+ to Au0 on the surface of the seed particles. 

According to a widely accepted mechanism,69,135 Ag+ plays a crucial role as a shape factor, as 

it preferentially binds to the {110} facet of the gold nanocrystal under potential deposition, 

limiting the growing in this direction.135On the contrary, the {100} facet is not blocked by Ag+, 

resulting in the selective growing of the particle, leading to the formation of rod shaped 

particles. By controlling the amount of Ag+ in the growth solution, the AR of the resulting 

particle can be tuned.69,128 In the past decades, several efforts have been made to improve the 

size tunability of the wet-chemical syntheses by controlling the synthesis conditions127,128,135 

or introducing additives, like small aromative molecules.116,129 For instance, the increased 

acidity of the growth solution results in the higher AR nanorods. According to the study 

published by Ye et al.,116 the presence of other surfactant containing double bond provides an 

exceptional high yield of the rods even with relatively high rod thickness. This double bond 

acts as a slight reducing agent, increasing the amount of Au+ in the growth solution, while 

remaining ones are reduced to Au+ or even to Au0 by AA.116 The crystal structure and 

morphological features of the resulting rods are also crucial, since they have a strong influence 

on the physical/chemical and the optical properties of the particles.136 For instance, the optical 

behaviour is very sensitive to the head shape of the tips, which can be controlled by the amount 

of CTAB during the growth since it preferentially binds onto the {100} facets of nanorods, 

leaving the {111} facet unprotected (see Figure 19.b).137–140 
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Figure 19. (a) Schematic illustration of the seed-mediated method for the growth of gold nanorods and the 

amphipatic structure of CTAB.36 (b) The crystalline structure of a gold nanorod.140 

A variety of synthesis protocols follow the seed-mediated concept presented previously 

resulting in CTAB-capped nanorods. In order to exploit the special properties of these rods in 

potential applications, the modification of the nanocrystal surface is required.141 A detailed 

understanding on the structure of the CTAB-layer at the nanoparticle surface enable us to tailor 

its surface chemistry to the given application requirements. In the literature, CTA+ layer mainly 

considered to be form a flexible bilayer with its –NH3
+ group is coordinated to the particle 

surface covered with the remaining [AuCl4]−, while the hydrophobic tails are oriented towards 

each other, resulting in a positively charged particle (Figure 20.a).142,143 The structure of the 

surfactant bilayer is very similar to the phospholipid bilayer in cell membranes.137 Obviously, 

the structure of the CTA+ layer is strongly influenced by the bulk concentration of the surfactant 

and can be disrupted at lower concentrations (Figure 20.a). It has been recently shown that the 

grafting density of CTA+ differs depending on its position along the nanorod.22 In general, the 

layer is more flexible and less dense at the tips due to curvature effects, and more rigid at the 

sides (Figure 20.b). In addition, it can be also interpreted based upon the different interaction 

between the CTA+ and the gold nanocrystal facets; this effect is more pronounced for the case 

of larger nanorods.137–140 Due to changes in the environmental parameters (ionic strength, 

organic solvents, temperature) or decreased bulk CTAB concentration (below 5 mM) the 

particle solution begins losing its stability owing to the reduced grafting density on the particle 

surface.36 It has been demonstrated that the evolving aggregates are linked mostly through their 

tips because of the repressed repulsive electric double layer interaction, further indicating the 

less dense CTA+ structure at the tips.144,145 This effect can be exploited in ligand exchange with 

thiol molecules if a nanorod with surface inhomogeneity, so-called patchy particle, is desired. 

Interestingly, CTAB also exhibits a non-centrosymmetric distribution along the particle surface 

according to Kelvin probe microscopy, secondary electron imaging energy-filtered 
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transmission measurements and plasmon mapping simulations, as published recently.22 When 

CTAB-capped particles are deposited on a supporting substrate, the surfactant can be 

effectively removed by using organic solvents. In this case, obviously, the danger of 

aggregation is excluded. However, recent studies has been shown that perfect removal of the 

CTAB from the particle surface is impossible through washing the particles with organic 

solvents.146 

 

Figure 20. (a) The structure of the CTA+ layer on the side of a gold nanorod depends on the bulk concentration of 

the surfactant. (b) The CTAB distribution on the nanorod surface shows that less dense bilayer is forms at the tips 

due to curvature effects and the energy of given crystal facets. Surprisingly, an electrostatic gradient can be 

observed on the electrostatic potential map because of the crystal structure of the nanocrystal.22   
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2.3.3 Ligand exchange using thiol ligands 

Among myriad protocols, ligand exchange of CTAB in liquid medium using thiol molecules 

is one of the most widely used surface modification processes. After the ligand exchange  a 

self-assembled monolayer of the chemically bound thiol-molecules is formed due to the 

exceptionally strong gold-sulphur interaction (~ 185 kJ/mol)147 as shown in Figure 21.a. The 

evolution of the self-assembled monolayer leads to a change in the dielectric constant of the 

surrounding medium. As a result, a noticeable shift of the plasmon resonance peak can be 

observed in the extinction spectra of the particles. Because of the lower grafting density of the 

initial CTAB-layer at the tips than that of the side, thiol molecules tend to replace CTAB 

predominantly at the ends of the nanorods, offering the possibility to achieve inhomogeneous 

surface chemistry at the nanoparticle level simply by fine-tuning the concentration of thiol 

ligands.148 These so-called patchy rods can be used for creating particle assemblies with 

designed structure. For example, gold nanorods tip selectively modified with cysteamine can 

form particle structures connected through their tips under certain external conditions.149,150 

This ligand exchange can effectively be facilitated by lowering the bulk CTAB concentration 

but without losing the particle stability. By careful control of the CTAB concentration, as well 

as employing several consecutive ligand exchange steps, or using multiple ligands in a single 

step, nanoparticles with mixed ligand layers can be prepared (Figure 21.b,c).  

 

Figure 21. (a) Complete surface modification on a nanorod (b) Partial and site-selective surface modification of a 

nanorod (c) By using mixed surface layers, unique properties of the nanorod can develop 

 

2.3.4 Directed self-assembly of gold nanosphere/nanorod heterodimers 

Self-assembly of gold nanoparticles shows fascinating optical properties due to plasmon 

coupling and related features discussed previously. Because phenomena which originate from 

this coupling are strongly sensitive to the particles’ geometry and their relative arrangement 
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(especially in the case of heterodimers), the accurate design of the given structure is 

required.36,93 Several procedures exist in the literature for creating directly assembled 

nanostructures with controlled positional arrangement. One possible way is to tune the 

colloid151 or biospecific152,153 interactions between the nanocrystals (electric double layer and 

dispersion interaction etc.) by controlling their surface chemistry with different types of 

molecules. For example, patchy nanorods owing to their morphological and surface chemical 

anisotropy were extensively investigated in our group to develop nanoparticle assemblies. As 

an example, Figure 22 reveals heterodimers consisting of a patchy nanorod and a negatively 

charged nanospheres having scattering spectra strongly dependent on the particles relative 

arrangement. The tips of the rods were covered by cysteamine, while the side region was coated 

by 5 kDa mPEG-SH.154,155 

 

Figure 22. (a) Scattering spectra of nanosphere/patchy nanorod heterodimers as a function of sphere relative 

displacement along the rod long axis (b) The SEM micrographs of the heterodimers and the corresponding dip 

width.155  
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3. Motivation and aim of the work 

The presence of environmental inhomogeneities in the near-field region of gold nanorods 

influences the optical and colloidal behaviour of the particles, even when these 

inhomogeneities are realised on a scale smaller than the particle size itself. Several possibilities 

exist to produce inhomogeneity in the vicinity surface layer of the particles. One can modify 

the particles’ surface directly or create an inhomogeneity on the supporting substrate. The 

environmental inhomogeneity at the particle surface can stem from different molecular 

moieties attached to specific surface regions of the particles, but it can also originate from the 

presence of another nanoparticle that – if it’s also a plasmonic particle – also brings about 

inhomogeneities in the nanorod environment as a result of plasmon coupling, leading to a 

geometry dependent optical response of this particle assembly. 

Controlling the physical and chemical properties of gold nanorod surfaces by exchanging 

the native CTA+ for chemically bound thiol ligands is of fundamental importance and is also 

essential for applications. The anisometry of elongated gold nanoparticles provides the 

possibility to develop surface layers with surface chemical inhomogeneity, by exploiting small 

inherent variations in the CTA+ layer structure along the nanorod surface during a ligand 

exchange reaction. This can result in the formation of a patchy particle, where different surface 

regions of the rod are covered by different molecules. This in turn can pave the way towards 

the fine tuning and spatial control of colloid interactions around the particle. By engineering 

these colloid interactions through careful control of the ligand exchange, plasmonic 

nanoparticle assemblies with designed structure can be created. Such a plasmonic 

nanostructure can be a gold sphere/rod heterodimer system which exhibits exceptionally rich 

optical behaviour owing to the optical phenomena arising upon plasmon coupling. The 

asymmetrical environment around a gold nanorod also can be produced by placing a supporting 

substrate under the nanocrystal. The presence of the substrate in itself can be understood as a 

kind of environmental inhomogeneity, but engineered nano-patterning of the physical or 

chemical properties of the substrate can introduce additional local inhomogeneities. Since the 

LSPR parameters are very sensitive to the changes around the gold nanorod, optically 

monitoring the effect of these small scale inhomogeneities offers the possibility to obtain more 

information on these processes and structures.  

In this work, my objective is to gain a deeper insight into the mechanisms of ligand exchange 

of different thiol ligands and the resulting surface structure of gold nanorods with surface 

chemical inhomogeneity by performing visible light scattering measurements on individual 



41 

 

nanoparticles. This approach allows to tackle the inhomogeneous linewidth broadening 

inherently present during ensemble bulk measurements, and hence the comparison of the data 

with theory. The optical response of individual sphere/rod heterodimers with different relative 

arrangements are investigated as well, to create an optical framework for the determination of 

particle-dimers’ structure in-situ in liquid environment during self-assembly. Last but not least, 

my purpose is to examine how local substrate inhomogeneities that are smaller than the 

nanoparticle itself influence the optical properties of gold nanorods. These local substrate 

inhomogeneities were created by the combination of nanosphere lithography and ion 

bombardment. As I performed my key experiments on individual nanoparticles and their 

assemblies, controlled morphology and narrow size distribution were very important for all 

measurements.  

 

My detailed aims can be summarised in the following points: 

 Patchy nanoparticles show growing interest because they exhibit a spatial 

inhomogeneity in terms of colloid interactions around the nanocrystal. First, my purpose is to 

create patchy nanorods through ligand exchange using two differently sized and charged thiol 

molecules at different bulk ligand concentrations. Single particle spectroscopy would provide 

information on the changes in the dielectric environment after the surface modification 

procedure. In addition, by correlating these measurements with single probe experiments 

(atomic force microscopy, scanning electron microscopy) more morphological information can 

be obtained on the localisation and the structure of the chemical patch. By comparing these 

measurements, the optical response might be connected to the structural features of the patchy 

nanorods. 

 
Figure 23. The concept of production and investigation of patchy nanorods at the single particle level using optical 

scattering microspectroscopy and atomic force microscopy. 
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 Although numerous studies have been carried out on the binding of thiol ligands onto 

gold nanorod surfaces, the differences in the adsorption mechanisms between oppositely 

charged sulphur-containing molecules still remained unclear. My aim is to investigate the 

binding of these thiol ligands both at the ensemble and the single particle level by analysing 

the optical properties of gold nanorods. The resonance wavelengths and the LSPR linewidths 

can be obtained by Lorentz fitting of the individual scattering spectra and by analysing them, 

we can get a much clearer understanding on the binding, since these parameters are strongly 

sensitive to the localisation of the changes in the dielectric properties of the near-field region. 

The experiments will be also carried out in the presence of CTAB, to investigate the role of the 

native surface layer during the ligand exchange besides the effect of the charge state of the 

binding thiols. 

 

Figure 24. Investigating the binding of thiol ligands with similar size and opposite charge at the single particle 

level. The effects can be characterised by analysing the plasmon linewidth changes upon molecule adsorption. 

 The optical properties of nanorods are modified in the presence of supporting substrate 

due to the coupling between the particle plasmon oscillation and the induced mirror charges. 

More inhomogeneity can be introduced into the surrounding environment by nano-patterning 

the substrate under the particles on a much smaller scale than the length of the nanorods. As a 

result, several configurations are evolved, and their optical behaviour should be linked to their 

configuration relative to the pattern. Investigating the connection between the given 

configuration and the longitudinal LSPR linewidth can provide information how the 

nano-patterned substrate modify the optical response of the nanorods. 
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Figure 25. Investigation of the scattering spectra of individual gold nanorods on a nano-patterned substrate with 

different configurations. 

 

 Gold nanosphere/nanorod heterodimers exhibit fascinating optical properties due to 

asymmetric plasmon coupling and related phenomena. Heterodimers can be created by tuning 

the colloid interaction between the spheres and the rods. As reported previously93, the line 

shape of the scattering spectrum is exceptionally sensitive to the sphere position along the 

nanorod and the separation distance between them. On the other hand, the nanosphere can be 

located either at the top of the nanorod or at the substrate level. The polarisation dependent 

optical behaviour of these arrangements are expected to be different. The polarisation-resolved 

optical investigations on individual heterodimers correlated with electron microscopy 

measurements would give a basic understanding on these arrangement-dependent spectral 

features. The effects of the immersion capillary forces after the controlled self-assembly on the 

geometrical rearrangement are also analysed. 

 

Figure 26. The concept of electric double layer directed self-assembly of differently charged nanoparticles. The 

correlated polarisation-resolved scattering spectra of the resulting nanosphere/nanorod heterodimers provide 

information on the relative arrangement of the particles. The influence of immersion capillary forces is 

investigated as well. 
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4. Experimental Section 

For detailed information about the applied materials, methods and instruments, please see 

Appendix 10.1. 

 

4.1 Synthesis procedures 

Before syntheses, the glasswares were carefully cleaned using freshly prepared aqua regia 

followed by rinsing with ultrapure water, then dried in a drying oven overnight. All chemicals 

were used as received without further purification. 

 

4.1.1 Synthesis of spherical gold nanoparticles  

Spherical particles with the diameter of 50 nm were synthesised according to a simple 

three-step seeded growth procedure113 that provides particles with uniform spherical shape and 

narrow size distribution. The method uses 19 nm gold spheres as seeds, which were prepared 

based on the traditional Turkevich-protocol.112 First, 6 mL of a 0.01 M HAuCl4 was added to 

222 mL of ultrapure water. The resulting solution was boiled, then 6 mL of 38.8 mM 

sodium citrate was rapidly added. The colour of the boiling solution turned ruby red because 

of the reduction of Au3+ to Au0. After 15 minutes boiling, the liquid was allowed to cool down 

to room temperature.  

Afterwards, a slightly modified version of the seeded growth procedure reported by 

Ziegler et al.113 was carried out. Briefly, 6 mL of the 19 nm particle solution were diluted to 

20 mL and were boiled after which 10 mL of solution A and 10 mL of solution B were added 

subsequently. Solution A was a 0.04 w/v % HAuCl4 solution and solution B was prepared by 

diluting 1 mL 1 % w/v ascorbic acid and 0.5 mL 1 % w/v trisodium-citrate solution to 10 mL. 

The mixture was boiled for 30 minutes and allowed to cool down. The diameter of resulting 

particles was around 40 nm. The nanospheres (NS) with the diameter of 50 nm were prepared 

in a second growth step. After 9 mL of the 40 nm particle solution was diluted to 20 mL, the 

same procedure (adding the precursor solutions, boiling, cooling) was carried out as mentioned 

earlier. 

 

4.1.2 Synthesis of gold nanorods 

The synthesis of gold nanorods (55 × 115 nm, 27 × 76 nm, 36 × 91 nm, 49 × 115 nm) was 

carried out according to a robust seed-mediated growth protocol using binary surfactant 

mixture composed of CTAB and sodium oleate (NaOL). In order to prepare the seed solution, 
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0.5 mL of 0.5 mM HAuCl4 solution and 0.5 mL of 0.2 M CTAB solution were mixed. 

Afterwards, 0.6 mL of freshly prepared ice cold 0.01 M sodium borohydride solution was 

diluted to 1 mL and was rapidly injected to the earlier mentioned solution under vigorous 

stirring. The solution’s colour turned from yellow to brown indicating the formation of the seed 

particles. After 2 minutes stirring, seed solution aged for half an hour at room temperature. 

The growth solution was prepared as follows: certain amount of CTAB and NaOL solutions 

were dissolved in 25 mL water at 50 °C. After cooling down the mixture to 30 °C, silver nitrate 

solution was added and kept undisturbed for 15 minutes at this temperature. Then 25 mL 

1 mM HAuCl4 solution was introduced after which the mixture was stirred (750 rpm) and 

allowed to cool down to room temperature for 90 minutes. In order to adjust the pH 

concentrated HCl was injected then the solution was additionally stirred (300 rpm) for 

15 minutes. To reduce Au3+ to Au+, ascorbic acid solution was added and the solution was 

vigorously stirred for 15 s. Certain amount of seed solution was then injected into the growth 

solution. The mixture was kept undisturbed overnight at 30 °C. Table 1 summarises the 

synthesis conditions to produce nanorod samples with given dimensions.116 To demonstrate the 

size and shape dependent optical response of gold nanoparticles, Figure 27 shows the GNS 

sphere and GNR2 rod samples. 

Table 1. The amount of materials added to synthetise nanorod samples with given dimensions 

 GNR1 GNR2 GNR3 GNR4 

Size nm × nm 115 × 55 76 × 27 91 × 36 115 × 49 

CTAB g 0.9 0.9 0.9 0.9 

NaOL g 0.1234 0.1543 0.1543 0.1543 

AgNO3 mL 2.4 1.8 1.8 2.4 

HCl mL 0.21 0.21 0.21 0.15 

Seed mL 0.01 0.035 0.02 0.02 

 

 

Figure 27. A gold nanosphere and a gold nanorod solution used in this work. (GNS and GNR1 samples) 
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4.2 Surface modification of gold nanoparticles 

Ligand exchange with thiol molecules is one of the most widespread and versatile strategy 

to modify the surface chemistry of gold nanorods due to the strong gold-sulphur interaction.147 

In this work, various thiol molecules were used to provide functionality to the particles. This 

section outlines the preparation of both homofunctional and patchy nanorods. To monitor the 

surface modification and the purification procedures, UV/Vis spectrophotometry and 

electrophoretic mobility measurements were carried out. 

 

4.2.1 Preparation of gold nanorods with surface homogeneity 

The surface of the gold nanorods was modified using two molecules: 5 kDa mPEG-SH and 

MTAB (MTA+ in its dissociated form). The neutral mPEG-SH is a widely used ligand featuring 

high biocompability and colloidal stability to gold particles, because it provides strong steric 

repulsion, while the surface-attached MTA+ can charge-stabilise the particles. The ligand 

exchange process for preparing homofunctional gold nanorods – that is rods that are covered 

by a single type of molecule – is straightforward. First, gold nanorods were centrifuged 

(20 min × 2000 rcf, Eppendorf 5804R) and washed with ultrapure water to reduce the 

concentration of CTAB with an order of magnitude. After the second washing round, the 

particles were carefully redispersed with the solution of the given thiol ligand and were 

vigorously vortexed (IKA LabDancer) for several seconds. The sample was then agitated for 3 

hours (Grant Instruments PSU-10i) after which was cleaned by three rounds of centrifugation 

(20 min × 2000 rcf) and redispersed in ultrapure water. 

 

4.2.2 Preparation of gold nanorods with surface inhomogeneity 

Both patchy nanorods with the dimension of 55 × 115 nm and 27 × 76 nm 

(GNR1 and GNR2) were prepared according to the following a two-step surface modification 

procedure. Briefly, 1 mL of gold nanorod solution was centrifuged twice at 2000 rcf for 

20 minutes and redispersed in pure water to reduce CTAB concentration to 5 mM after which 

certain amount of cysteamine or 3-mercaptopropionic acid (MPA) was added. The solution 

was placed on the PSU-10i orbital shaker for 30 minutes. After shaking, 10 mM mPEG-SH 

solution was injected and the mixture was shaken for an additional 3 hours. Then the surface 

modified nanorods were washed twice (2 × 20 min × 2000 rcf) to remove the excess polymer 

from the solution.154 In order to prepare mixed surface layer on gold nanorods the thiol ligands 
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(in this case 2000 Da mPEG-SH and MTAB) were simultaneously added to the particle 

solution. The thiol ligands used in this research are listed in Table 2. 

Table 2. Summary of thiol ligands used during this research 

Name Constitutional formula  

5 kDa mPEG-SH 

 

Neutral polymer 

2 kDa mPEG-SH 

 

Neutral polymer 

MTAB 

 

Positively charged 

Cysteamine 
 

Positively charged 

MPA 
 

Negatively charged 

 

4.3 Measurement methods 

The as-synthesised and the surface modified gold particle solutions were optically 

characterised using a fiber coupled diode-array UV-VIS spectrometer (Thorlabs CCS200) in 

disposable cuvettes (1 × 1 cm). For time-dependent measurements a custom measurement 

software written in Labview® was used to control the spectrometer. Dynamic light scattering 

(DLS) and electrophoretic mobility experiments were carried out using Malvern Zetasizer 

NanoZS. SEM micrographs were recorded on a Zeiss LEO field emission scanning electron 

microscope operated at the acceleration voltage of 5 kV. When glass substrate was used for 

SEM experiments, an SPI Carbon Coater System was utilised to avoid charging of the 

substrate. AFM measurements investigating the morphology of patchy nanorods were 

performed on a Bruker Multimode 8 in PeakForce tapping mode by Zoltán Osváth 

(Nanostructures Department, Centre for Energy Research). The morphology of nano-patterned 

ITO covered glass substrates was analysed with an AIST-NT SmartSPM 1010 AFM setup 

operated in tapping mode by Norbert Nagy (Chemical Nanosturcture Laboratory, Centre for 

Energy Research). Scanning tunneling microscopy (STM) and tunneling spectroscopy (STS) 

measurements were performed by Zoltán Osváth using a DI NanoScope E operating under 

ambient conditions with mechanically cut Pt/Ir probe (90/10%). 
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4.3.1 Single particle spectroscopy using epi-illumination 

 

(i) Patchy nanorods  

100 µL of the 10 times diluted GNR1 solution was spin-coated (30 s × 1200 rpm) onto a 

pre-cleaned (sonication for 10 minutes in each: acetone, isopropanol, water; drying in nitrogen 

flow) mapped glass substrate. The map consists of 6400, 150 × 150 µm large, individually 

labelled cells as illustrated in Figure 28.a, which allows the unambiguous identification of the 

particles during the single particle experiments (single particle spectroscopy, AFM, SEM). The 

sample was then mounted on an XYZ piezo stage (Physik Instrumente, P-545.3R8S) of an 

upright microscope (Olympus BX51) operated in epi-illumination mode. The scattering spectra 

of the selected surface modified gold nanorods were obtained using an aberration-corrected 

imaging spectrometer (Princeton Instruments Isoplane SCT320 + Pixis:400BRX cooled CCD 

camera) coupled to the microscope. The concept of this measurement can be seen in Figure 

28.b. For all measurements, 10 s exposure time was used. The numerical aperture (NA) of the 

collection objective was 0.8. AFM and SEM measurements were carried out on the very same 

particles. 

 

Figure 28. (a) The characteristic dark-field image of a mapped glass substrate, facilitating unambiguous 

identification of the particles (b) Obtaining the scattering spectrum of individual patchy nanorod using 

epi-illumination 

 

(ii) Nanorods on nano-patterned ITO-covered glass substrate  

The entire procedure remains the same as the one for patchy nanorods except for the 

nanoparticles were spin-coated on a nano-patterned ITO covered glass substrate instead of 

mapped glass substrate. The objective used during the single particle measurements have a NA 

of 0.9 and 100× magnification. In this case GNR3 sample was used. 
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4.3.2 Single particle spectroscopy using trans-illumination 

 

(i) Ligand exchange studies on individual nanorods 

All in situ experiments were performed in a HybriWell HBW6021 (GraceBiolabs) liquid 

cell. In this case, the bottom plate of the chamber was a standard microscope glass slide 

(Menzel-Gläser, 76 × 26 mm). Selected individual gold nanorods (GNR2) were measured as 

mentioned before. Then the rods were conditioned using short-chain thiol solutions with 

different, increasing concetrations ranging from 10-4 to 102 mM for 20 minutes before 

measuring the same nanorods. The same procedure was carried out in the presence of 5 mM 

CTAB solution. 

 

Figure 29. (a) The concept of investigating the optical changes upon the binding of short-chain thiol ligands (b) 

 

(ii) Nanoparticle heterodimers  

For the preparation of nanoparticle heterodimers, the self-assembly of the spheres and rods 

(GNS and GNR4 sample) were carried out in situ in a liquid cell. The surface modified 

nanorods were spin-coated on a cleaned ITO-coated glass substrate as mentioned earlier. The 

substrate covered by nanorods was the bottom plate of the liquid cell, while a standard 

microscope cover slide was used as top plate. As a spacer, Parafilm was used and the cell was 

placed on a hot-plate for 20 seconds at 50°C to get a proper sealing. The liquid cell was 

mounted on the microscope stage of the upright optical microscope equipped with a dedicated 

oil-immersion dark-field condenser (Olympus U-DCW, NA = 1.2−1.4). First, the liquid 

chamber was filled with pure water and the scattering spectra of individual scatterers were 

obtained. Shortly after, the 10× diluted dispersion of 50 nm spheres was filled into the cell. 

After 30 minutes the liquid chamber was flushed with ultrapure water until Brownian motion 

of free spherical particles could not be observed anymore. After the self-assembly, the 

previously already selected scatterers were measured again. All scattering spectra were 

obtained with an exposure time of 2 seconds. Polarisation-resolved spectra were acquired by 
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placing a linear polariser (Thorlabs LPVISC100-MP2) mounted in a motorised rotary stage 

directly in front of the entrance-slit of the imaging spectrometer. 

 

Figure 30. (a) Assembly of liquid cell using ITO substrate and microscope cover slide. As a spacer Parafilm was 

used (b) Investigating the optical response of gold sphere/rod heterodimers in-situ using trans-illumination 

 

4.4 Ion irradiation of ITO layers 

Silica nanoparticles with 400 nm diameter were produced by a slightly modified 

seed-mediated synthesis protocol published by Chen et al..156 Briefly, 9.4 mL 28-30 % NH4OH 

solution was mixed with 60 mL ethanol and 1560 µL Milli Q water and then stirred thoroughly 

for 20 minutes. Into this solution 10 000× diluted seed silica nanoparticles (LUDOX-AS40) 

were injected and the resulting solution was mixed for an additional 20 minutes. Afterwards, 

1.8 mL tetraethyl orthosilicate was added and the mixture was gently stirred overnight. The 

excess of ammonia was then removed by boiling and stirring the sol until the pH reached the 

value of 7. The resulting particles were washed at 3000 rcf for 5 minutes after which were 

redispersed in an ethanol/chloform mixture with a 1:2 ratio. For LB-film preparation, this 

solution was spread onto the water/air interface in a Wilhelmy film balance (KSV2000) and 

compressed until 27 mN/m surface pressure, and allowed to relax for 1 h. Afterwards, the 

particles were deposited onto ITO-covered (100 nm) glass substrate applying a 7 mm/min 

withdrawal speed and the films were dried at room temperature.  

The LB-layer covered substrates of 20 × 20 mm area were exposed to Xe+ ion 

bombardment. One set of samples was irradiated through a Langmuir−Blodgett (LB) masks of 

400 nm colloidal silica particles, while another set was implanted on its full area, that is, 

without using the silica mask. Irradiation was performed at room temperature in the Heavy Ion 

Cascade Implanter under the direction of Zsolt Zolnai (Nanosensors Laboratory, Centre for 

Energy Research) at the Institute for Particle and Nuclear Physics (Wigner Research Centre for 

Physics, Budapest). 
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Figure 31. The concept of Xe+ irradiation of ITO/glass substrate through the LB-film of 400 nm silica particles. 

The schematics show the pattern of implanted and non-implanted areas on the ITO-coated substrate 

 

4.5 Optical simulations 

In order to interpret the optical response of individual surface modified gold nanoparticles 

and their assemblies, two numerical approaches with two different software were used. One of 

them was MNPBEM17, which is a boundary element method (BEM) MATLAB® toolbox 

developed by Hohenester and Trügler52  and was employed for the optical simulation of gold 

nanosphere/nanorod heterodimers. The software numerically solves the Maxwell’s equations 

at discretized surfaces and provides the absorption as well as scattering cross-sections and can 

be used to compute the electromagnetic near-fields at different wavelengths. COMSOL 

Multiphysics RF Module was used to calculate the optical response of substrate attached patchy 

gold nanorod based on finite element method (FEM). Despite the higher computational 

capacity of the FEM method, nanoobjects with various shape like nanorods with different tip 

coverage can be easily implemented. 

In both simulation method, gold nanorods were modelled as two hemisphere caped 

cylinders. Although the results of Johnson and Christy29 are conventionally used in the 

literature, the optical dielectric function of gold was taken from the results of Olmon et al.4 due 

to the higher spectral resolution in the visible range. In each cases, the geometrical input 

parameters of the particles were extracted from the SEM micrographs of the investigated 

nanoparticles. The particles were illuminated by plane-wave excitation and the limited light 

collection of the microscope objective with the given numerical aperture was also taken into 

account.  
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5. Results and discussion 

 

5.1 Characterisation of model systems 

 

The stability and the narrow size distribution of nanoparticle samples are in general, 

essential to perform experiments with high reproducibility. During my research, I prepared and 

investigated five different model systems; four nanorod and one nanosphere samples. After 

particle syntheses, all solutions were characterised by using traditional visible spectroscopy 

and the measured ensemble spectra of these samples are shown in Figure 32. For nanorod 

samples, two resonance peaks can be observed as expected, corresponding to the transversal 

(at shorter wavelengths) and longitudinal (at longer wavelengths) dipolar plasmon resonance 

modes. The longitudinal plasmon resonance wavelengths are listed in Table 3. For the 

nanosphere sample (GNS) only one dipolar plasmon resonance peak can be found in the 

extinction spectrum due to the spherical symmetry of the particles. The average size of the 

particles was determined by analysing the SEM micrographs of the samples. Characteristic 

SEM images of the corresponding model systems are also shown in Figure 32; uniformly 

shaped particles were successfully produced. The fraction of other particle shapes is very low 

and insignificant. The characteristic particle dimensions extracted from SEM analyses were 

used to calculate the average aspect ratios, as summarised in Table 3. 

Table 3: Results of ensemble optical and SEM characterisation of the synthethised nanoparticles. The AR was 

calculated based on the dimensions obtained from SEM image analysis 

Sample λSPR Length Diameter Aspect ratio 

GNR1 711 nm (115 ± 11) nm (55 ± 9) nm 2.09 

GNR2 774 nm (76 ± 8) nm (24 ± 3) nm 3.17 

GNR3 781 nm (91 ± 9) nm (36 ± 3) nm 2.53 

GNR4 686 nm (115 ± 13) nm (49 ± 4) nm 2.35 

GNS 530 nm  (54 ± 7) nm  

 

These samples were usually surface modified with thiols in a ligand exchange procedure 

after which they were washed with ultrapure Milli Q water in several centrifugation steps 

(generally 3 steps). The ligand exchange and the cleaning process were monitored by using 

ensemble optical spectroscopy that indicates the LSPR shift associated with the changes in the 

dielectric environment of the near-field region. The surface modification was considered to be 
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successful if the LSPR frequency and linewidth remains the same during the whole cleaning 

process, that is no aggregation takes place. 

 

Figure 32. The characteristic ensemble extinction spectra and SEM micrographs of gold nanorod samples. The 

experiments indicate the stability, the monodispersity and the narrow size distribution of the samples   
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5.2 Investigating the patch formation at the tips of gold nanorods 

In this chapter, I present the preparation and the characterisation of gold nanorods with 

surface chemical inhomogeneity both at the ensemble and the single particle levels. The side 

region of these patchy rods are coated by 5 kDa mPEG-SH and the tips are covered by 

cysteamine. In order to shed light on the patch development at the tips and to obtain more direct 

information on the extent and the structure of the cysteamine patch, single particle experiments 

are carried out. Relying on optical calculations, I attempt to establish a connection between the 

developed structural inhomogeneity on the nanorod surface and the optical response of the 

patchy particle. For these experiments GNR1 (55 × 115 nm) was used. 

 

5.2.1 Ensemble experiments 

By using ensemble optical spectroscopy combined with electrophoretic measurements, it is 

possible to indirectly conclude on the site-selective binding of the thiol ligands on 

CTAB-capped gold nanorods. While the longitudinal resonance peak shift mostly provides 

information on the changes of the dielectric properties in the near-field region at the tips48, the 

electrophoretic mobility probes the entire surface of the particles. The observed resonance peak 

shifts and electrophoretic mobility changes after the surface modification and purification 

procedure were plotted in Figure 33 as a function of cysteamine concentration. It worth 

mentioning again that the bulk CTAB concentration was reduced to as low as 5 mM before the 

surface modification process in order to facilitate the CTA+ replacement for cysteamine by 

slightly disrupting the surfactant bilayer on the particle surface.  

With increasing cysteamine concentration both the blueshift and the electrophoretic 

mobility approach their limiting values. The longitudinal plasmon resonance peak 

asimptotically blueshifts 6 nm, indicating the decreasing effective refractive index in the 

near-field region at the tips. The removal of the CTA+ molecules accompanied by the 

accumulation of the much smaller cysteamine on the rods’ surface results in increasing water 

volume fraction in the near-field region, thus leads to decreasing the effective refractive index. 

Above 10 mM ligand concentration the nanoparticles lose their stability. In this concentration 

range it is anticipated that the ligand exchange also proceeds to a significant extent also at the 

side region of the nanorods and the cysteamine alone is not able to counteract the dispersion 

attraction between the nanorods that leads to the lateral assembly of the particles.149 It should 

be noted that above 10-2 mM ligand concentration until the limiting aggregation concentration 

no appreciable changes can be observed nor in the extent of blueshift neither in the 
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electrophoretic mobility, indicating the saturation of the rods’ tip by cysteamine. These 

findings are consistent with our earlier results154, even though smaller gold rods (16 × 60 nm) 

show a monotonically increasing electrophoretic mobility curve in the whole concentration 

range. Because of the larger dimensions of the present particles and hence more developed 

facets, it is likely that CTA+ might form a more compact layer at the side facets of the gold 

nanorods. This compact CTA+ layer can effectively block the additional cysteamine adsorption 

on the particle surface. The observations obtained from these ensemble experiments imply that 

a well-defined chemical patch should evolve at the tips of the nanorods at least at the critical 

10-2 mM cysteamine concentration. 

 
Figure 33. Longitudinal resonance peak shifts (left axis) and electrophoretic mobility changes (right axis) of the 

rods at different cysteamine concentrations. The two vertical dashed line indicate the two cysteamine 

concentrations (10-3 mM and 10-2 mM) that were used during the single particle experiments. 

The ligand exchange process seems relatively fast (at each cysteamine concentrations the 

curves saturate in 30 s) and follows a classical Langmuir kinetics with a time constant of 

4.464 1/min, as shown in Figure 34.a.157 These findings are in qualitatively good aggreement 

with the results on 4-aminothiophenol adsorption on faceted gold nanospheres examined by 

SERS.158 However, keeping the rods in a relatively high cysteamine concentration (5.55 mM) 

for more than 24 h can lead to an additional blueshift of the longitudinal LSPR frequency. As 

Figure 34.b shows, it is a much slower process, indicating that some additional process takes 

place in this longer time interval than just cysteamine binding onto the partilce surface. This 

slow blueshift might be attributed to the etching effect of cysteamine published by Szychowski 

et al 159 recently, according to which increased temperature (60 °C) and high cysteamine 

concentration (5 mM) can cause significant shortening in the rod length. In present case, 

however, additional heating was not introduced, and the particles were kept at room 

temperature, but the process might take place at room temperature as well at longer time scales. 
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It has has to be emphasized, that the extent of blueshift observed on the hours scale is too large 

to be explained by the reduction of refractive index around the particles. 

 

Figure 34 (a) Longitudinal peak shift as a function of time at different cysteamine concentrations fitted by an 

exponential decaying Langmuir kinetics with a time constant of 4.464 1/min. (b) Two different process resulting 

in blueshift in the longitudinal LSPR frequency. In the first 24 h longitudinal plasmon wavelength follow the 

first-order Langmuir kinetics after which the shortening of the nanorod occurs with a much smaller time constant. 

Two reference samples were also prepared and investigated using ensemble optical 

spectroscopy. One is the GNR1 sample fully covered with 5kDa mPEG-SH which is a much 

larger molecule than CTA+, consequently an effective refractive index increase is expected, 

leading to a redshift in the longitudinal plasmon mode as shown in Figure 35. However, 

because cysteamine is a smaller molecule compared with CTA+, it is not able to fully cover 

and charge-stabilise the relatively large nanorods in GNR1 sample, as shown for the case, 

where 10 mM cysteamine solution induced the aggregation of rods during the ligand exchange 

procedure. Hence, instead of cysteamine a larger, but positively charged thiol ligand was used, 

namely (11-mercaptoundecyl)-N,N,N-trimethylammonium bromide (MTAB). The 

thiol-containing MTAB also binds to the gold particle surface because of the strong 

gold-sulphur interaction, just like cysteamine and mPEG-SH and can preserve the colloidal 

stability of nanorods during the surface modification as well as the purification procedure, 

functioning as another reference besides PEGylated particles during this study. The MTAB is 

similar sized as CTAB, therefore a significant difference may be expected in the surface layer 

structure as well as in the optical response compared to that of 5 kDa mPEG-SH. Indeed, the 

binding of MTAB causes a small blueshift in the longitudinal LSPR frequency compared to 

the resonance wavelength of the as-synthetised CTAB-capped rods (see Figure 35). 
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Figure 35. Changes in the longitudinal LSPR upon the addition of 5kDa mPEG-SH and MTAB compared to the 

as-synthesised CTAB-capped gold rods. These two surface modified samples function as reference samples in the 

followings.  

 

5.2.2 Single particle experiments 

Single particle spectroscopy combined with correlative scanning probe measurements (SEM 

and AFM) on site-selectively modified gold rods allows investigating the extent, localisation 

and structural properties of the evolved patch at the level of individual particles. In general, 

SEM images provide information on the morphology of the investigated rods; AFM 

deformation maps offer the detection of molecular layers at the particle surface and by 

analysing scattering spectra of individual nanoparticles, changes of the dielectric properties in 

the near-field region can be observed. Besides the fully MTAB-covered and PEGylated 

reference samples, nanorods treated at the critical 10-2 mM and at 10-3 mM cysteamine 

concentrations were examined (Figure 33).  

All nanorods were immobilised and investigated on a mapped glass substrate which helps 

the unambiguous identification of the particles. Figure 36 summarises the SEM micrographs, 

the AFM deformation maps and the individual scattering spectra of the selected nanorods. The 

different experimental techniques were employed to investigate the very same nanoobjects. All 

the SEM images (see Figure 36) show that the selected individual particles have similar size, 

well-developed rod shape and no undesirable contaminants can be observed. Compared with 

SEM images, lower contrast and some shape anisometry can be observed in the AFM 

deformation maps next to the SEM images, which was probably caused by the asymmetric 

AFM tip geometry (see Appendix 10.4). Comparing the AFM deformation maps of the 

reference samples a striking difference as a result of the surface ligand layer can be observed. 
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Figure 36. (a, c, e) SEM micrographs, (b, d, f) AFM deformation maps and (g) scattering spectra of the individual 

gold nanorods modified with different thiol ligands. For the preparation of patchy particles, 10-2 mM cysteamine 

was used. 

As shown in Figure 36, on the PEGylated nanorod an approximately 5 nm thick layer can be 

detected, which is most certainly attributed to the polymer coating. For the MTAB-covered 

particles, a rigid and a much thinner layer was found. This is consistent with the structural 

difference between the two thiol molecules, since the mPEG-SH has a considerably larger size 

than MTAB and develops a less dense and much thicker polymer brush. This is also reflected 

in the grafting density difference of mPEG-SH (2 molecules/nm2)160 and MTAB 

(6 molecules/nm2)161.  

More importantly, both structural features can be found simultaneously in the AFM 

deformation map of the nanorod modified at 10-2 mM cysteamine concentration. As the AFM 

image displays, the long-chain polymer layer covers the side region, and a well-defined 

chemical patch can be observed at the tip of the nanorod. Despite the fact that ensemble optical 

spectroscopy experiments indicate the binding of cysteamine at 10-3 mM ligand concentration 

(see Figure 35), at this concentration no well-developed cysteamine patch is displayed in the 

AFM deformation map. 
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The single particle scattering spectra of the very same nanorods were acquired to examine 

the effects of the surface layers also from an optical point of view. In agreement with the AFM 

and the ensemble optical measurements, a noticeable difference can be seen in the individual 

scattering spectra for MTAB-coated and PEG-covered particles. As shown in Figure 36, there 

is a clear trend in the resonance wavelengths for the different surface modifications. The 

highest wavelength is found for the PEGylated particle, while the shortest for the patchy one. 

This can be easily explained by molecular coverage of the rods: for the shortest molecule 

(cysteamine) the rods’ tips experience the lowest effective refractive index, for PEG the largest, 

and the MTAB is in between (even though the MTAB coated particle has a slightly larger AR 

and both cysteamine and MTAB have a similar grafting density: ~ 6 molecules/nm2). 161,162 

At lower cysteamine concentration (10-3 mM) the resonance wavelength is higher than for 

the one obtained at 10-2 mM, but this is only due to the larger aspect ratio of the given nanorod, 

so the peak values are not directly comparable. Nevertheless, no rigid short-chain region can 

be observed at the tips in the AFM image (see Figure 37), but the ensemble spectral 

measurements (Figure 33) indicate cysteamine binding. These findings suggest that at this 

lower cysteamine concentration instead of a well-defined patch development a statistical 

binding of the cysteamine at the tips occurred after which the remaining sites were occupied 

by mPEG-SH. 

 

Figure 37. (a) SEM micrograph, (b) AFM deformation map and (c) scattering spectrum for a patchy nanorod 

prepared at 10−3 mM cysteamine concentration. 

In order to elucidate how particle coverage by the organic capping layer influences the 

optical scattering spectra of patchy nanorods, optical simulations based on finite element 

method (FEM) were carried out. The nanorods were implemented with a glass substrate, and 

two scenarios of the molecular coating arrangement have been considered (Figure 38.a). First, 
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the adlayer of given thickness has different refractive index, mimicking the situation where the 

rod is homogeneously coated with a molecular layer of different surface coverage. The shell 

refractive index was varied from 1.0 (bare rod) to 1.5 (compact organic shell). Second, an 

inhomogeneous layer was considered, where the refractive index of the layer was fixed at 1.5, 

but the coverage of the nanorods’ tip was varied between 0 and 100%. The simulation of these 

two shell-arrangements shows that both increasing patch size (molecule free region at the tips) 

and decreasing effective refractive index result in a blueshift of the resonance wavelength 

(see Figure 38.b), which is consistent with the outlined binding mechanism. The homogeneous 

(refractive index change) and inhomogeneous (varying tip coverage) change of the surrounding 

medium refractive index induce a similar trend in the resonance wavelength shift, suggesting 

that optical spectroscopy alone is not necessarily sufficient to unambiguously identify the 

structure of the surface layer. 

 

Figure 38. Calculated longitudinal resonance peak of rods with different tip coverages (nshell=1.5) and shell 

refractive indices (homogeneous surface layer). 

In conclusion, it has been demonstrated that cysteamine is able to form a well-localised 

patch at the tips of gold nanorods at and above the critical concentration. The critical 

concentration for 55 × 115 nm gold rods is found to be 10-2 mM. Below the critical 

concentration (for the case of 10-3 mM cysteamine concentration) the statistical binding of the 

cysteamine occurs without creating a well-defined chemical patch. Analysing ensemble and 

individual optical spectrum of the surface modified nanorods is able to provide information on 

the presence of the attached cysteamine, but is not capable of determining the structure and the 

morphology of the surface layer, which on the other hand can be extracted from AFM 

measurements.  
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5.3 Investigating the binding of differently charged short-chain thiol ligands 

on CTAB-capped nanorods by analysing chemical interface damping 

changes 

So far, the adsorption of cysteamine on CTAB-stabilised gold nanorods was discussed and 

the developed surface layer was studied at the single particle level. In this chapter, my aim was 

to shed light on how the charged nature of a thiol molecule affects the binding and the ligand 

replacement process. In the previous section, at the pH of the solution (pH = 6.4), cysteamine 

was considered to be present in its protonated form (pKa = 10.75). Under the same 

experimental conditions, the binding of cysteamine and another similarly sized, but negatively 

charged (pKa = 4.3) 3-mercaptopropionic acid (MPA) on gold nanorods (GNR2) are 

investigated and compared in more detail. Special attention is given to the thiol-gold bond 

formation associated resonance peak broadening. The underlying chemical interface damping 

(CID) increase is utilised to obtain more information on the ligand exchange process. 

 

5.3.1 Ensemble experiments 

As shown in the previous section, ensemble optical spectroscopy combined with 

electrophoretic measurements can confirm the attachment of thiol-containing molecule to the 

surface of gold nanoparticles. In this work, similar to the experiments performed in 

Section 5.2.1 the CTAB-capped gold nanorods (GNR2) with the dimension of 24 x 76 nm were 

treated at pH = 6.4 with the different concentrations of positively charged cysteamine and 

negatively charged MPA. In both cases, the bulk CTAB concentration was fixed at 5 mM. 

 

Figure 39. Longitudinal resonance peak shift (left axis) and electrophoretic mobility changes (right axis) obtained 

after treating the rod solutions with (a) cysteamine and (b) MPA at different concentrations. The CTAB 

concentration was fixed at 5 mM. 

The results for cysteamine are similar to the results shown earlier (Section 5.2.1). In present 

case, the blueshift converges to ca. 6 nm with increasing cysteamine concentration 

accompanied by an increase in the electrophoretic mobility of the particles (Figure 39.a). The 
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sample begins to aggregate at around 10 mM cysteamine concentration. Based on the earlier 

findings these indicate that at around and above the critical cysteamine concentration of 

10-1 mM tip-selectively modified nanorods were produced. However, the binding of MPA 

shows a markedly different behaviour compared to cysteamine. In spite of the similar structure 

of the two molecules, MPA causes a monotonically increasing longitudinal LSPR wavelength, 

that is, a redshift can be observed instead of the blueshift found for cysteamine. Besides the 

puzzling redshift, compared to cysteamine a much larger electrophoretic mobility increase was 

obtained (Figure 39.a). While some aggregation associated redshift cannot be ruled out a priori, 

the combined redshift and mobility increase (despite the negatively charged thiol binding) do 

not strengthen this possibility. These observations rather suggest that the average refractive 

index as well as the number of positive charges around the particles increase upon the ligand 

“exchange”. Similar redshift was also observed for CTAB/C capped spherical gold 

nanoparticles and CTAB-covered gold nanorods upon MPA binding, however no explanation 

to this effect was given in this study.163 It is possible that electric interaction between native 

CTA+ and MPA might cause this interesting adsorption phenomenon. Presumably, after thiol 

binding, the surface attached, negatively charged MPA may induce the accumulation of the 

positively charged CTA+ on rod surface. This accumulation could explain the observed redshift 

and electrophoretic mobility increase. To investigate this possibility, single particle 

experiments were carried out. During these experiments, the binding process can be examined 

in a wider ligand concentration range without aggregation, because the particles under 

investigation are immobilised on a substrate. Additionally, for the same reason, the binding 

process can be decoupled from the bulk CTAB concentration, hence the spectral change can 

be attributed more rigorously both to the effect of the given thiol molecule and/or the possible 

interaction between the bound thiol and the CTA+ molecules. 

 

5.3.2 Single particle experiments 

Single particle spectroscopy offers the possibility to corroborate the outlined binding 

mechanism of MPA. After obtaining the scattering spectrum of the individual scatterer (SEM 

micrograph of the rod can be seen inset) the spectrum was fitted with a Lorentzian-function in 

order to determine the longitudinal LSPR energy and the resonance linewidth (damping) values 

as shown in Figure 40. 
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Figure 40. Experimental scattering spectrum of a gold nanorod fitted by a Lorentzian-function in order to 

determine the resonance wavelength and the linewidth. The inset shows the SEM micrograph of the selected 

nanorod. 

As in this study the damping change (resonance peak broadening) was used to follow thiol 

adsorption on single molecules, the particles were designed so that the longitudinal resonance 

wavelength of the nanorods falls above 705 nm (higher resonance energy than 1.76 meV). In 

this case the interband transition contribution to the damping can be neglected,50 and any 

change in the resonance linewidth (damping) can be assigned to changes in the CID 

contribution. The increase of CID-related peak broadening and the shift of longitudinal LSPR 

wavelength upon thiol binding are proportional to the thiol ligand coverage on nanorod 

surface.58 Figure 41 illustrates the normalised scattering spectra of a gold nanorod kept in water 

and treated with cysteamine at different concentrations. It can be clearly seen that cysteamine 

binding causes significant changes in longitudinal LSPR position and plasmon linewidth. 

Several different individual particles were investigated, thus averaged longitudinal LSPR 

wavelength and linewidth values will be analysed in the followings. Changes belonging to 

individual particles can be found in Appendix 10.5. 

 

Figure 41. Normalised single particle scattering spectrum of a selected individual gold nanorod obtained at 

increasing cysteamine concentrations (no CTAB in the bulk). 
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To remain consistent, exactly the same particles were measured at each different ligand 

concentrations; the mean changes of the resonance wavelength and the LSPR linewidth are 

plotted Figure 42. In this case the bulk concentration of CTAB was set to zero, that is the 

measurement is carried out in ultrapure water. 

 

Figure 42. (a) Longitudinal resonance wavelength shifts and (b) LSPR broadening observed after the addition of 

cysteamine and MPA at different concentrations 

Compared with the ensemble spectroscopy experiments (where 5 mM CTAB is also present 

in the bulk), resonance wavelength shows a clearly opposite trend especially at higher ligand 

concentrations, that is, the binding of cysteamine results in a considerable redshift, while MPA 

causes a moderate blueshift. Below 10-1 mM ligand concentration, however, a slight relative 

blueshift for cysteamine and a small relative redshift for MPA can be also observed compared 

to the resonance wavelength obtained at 10-5 mM thiol concentration. In both cases, the 

resonance linewidths monotonically increase, indicating that both cysteamine and MPA indeed 

bind to the surface of the rods, gradually increasing the chemical interface damping. 

Nevertheless, a clear difference can be observed between the two damping curves (Figure 

42.b), since a much reduced broadening can be seen for MPA-modified nanorods above 

10-2 mM ligand concentration compared to that of cysteamine. These findings can be 

interpreted by assuming that some extent of physisorbed CTA+ might be remained on the 

surface of the nanorods in spite of the purification procedure and the extensive washing of the 

liquid cell. It agrees well with the observations of several studies.146,164 As shown in Figure 

42.a, for cysteamine, even at low concentration the remaining CTA+ is replaced resulting in a 

slight blueshift, but at higher concentration the large amount of organic molecule induces a 

pronounced redshift. The different behaviour of MPA can be explained by its reduced 

capability to remove the residual CTA+ from the surface: at lower concentration it is anticipated 

to fill up the free areas on the rod (slight redshift), before starting to replace the CTA+ at higher 

concentration. This replacement – just like for cysteamine – leads to a blueshift, but as the 

amount of molecules bound to the surface is much less then for cysteamine (see. Figure 42.b), 



65 

 

redshift of the plasmon peak cannot be observed in this case. It is clear, therefore, that the 

charged nature of the thiol molecule plays an important role during the ligand exchange, as it 

determines the interplay between the remaining CTA+ and the thiol ligand. For instance, when 

the positively charged cysteamine is used for modifying particle surface, a local repulsion arise 

between CTA+ and the thiol ligand. After cysteamine binding to the rod, CTA+ possibly begins 

to leave the particle surface due to this repulsive electric interaction. According to this theory, 

at low ligand concentrations, it leads to a blueshift in the resonance frequency above which the 

cysteamine start to cover the entire surface resulting in a redshift as shown in Figure 42. Unlike 

cysteamine, the binding of MPA probably proceeds in a substantially different way. The 

negatively charged MPA predominantly occupies the easily accessible sites of the nanorod. 

The electric attraction between the surface attached MPA and the CTA+ remnants induces an 

additional accumulation of the surfactant from the bulk. It appears that this accumulation is 

able to block the further MPA adsorption in part, leading to a self-limiting ligand exchange 

process. Eventually, the strong gold-sulphur interaction overcome this; at higher ligand 

concentrations MPA presumably can occupy more and more sites on the rod surface resulting 

in a blueshift of the LSPR frequency.  

In order to confirm the above-outlined hypothesis on the ligand replacement and to clarify 

the role of CTAB during the surface modification, additional single particle spectroscopy 

measurements were carried out at different bulk CTAB concentrations. The bulk CTAB 

concentration was set by conditioning the flow-cell mounted samples first with the given 

surfactant solution. The resulting peak shift and the plasmon linewidth at different CTAB 

concentrations were plotted in Figure 43. The observed, relatively large redshift upon CTAB 

addition can be attributed to the increased refractive index in the near-field region due to the 

development of surfactant bilayer having higher optical density. Interestingly, this redshift was 

also accompanied by decreasing FWHM despite CTA+ only non-covalently coordinates to gold 

nanorod surface.165 These tendencies are consistent with a recently published study, although 

in that case these effects are associated with the amount of silver ions on the particle surface 

rather than the presence of CTA+,166 but this does not necessarily apply in the present case, as 

no additional silver is introduced to the system with the CTAB solutions.  
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Figure 43. (a) The measured longitudinal LSPR peak shift and (b) and plasmon linewidth change upon the addition 

of CTAB solution with different concentrations 

In contrast with those experiments, where nanorods were washed intensively with ultrapure 

water and the CTA+ coverage was unknown (see Figure 42), single particle measurements at 

5 mM bulk CTAB concentration (identical CTAB concentration to ensemble experiments 

shown in Figure 39) were also performed. It has to be noted, that above the critical micellar 

concentration of CTAB (0.92°mM)167, the surfactant layer on the nanorod can be anticipated 

as a bilayer. The mean of the obtained resonance wavelength shifts and LSPR linewidth 

changes are plotted in Figure 44. The reference values were obtained from the nanorod spectra 

measured at 5 mM CTAB bulk concentration. Similar to the ensemble measurements, 

cysteamine causes a considerable blueshift of the longitudinal plasmon peak at relatively high 

ligand concentration, indicating pronounced that cysteamine binding at the nanorods’ tips. On 

the other hand, it should be mentioned that at elevated temperature (60°C) cysteamine with the 

concentration of 5 mM might trigger the etching of gold rods in the presence of CTAB as 

reported earlier in the literature, which also can lead to a blueshift (Appendix 10.6 gives 

information about the blueshift caused by nanorod shortening).159 In our case, however, it is 

very unlikely that temperature exceeds 60°C in the liquid cell, and the shortening of the 

nanorods (see Figure 34.b). The persistent damping increase indicates the presence of the 

cysteamine on the rod surface. Below 1 mM cysteamine concentration a small redshift can be 

observed that can be attributed to the adsorption of the positively charged thiol ligands onto 

easily accessible sites without removal of CTA+. After the occupation of these sites, the 

removal of CTA+ proceeds. On the contrary, for MPA, a small redshift can be observed up to 

1 mM ligand concentration above that a slight blueshift can be seen. In the lower concentration 

range, MPA possibly adheres to the easily accessible sites similar to cysteamine, but in this 

case, a stabilisation of the original capping ligand occurs, because of the attractive electric 

interaction between the thiol molecule and CTA+. Eventually, the MPA is able to remove some 
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positively charged surfactant due to its strong binding energy compared that of CTAB, which 

explains the observed blueshift at higher ligand concentrations. This is supported by the trend 

of longitudinal LSPR linewidth (Figure 44.b) upon MPA addition seems suppressed indicating 

the self-limiting binding of the negatively charged thiol ligand: 

 

Figure 44. (a) Resonance peak shifts and (b) damping increase as a result of addition cysteamine and MPA at a 

fixed concentration of CTAB of 5 mM 

The results indicate that the interaction between short chain thiol and CTA+ plays a crucial 

role in the ligand exchange therefore single particle experiments at intermediate CTAB 

concentrations (10-3 and 1 mM) were performed to receive a better understanding how this 

effect scales as a function of bulk CTAB concentration. Compared to the 5mM CTAB 

concentration case, at 10-3 mM CTAB concentration a much more disrupted surface layer can 

be anticipated on the surface of the nanorods. As shown in Figure 44, the extent of the redshift 

observed around 10-1 mM ligand concentration is apparently linked to the CTAB concentration. 

Up to 1 mM CTAB concentration (critical micelle concentration of CTAB is approximately 

0.92 mM), this redshift increases as the CTAB concentration increases. It is consistent with the 

outlined hypothesis, that is, the surface attached, negatively charged MPA induces the 

accumulation of the CTA+ from the bulk resulting in a considerable redshift proportional to the 

CTAB concentration. At 5 mM CTAB concentration on the other hand the overall efficiency 

of the ligand exchange becomes highly reduced, resulting is smaller redshift (although the 

tendency with MPA concentration remains essentially the same). In this regard the damping 

change is able to provide especially useful insights, as the linewidth broadening is expected to 

be proportional to the amount of thiol bound to the surface, Figure 45.b shows that there is a 

clear correlation between the CTAB concentration level and the amount of MPA bound to the 

gold surface.  Already at the lowest, 10-3 mM CTAB concentration, the LSPR linewidth 

changes are smaller compared to those of washed sample in the lower concentration range. 

Ultimately, MPA removes CTAB, leading to a similar damping curve at higher concentrations 

(above 10-1 mM). When the conditions of the formation of bilayer are better fulfilled, more 
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suppressed damping changes are observed, indicating the pronounced inhibition of MPA 

binding by the CTAB surface layer. All damping curves become approximately parallel above 

10-1 mM, implying the similar inhibition mechanism. 

 

Figure 45. (a) The resonance wavelength changes and (b) the LSPR broadening of the nanorods at different bulk 

CTAB concentrations after the addition of MPA 

For consistency, the dependence of longitudinal LSPR shift and resonance peak broadening 

was also investigated for the case of cysteamine, an additional set of experiment at an 

intermediate CTAB concentration of (1 mM) was performed. The measured resonance 

wavelength changes at 1 mM CTAB concentration exhibit an almost identical trend as the one 

obtained for 5 mM CTAB concentration (Figure 46). By analysing the FWHM trends, it 

appears that even for cysteamine the binding is significantly hindered as bulk CTAB 

concentration increases, presumably due to the denser nature of the CTAB layer. 

 

Figure 46 (a) Resonance peak wavelength and (b) damping change when cysteamine is added to the cleaned 

samples and to ones that have been first conditioned in aqueous CTAB solution. 

In summary, analysing longitudinal plasmon peak broadening related to CID is found to be 

suitable for characterising the binding of similarly sized but oppositely charged thiol ligands 

on CTAB-capped gold nanorods. It has been shown that the charge state of the thiol-molecule 

plays a very important role during the ligand replacement, as it determines the interaction 

between the positively charged surfactant and the given thiol molecule. Cysteamine was found 

to effectively replace the similarly charged CTA+ from particle surface, while binding of the 

negatively charged MPA is less effective. To get a clearer understanding on the ligand 
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exchange process of the oppositely charged thiols and the resulting surface layers, Figure 47 

summarises and visualises the structures evolved upon either cysteamine or MPA addition. 

When the particle surface is largely depleted of CTA+, cysteamine easily binds to the surface, 

while MPA accumulation is lower. In the presence of CTA+, the binding is generally reduced, 

but while cysteamine predominantly replaces CTA+, MPA accumulates without the effective 

removal of CTA+. 

 

Figure 47. Schematics illustrating the resulting surface layers after the ligand replacement with and without CTAB 

in the bulk.  
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5.4  Gold Nanorod Plasmon Resonance Damping Effects on a Nano-patterned 

Substrate 

In previous chapters, it has been shown that binding of thiol ligands on gold nanorod surface 

leads to a shift in LSPR frequency and a considerable broadening of the longitudinal resonance 

peak. The former effect is mainly associated with the increase of refractive index in the 

near-field of the particle, especially around the tips. The latter one in turn is proportional to the 

surface coverage of thiol ligands on the particle surface. Hence, it can be inferred that any 

inhomogeneity in the physical or chemical properties of the supporting substrate might also 

influence the particles’ optical behaviour (resonance wavelength and FWHM). In the next 

section, native, irradiated and nano-patterned indium tin oxide (ITO) substrates was used to 

assess the effect of substrate inhomogeneity on the optical spectra of individual nanorods. 

Different configurations were considered depending on the arrangement of nanorods relative 

to irradiated and unirradiated zones of the ITO substrate. In this section, nanorods from GNR3 

sample were used and investigated. 

 

5.4.1 Investigating the effect of fully implanted ITO substrate on the optical 

behaviour of gold nanorods 

The optical spectra of gold nanorods with the dimension of 36 × 91 nm (GNR3 sample) was 

first investigated on both native and Xe+ ion implanted ITO substrate to gain insights into how 

the implantation itself modifies the optical response of the nanorods. Figure 48 depicts the 

FWHM of six nanorods for each substrate type as a function of their resonance wavelength. 

These values were obtained by fitting a Lorentzian function to the scattering spectra of the 

individual nanocrystals; in the same way as mentioned in the previous section (Figure 40). No 

significant difference in the damping can be seen for the nanorods deposited on the same 

substrate, since the influence of interband transition contributions is relatively low in the case 

of gold nanorods with an AR larger than 2. However, a much larger plasmon linewidth (Γ =

132 ± 4.5 𝑚𝑒𝑉) was measured for rods immobilised on the implanted substrate compared to 

the values on the native ITO layer (Γ = 99 ± 5 𝑚𝑒𝑉). Because no significant geometrical 

deviations can be expected for the nanorods, the contributions of bulk, interband, radiation and 

surface damping contributions are considered to be the same on different substrates. However, 

it is highly possible that the change of CID might be responsible for spectral broadening. The 

measured 33 meV average plasmon peak broadening can be assigned to an increase in the CID 

parameter (∆𝐴 = 2). This is a huge increase in 𝐴 compared to previous studies published in 
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this topic, where the entire surface of the nanorods covered by a ligand or a coating: the 

combined parameter (𝐴 = 𝐴𝐶𝐼𝐷 + 𝐴𝑠𝑢𝑟𝑓) of CTAB-capped gold rods is 𝐴𝐶𝑇𝐴𝐵 = 0.361 and for 

dodecanethiol-covered nanorods 𝐴𝐷𝐷𝑇 = 0.4671. Gold nanorods encapsulated in SiO2 shell 

have an 𝐴𝑆𝑖𝑂2
 as high as 1.460. Despite the limited “contact” area of ITO in the vicinity of rods, 

the tremendous increase in 𝐴 is possibly caused by the strong interaction between the substrate 

and the nanocrystals because of the small separation distance between the particle and the ITO 

layer.92 

 

Figure 48. Plasmon peak broadening of nanorods as a consequence of ITO substrate implantation as a function of 

rod longitudinal LSPR wavelength 

 

5.4.2 Investigating the effect of nano-patterned ITO substrate on the optical 

response of gold nanorods 

The patterned substrate was created by using a close-packed LB-monolayer of 400 nm 

spherical silica nanoparticles as a nanomask on the ITO layer during ion-implantation. During 

the irradiation, Xe+ ions with certain energy are only able to get through this mask between the 

nanospheres.168,169 Upon irradiation, two well-defined regions with different contrast can be 

distinguished in the SEM image after the removal of silica nanoparticles. As shown in Figure 

49, bright and circular regions are unirradiated areas, while surrounding, implanted regions 

have slightly darker contrast. From optical point of view, significant differences in refractive 

index and the extinction coefficient between an implanted and unimplanted surfaces can be 

expected, as previously reported.170–173 Indeed, based on spectroscopic ellipsometry 

measurements, an increase of the refractive index from 1.55 to 1.85 can be observed as a result 

of ion bombardment. A significant rise in extinction coefficient was also occurred due to ion 

implantation (k = 0.1). According to SRIM simulations,174 a sharp transition zone develops 

upon at the edge of the masked region, which is much smaller (about 20 nm) than the ca. 91 nm 
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length of the investigated nanorods. Therefore, when nanorods are randomly deposited over 

such a surface, it is quite easy to find some that are located not only over a purely masked or 

irradiated area, but are located over both regions. Because ion implantation induces changes in 

the physical or chemical properties of the ITO substrate, it is expected to influence on the 

optical spectrum of gold nanocrystals. In the following section, I will examine this effect in 

detail by using single particle scattering spectroscopy correlated with SEM experiments. 

 

Figure 49. SEM micrograph of the Langmuir-Blodgett monolayer of 400 nm diameter colloidal silica particles 

used as mask during the ion implantation process. In the centre, the nanosphere lithography induced surface 

pattern can be seen. Brighter circular areas represent the unirradiated (masked) regions of the ITO surface while 

surrounding darker regions are the irradiated zones.  

After the investigation of the influence of reference substrates (native and irradiated ITO 

substrates), the optical properties of nanorods deposited on the nano-patterned substrate were 

examined in detail. Considering the narrow transition zone between the implanted and the 

non-implanted zones compared to the rods’ length, nanocrystals are expected to be found 

located on both areas simultaneously. Two prototypical arrangements were distinguished. One, 

when the particle functions as a “bridge”, connecting two adjacent non-irradiated zones, so 

that, the tips of the nanocrystals can be found in the circular non-implanted areas, while the 

centre of the rods located in the gap between them (Figure 50.a). In SEM experiments, rods 

with symmetric configuration were selected, where the centre of the nanorod coincidences with 

the gap centre. Another configuration, the so-called “overlapping”, was also investigated, when 

one tip of the particle is in a non-irradiated zone, while the other in the neighbouring irradiated 

one (Figure 50.b). In some cases, particles can also be found purely inside and outside (the 
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non-irradiated zone), so they can function as internal reference. To quantify the arrangement, 

parameter “𝛿” was introduced, which can be calculated for both configurations according to 

Figure 50. When 𝛿 is equal or larger than 𝐿, the nanocrystal is in irradiated zone (“outside” 

arrangement), while zero or negative 𝛿 means that the rod is in unirradiated zone (“inside” 

arrangement). If 0 < 𝛿 < 𝐿, the nanocrystal is located in both areas and the underlying 

substrate features a nanoscale inhomogeneity. 

 

Figure 50. (a) The two main configurations (bridging and overlapping configurations) distinguished in this study. 

Calculation of δ parameter for symmetric bridging and asymmetric overlapping configurations. (b) Characteristic 

scattering spectra of individual gold nanorods having different configurations. Black lines show the Lorentzian 

functions fitted to the experimental data 

In order to link the optical response of the nanorods to their position on the nano-patterned 

ITO layer, single particle scattering spectroscopy correlated with SEM was performed. First, 

the normalized scattering spectra of particles having outside, inside, bridging and overlapping 

configuration were measured and were fitted with a Lorentzian function to obtain the plasmon 

linewidth as Figure 51 shown. The inset illustrates the selected particles on the nano-patterned 

substrate with the frame colour matched to the corresponding spectrum. In agreement with the 

earlier results acquired for the case of native and irradiated samples, the FWHM of particles in 

the irradiated zone (“outside arrangement”) is significantly larger (Γ̅𝑜𝑢𝑡 = 138 𝑚𝑒𝑉) than that 

of “inside” ones (Γ̅𝑖𝑛 = 108 𝑚𝑒𝑉). Although slightly larger plasmon linewidths were obtained 
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compared to those of reference samples, this increase may be caused by the additional 

technological steps occurred during the masking, cleaning and implantation procedure. Still, 

the damping change between the “inside” and “outside” configurations (ΔΓ = 33 𝑚𝑒𝑉) 

corresponds to a relatively high increase in the proportionality factor of the CID (Δ𝐴 = 1.8) 

and is in a reasonable agreement with the value of Δ𝐴 = 2 obtained earlier for the unmasked 

substrates. 

 

Figure 51. Changes in plasmon resonance linewidth and Q2 depending on the position relative to the patterned 

substrate for (a) symmetric bridging (left panel) and (b) asymmetric overlapping (right panel) configurations. The 

top panel shows the corresponding SEM images of the given particles 

To gain a deeper insight into how the nanorod position over the nano-patterned substrate affects 

on the optical response of the particles, particles featuring various 𝛿  values were identified and 

investigated. First, particles with bridging configuration and with different 𝛿 were studied. 

Besides the plasmon linewidth, so-called quality factor, denoted by 𝑄 can be obtained by 

dividing 𝐸𝑟𝑒𝑠 with Γ. Based on dipole antenna theory, 𝑄2 is proportional to the intensity of the 

resonance peak, which generally decreases as any non-radiative damping contribution 

increases.71 In Figure 51, the damping and the square of quality factor (𝑄2) trends of bridging 

configuration as a function of 𝛿 is shown. An abrupt decrease of the plasmon linewidth from 

146 meV to 112 meV and a gradual increase of the 𝑄2 (related to the resonance intensity) can 

be observed as larger fraction of the rods spans over the irradiated gap region. These findings 

might be ascribed to the changes of the physical/chemical properties of the ITO along the long 

axis of the rod owing to the ion implantation procedure. Ion irradiation has a considerable 

impact on the refractive index of the substrate as well, hence it has a noticeable effect on the 

resonance condition (it has to be noted that the dielectric function in the gap, that is, in the 

implanted region, can be considered to be the same for all 𝛿 values). The observed intensity 
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decrease can be ascribed to two opposite effects. In general, any increase in non-radiative 

damping contributions lower the scattering intensity of the nanoparticle. However, the increase 

of the refractive index of the surrounding medium results in an opposite effect. Based on 

spectroscopic ellipsometry measurements, approximately 20 % increase of the refractive index 

was determined as a result of the ion implantation of ITO. This is a relatively large change, 

since an 8 % increase in the refractive index induced by the full coverage of dodecanethiol 

molecules leads to 4 % increase in the scattering intensity. These findings thus suggest that 

both effects have an impact on the overall change in the plasmon resonance intensity. 

Obviously, in case of smaller gap sizes, the damping induced intensity loss is dominant, 

whereas for larger gap sizes, the intensity increase originated from the higher refractive index 

in the irradiated zone becomes more important. 

For particles with overlapping configuration, somewhat different behaviour was observed 

compared to that of bridging arrangement. In this case, the plasmon damping increases abruptly 

and the decrease of plasmon intensity shows a more gradual change, as the particle moves 

towards the “outside” region of the pattern. When a rod leaves the unirradiated zone by about 

30 nm, which is approximately one third of the rod’s total length, an abrupt increase of the 

plasmon damping can be seen from 112 meV to 146 meV. Intriguingly, there is no significant 

change can be observed for the case of nanorods having more than 30 nm in the irradiated zone. 

This finding points towards the direction that the asymmetric local environment of the tip has 

a profound effect on the damping as the electric field around a rod is generally concentrated at 

the tips. The gradual decrease of 𝑄2 from 230 to 130 outruns the rise of plasmon linewidth. 

Even though the spectra can be fitted very well with the dipole antenna model, the observed 

trends in Γ and 𝑄2 as a function of 𝛿 indicate that the effect of substrate inhomogeneity is 

difficult to interpret in this framework, because Γ and 𝑄2 do not change simultaneously. The 

different optical response between the bridging and the overlapping configurations as a 

function of 𝛿 is possibly associated with the different symmetry of the given arrangements. 

The asymmetric feature of overlapping configuration might stem from the induction of 

asymmetric mirror charges in the ITO substrate, which can be responsible for the sensitive 

optical behaviour related to nanorod tips’ position. 

In conclusion, by using ion implantation, physicochemical properties of the ITO layer can 

be significantly modified. The use of an LB-film of silica nanopartilces as a mask enables the 

development of a nano-patterned structure of irradiated and unirradiated areas with narrow 

transition zones on the substrate. The changes observed for particles located on different 

positions over the nano-patterned substrate originate from the changes of the CID contribution 
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and the refractive index induced by ion bombardment. The optical behaviour of nanocrystals 

also depends on the symmetry of the configuration, since both the damping and the scattering 

intensity are strongly linked to the tips position. Therefore, nanorods with overlapping 

configuration show a more sensitive response upon the change of position, since the scattering 

spectrum of a particle located with the third of its length outside from the unirradiated zone 

show essentially same spectrum as the rod which can be found in the irradiated area.   
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5.5 Spatial rearrangement of gold nanosphere/nanorod heterodimers and their 

polarisation-dependent optical behaviour 

The self-assembly of properly surface modified noble metal nanoparticles offers the 

possibility to fine-tune the resulting particle arrangment, thus the plasmon coupling determined 

optical response of the system. On the opposite, by analysing the optical behaviour of the 

associated particles structural information can be obtained. In this section, gold 

nanosphere/nanorod heterodimers and their two main geometrical arrangements (namely top 

and side arrangments) are charaterised from optical point of view. Numerical calculations are 

also performed to gain deeper insights into the plasmon interactions between the particles and 

to connect the optical response to the geometry of the heterodimers. Relying on this knowledge, 

in situ characterisation of the gold nanosphere/nanorod heterodimers is carried out in aqueous 

environment to identify the resulting geometrical arrangment during the self-assembly process 

and to investigate potential drying induced reaarrangements. Here, GNR4 and GNS samples 

were surface-modified, purified and used for self-assembly experiments. 

 

5.5.1 Ex situ characterisation of gold nanosphere/nanorod heterodimers 

As reported earlier by our research group,154,155 the electric double layer directed 

self-assembly of negatively charged gold nanospheres and positively charged patchy nanorods 

results in the formation of heterodimers under certain conditions. During the SEM analysis of 

the resulting heterodimers, mainly two geometrical arrangements can be observed. One of them 

is, when the sphere is located at the substrate level, next to the side region of the rod, 

corresponding to side-arrangement. The vast majority (ca. 95 %) of heterodimers derived from 

electric double layer directed self-assembly show this side-arrangements. Occasionly, 

nanospheres can also be found on the top of the nanorods, designated as top-arrangement. In 

order to investigate the optical response related to structural differences, heterodimers with 

both arrangements were selected in the electron microscope. The aim was to measure 

heterodimers having either top or side-arrangment but other geometrical parameters were 

needed to be almost identical. Such heterodimers were chosen, where the constituents (the rods 

and the spheres) had similar dimensions and the relative displacement of the spheres along the 

rod long axis were very similar. After the SEM analysis, the sample were integrated in a liquid 

cell filled with ultrapure water, and the plain, white-light scattering spectra of the very same 

heterodimers were measured. Two characteristic scattering spectra of heterodimers with top 

and side arrangement are shown in Figure 52. After obtaining the scattering spectra, the liquid 
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cell was disassembled and SEM measurement were carried out again, indicating that no 

structural rearrangement of the selected heterodimers occured. 

 

Figure 52. Measured and calculated white light scattering spectra of heterodimers with (a, b) side and (c, d) top-

arrangement in aqueous medium 

In both cases, two broad plasmon peaks with a lower and a higher energy can be observed 

(Figure 52.a,c). This splitting can be attributed to the Fano interaction between a dark and a 

bright plasmon mode supported by the heterodimer, which is originated from the phase 

mismatch between the rod’s longitudinal and the sphere’s dipolar plasmon modes. The 

simulated pseudo-whithe light scattering spectra calculated by the BEM method are in good 

agreement with the experimental ones as shown Figure 52.b,d. As the simulation can be 

performed only by plane-wave excitation, several illumination directions (from 0° to 180° 

relative to the rod long axis), and both s and p light polarisations were taken into account and 

summed up. In order to implement dark-field illumination properly, the incident polar angle of 

illumination set to 57.5°. For more detailed information about the calculation of white-light 

scattering spectra see Appendix 10.7. 

Figure 53 reveals the surface charge plots as well as the near-field maps for both top and 

side arrangements at different wavelengths indicated by coloured dots in the calculated 

scattering spectrum. Because longitudinal excitation is the most dominant contribution to the 

scattering spectrum, this illumination was used during these simulations The input parameters 

for the calculations were extracted from the SEM micrographs of the given heterodimers. 

Apparently, above the rod’s longitudinal resonance wavelength (red dot) the plasmon mode of 

both particles are are in-phase with the excitation source (Figure 53.b,d). On the blue side of 
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this lower energy peak (orange dot) the phase on the nanorod become opposite. This phase 

mismatch between the rod longitudinal mode and the broad high-energy mode leads to a very 

low or even zero overall net dipole moment at a certain wavelength (green dot). At the blue 

dot, which is located on the blue side of the dip, the interaction between the rod quadropolar 

mode and the sphere dipolar mode can be clearly observed. The corresponding near-field maps 

were also plotted in Figure 53. According to the literature and our earlier results, the dip 

between the two peaks are mainly determined by the relative displacement of the sphere along 

the rod long axis, therefore no significant difference should be seen between the traditional 

white-light scattering spectra of the observed heterodimers, which is in very good aggreement 

with the experimental results. 

 

Figure 53. (a,c) Simulated scattering spectra, (b,d) phase information maps and surface charge plots of gold 

nanosphere/nanorod heterodimers with top and side arrangements 

The polarisation-resolved scattering spectra of the very same heterodimers were also 

measured to experimentally investigate the two main geometrical arrangements in terms of 

optical behaviour and the results plotted in Figure 54. The analyser angle of 0° corresponds to 

the long axis of the nanorod as can be seen in the SEM insets of the selected heterodimers. The 

analyser was then rotated to 90°, and after each 18° rotating step the scattering spectra were 

measured again. For both cases, a strong modulation of the optical spectrum can be seen as the 

analyser angle was changed. The observed four peaks were numbered from 1 to 4, where 1 

corresponds to the peak with the lowest resonance wavelength, while peak 4 is assigned to the 
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plasmon mode with the highest resonance wavelength. It can be clearly seen that the collective 

behaviour of peak 1 and 2 determines the shape of the higher energy peak in the white-light 

scattering spectrum, whereas peak 3 and 4 have a profound impact on the lower energy peak. 

As Figure 54 illustrates, peak 1 remains almost unchanged as the analyser rotated from 0° 

to 90°, while peak 2 vanishes in both cases upon the rotation of the analyser from the 

longitudinal to the transversal axis. The most dominant peak 4 also vanishes in both cases as 

expected, since this peak can be mainly associated with the longitudinal plasmon mode of the 

nanorod according to the result of near-field intensity map as shown in Figure 53. Most 

importantly, peak 3, which is indicated by an orange arrow in Figure 54, remains pronounced 

for the side-arrangement, whereas it disappears for top-arrangement as the analyser angle was 

rotated from 0° to 90°. By investigating this significantly different polarisation dependent 

behaviour of peak 3 may enable us to distinguish the investigated two main geometrical 

arrangements optically. For further polarisation-resolved scattering spectra of additional gold 

nanosphere/nanorod heterodimers see Appendix 10.8. 

 

Figure 54. (a,c) Measured and (b,d) calculated polarisation-resolved scattering spectra of heterodimers with top 

and side-arrangements. Insets show the actual heterodimer arrangements recorder with SEM. 

In order to shed light on the origin of this different analyser angle dependent behaviour of 

peak 3, optical simulations of the scattering spectra were examined in detail. The calculated 

spectra (Figure 54) are fairly consistent with the experimental ones. For side-arrangement, a 

significant blueshift and an intensity loss of the broad lower energy peak can be observed in 

the simulated spectrum when analyser is rotated to 90°. In this wavelength range of the 



81 

 

spectrum, two partially overlapping plasmon modes exist (peak 3 and 4), therefore the relative 

intensity of these two peaks at different analyser angle is responsible for the apparent blueshift 

and intensity loss. When analyser angle was rotated to 90°, peak 3 at ca. 690 nm in the 

calculated spectrum and at ca. 700 nm in the experimental one becomes more pronounced. For 

top-arrangement, a shoulder can be seen clearly in Figure 54 at ca. 700 nm in the experimental 

spectrum and at ca. 670 nm in the calculated on which is also attributed to peak 3, and it 

decreases as well, when the analyser angle is rotated to 90°. 

For both arrangements, this analyser dependent behaviour of peak 3 frequency stems from 

the plasmon coupling between the sphere dipolar mode and the rod transversal mode. This 

finding is based upon the analysis of the near-field intensity maps and surface charge plots at 

peak 3 frequency (see Figure 55). However, the contribution of this coupled plasmon mode to 

the overall spectrum is very different for the given arrangement. While for side-arrangement, 

the contribution of this mode is relatively high and increases as the analyser angle is rotated to 

90°, for top-arrangement it is not so relevant and only a minor polarisation dependence can be 

seen. These findings can be interpreted by the different coupling axis between the particles, 

leading to different radiation direction of the plasmon mode. The coupled plasmon mode axis 

of the side-arrangement is located in xy-plane thus it radiates mostly along the z-axis direction 

(towards the collection optics). Its intensity become higher as the analyser is rotated parallel to 

the coupling axis, which corresponds to 90°. On the other hand, the coupled mode of the 

top-arranged heterodimer excited by p-polarised illuminations from different directions 

scatters mainly perpendicular to the z-axis. Thus, the contribution of this mode to the overall 

spectrum is relatively low and its polarisation dependence is negligible. 

 

Figure 55. Simulated polarisation-resolved scattering spectra of gold nanosphere/nanorod heterodimers, surface 

charge plots and near-field intensity maps at peak 3 wavelength (indicated by blue dot) for (a) side and (b) 

top-arrangements.  
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5.5.2 In situ characterisation of gold nanosphere/nanorod heterodimers 

Based on these observations related to peak 3 (rod transversal-sphere dipole coupled mode) 

behaviour, analysing the polarisation resolved scattering spectrum in situ allows identification 

of the evolving heterodimer arrangement upon self-assembly and detecting of eventual 

rearrangement upon drying of the prepared particle assembly. Figure 56 shows the in situ 

scattering spectra of two selected heterodimers (HD1 and HD2) in the aqueous phase, right 

after the attachment of gold nanosphere to the nanorod. In these spectra, three major peaks can 

be observed instead of four, which is a result of primarily the higher rod aspect ratio and a 

somewhat larger relative displacement value of the sphere along the rod long axis. These lead 

to an overlapping of peak 2 and the native dipole moment of the particles.93,155 This is 

consistent with the simulation results as shown in Figure 56. For detailed analysis and 

explanation see Appendix 10.9. 

In both cases, the lowest energy peak can be assigned to the rod longitudinal mode that 

diminishes as analyser is rotated from 0°to 90°.  For HD1, around 670 nm (orange arrow in 

Figure 56.a) a well-defined peak can be observed as the analyser angle is rotated from 

longitudinal to transversal direction. Based upon BEM calculations, it can be attributed to the 

nanosphere dipolar/nanorod transversal coupled mode. This indicates the side-arrangement of 

the given heterodimer. After disassembling the liquid cell, the SEM micrographs of the very 

same heterodimers were recorded. As expected, in the SEM image of the HD1 a heterodimer 

with side-arrangement can be seen, and when this HD is reassembled in the liquid cell and 

measured again under water, its polarisation resolved scattering spectrum shows the same 

characteristics (Figure 56.b).  

On the other hand, HD2 seems to be a top-arranged heterodimer in the liquid cell upon 

assembly, as the peak indicated by orange arrow at 650 nm in Figure 56.c largely vanishes at 

90° analyser angle. Surprisingly, the SEM micrograph of HD2 after cell disassembly shows a 

side-arranged heterodimer, even though based on polarisation-resolved scattering spectra 

top-arrangement can be expected. Also, a noticeable difference can be observed for HD2, when 

HD2 is reassembled in the liquid cell and measured under water again (Figure 56.c,d). In 

contrast with the in situ measurement upon assembly, for the re-measured HD the peak 

associated with nanosphere dipolar/nanorod transversal coupling around 700 nm at 90° 

analyser angle remains pronounced. In agreement with the SEM image, this also confirms the 

side-arrangement. To cross check the results, the liquid cell was re-assembled, and the 
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polarisation-resolved scattering spectra of the selected heterodimers were obtained again. It 

should be noted, that for both reassembled heterodimers, the peaks experienced a small 

redshift, that is associated with the usual carbon contamination in the SEM chamber. 

These findings point towards the direction that the differences between the initially measured 

in situ and the reassembled scattering spectra of HD2 are related to structural rearrangement of 

the heterodimer. It is possible that nanosphere originally bind onto the top of the nanorod 

during the self-assembly. Afterwards, as a result of the drying procedure of the liquid cell, 

nanosphere from the top of the nanorod can shift to the substrate level under the action of 

immersion type capillary forces.175,176 The structural rearrangement is corroborated by optical 

simulations (Figure 56.e,f). By extracting the geometrical parameters of the given heterodimer 

from the SEM image shown in inset in Figure 56.d, the calculated optical spectra for the 

assumed top and side arrangements are in a fairly good agreement with the experimental ones. 

 

Figure 56. In situ polarisation-resolved scattering spectra of two selected heterodimers measured in the liquid cell 

upon assembly (a,b). Polarisation-resolved scattering spectra of the very same heterodimers in aqueous medium, 

reassembled after the SEM measurements in the liquid cell (c,d). Calculated scattering spectra of the given 

heterodimers (e,f). 

In conclusion, the analysis of the polarisation dependent scattering spectra of gold 

nanosphere/nanorod heterodimers allows to optically determine whether the sphere is located 

on the top of the rod (top arrangement) or next to it at the substrate level (side arrangement). 
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By using numerical calculations, it has been demonstrated that the analyser dependent 

differences in the appropriate scattering peaks can be attributed to the different geometrical 

orientation of sphere dipolar/rod transversal coupled plasmon mode’s coupling axis. By 

analysing plain white-light scattering spectrum, only the relative displacement of the 

nanosphere along the nanorod long axis can be determined as published earlier in the 

literature.93,155 By exploiting the polarization dependent modulation of the sphere dipole/rod 

transversal of the coupled mode, however, the presented polarisation-resolved scattering 

spectroscopy approach can be utilized to conclude on the spatial arrangement of particle 

assemblies and also capillary force related rearrangements can be captured.   
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6. Summary in English 

The optical properties of gold nanorods are exceptionally sensitive to environmental 

inhomogenities that can be induced by the adsorption of surface ligands, the presence of 

substrate inhomogeneities or another nanoparticle. In this study, these aspects have been 

investigated at the level of individual particles. 

 

I. Gold nanorods with surface chemical inhomogeneity, so-called patchy nanorods have been 

prepared and investigated. Since the longitudinal localised plasmon resonance frequency 

provides information on the changes in the dielectric environment at the nanorods’ tips and 

electrophoretic mobility probes the entire particle, ensemble experiments could be successfully 

employed to elaborate the production of patchy nanorods. The tips of these patchy nanorods 

are covered by cysteamine, while the side region of the rod is capped by 5 kDa mPEG-SH. The 

patch development has been verified by single particle measurements, by performing correlated 

single particle spectroscopy, SEM and AFM experiments. This approach allows to establish 

connection between the spectral feature of surface modified nanorods and the structure of the 

resulting surface layer. It has been demonstrated based upon AFM deformation maps that at a 

critical concentration (10-2 mM cysteamine concentration) a well-defined molecular patch is 

formed at the tips. At lower (10-3 mM) cysteamine concentration, no such patch can be 

observed, even though ensemble measurements indicate that some ligand replacement still 

takes place. At this lower cysteamine concentration, optical measurement can provide more 

information on the ligand attachment compared to AFM. 

 

II. The adsorption of similarly sized but oppositely charged, small thiol ligands on gold 

nanorods have been investigated both at ensemble and single particle level. The charge 

dependent interplay between the given thiol ligand and the native CTA+ layer has been also 

examined, by systematically varying both the thiol, and the CTA+ concentration. It has been 

shown that by analysing the changes in the longitudinal plasmon linewidth of individual gold 

nanorods, detailed information on the ligand replacement can be obtained. It has been 

demonstrated that while cysteamine can easily remove the readily bound, native CTA+ from 

the particles’ surface, the adsorption of MPA on CTA+-capped nanorods is a self-limiting 

process, as MPA adsorption leads presumably to the stabilisation of the original surfactant 

layer. 
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III. The optical properties of gold nanorods on a supported substrate can be rather different 

from the one surrounded by a homogeneous medium due to the asymmetric dielectric 

environment around the particle. The local inhomogeneity can be further increased by 

nanoscale patterning the substrate at length scales smaller than the particle size. Related to this, 

the optical scattering spectra of gold rods deposited on a nano-patterned ITO-coated glass 

substrate have been investigated. This nano-pattern were produced by using the combination 

of ion bombardment and nanosphere lithography. Several nanorods were selected over the 

implanted substrate and their single particle scattering spectra were obtained to determine the 

longitudinal LSPR wavelength, resonance linewidth and Q2 parameter (which is proportional 

to scattering intensity). The two main configurations were distinguished. One, the bridging 

configuration, is, when nanorod symmetrically connects two unmasked regions with an 

irradiated zone between them. The increase of the extent of the implanted zone under the 

nanorod cause the continuous broadening of the resonance linewidth. In the other 

configuration, called overlapping configuration, the nanorod overlaps the irradiated and 

unirradiated areas. In this case, the plasmon resonance linewidth exhibits a more abrupt 

increase, already when one third of the nanorod is located over the irradiated region. 

 

IV. The gold nanosphere/nanorod heterodimers feature complex optical scattering spectra 

owing to plasmon coupling and Fano interference. The spectral properties are very sensitive to 

the geometry of nanostructure, so they can provide information on the relative geometrical 

arrangement of the given heterodimer. In this study, two main sphere/rod arrangements were 

investigated, namely top and side arrangements. In the former case, the sphere is located on the 

top of the rod, while the latter means that the sphere can be found adjacent to the rod at the 

substrate level. The white light scattering spectra of the heterodimers shows no significant 

difference for these two arrangements. By means of polarisation-resolved scattering 

spectroscopy, however, they can be distinguished due to the different orientation of the 

coupling axis between the dipolar plasmon mode of the sphere and the transversal mode of the 

rod. This can be utilised to obtain information on the relative geometrical arrangement of the 

heterodimers upon assembly in situ in the aqueous phase. The in situ polarisation resolved 

scattering measurements indicate that both the top and side arrangements might develop during 

the assembly. This powerful, non-invasive approach could also reveal, that the geometry of 

these nanostructures might change because of immersion capillary forces upon drying: it was 

demonstrated that a top-arranged gold sphere/rod heterodimer can rearrange to side 

arrangement, that is the sphere shifts from the top of the rod to the substrate level.  
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7. Summary in Hungarian 

Az arany nanorudak optikai tulajdonságai rendkívüli mértékben érzékenyek a környezeti 

inhomogenitásokra, melyek a felületi ligandumok adszorpciójával, a hordozóban található 

inhomogenitások vagy egy másik nanorészecske jelenlétével idézhetők elő. Dolgozatom során 

az előbbiekben felsoroltak hatásait vizsgáltam az egyedi nanorészecskék szintjén. 

 

I. Elsőként felületkémiai inhomogenitással rendelkező, úgynevezett „foltos” nanorudakat 

állítottam elő, és vizsgáltam. Mivel a longitudinális lokalizált felületi plazmonrezonancia 

frekvenciája a dielektromos közeg rúdvégi, lokális változásairól szolgáltat információt, és az 

elektroforetikus mobilitás a részecske egészét jellemzi, ezen tömbfázisbeli kísérletek sikeresen 

alkalmazhatók „foltos” nanorudak előállításának kidolgozására. A „foltos” nanorudak végeit 

ciszteamin, míg a palástjukat 5 kDa mPEG-SH borította. Egyrészecskés kísérletek 

(egyrészecskés spektroszkópia, korrelatív pásztázó elektronmikroszkópia, korrelatív atomi erő 

mikroszkópia) alkalmazásával a felületkémiai inhomogenitás kialakulása igazolható. Ezek az 

eljárások lehetővé teszik a felületmódosított nanorúd spektrális sajátságai és a kialakított 

felületi réteg szerkezete közötti kapcsolat feltérképezését. Az AFM deformációs térképek 

alapján megmutattam, hogy a kritikus koncentráción (10-2 mM ciszteaminkoncentráció) egy 

jól meghatározható molekuláris „folt” képződik a rúdvégeken. Alacsonyabb 

ciszteaminkoncentráción (10-3 mM) ilyenféle „folt” nem figyelhető meg, annak ellenére, hogy 

a tömbfázisbeli kísérletek bizonyos fokú ligandumkicserélődésről tesznek tanúbizonyságot. 

Ezen az alacsonyabb koncentráción az optikai vizsgálatok az AFM mérésekhez képest több 

információt szolgáltatnak a ligandumrétegről. 

 

II. A hasonló méretű, de ellentétes töltésállapotú kismolekulás tiol-ligandumok arany 

nanorudakra történő adszorpcióját mind tömbfázisbeli kísérletekkel, mind az egyedi 

nanorészecskék szintjén vizsgáltam. Az adott tiol-vegyület és a natív CTA+ réteg között 

fellépő, töltöttségtől függő kölcsönhatást is tanulmányoztam a tiol-molekula és CTAB 

koncentrációjának szisztematikus változtatásával. Megmutattam, hogy az egyedi részecskék 

longitudinális plazmoncsúcs-szélességének változása részletesebb információt nyújt a 

ligandumcsere folyamatáról. Demonstráltam, hogy míg a ciszteamin hatékonyan leszorítja a 

natív CTA+ iont a részecske felületéről, addig az MPA CTA+ által borított nanorudakon lezajló 

adszorpciója egy önmagát gátló folyamatnak tekinthető, mert az MPA bekötődése feltehetően 

az eredeti felületaktív réteg stabilizációját vonja maga után. 
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III. Egy szilárd hordozón elhelyezkedő arany nanorúd optikai tulajdonságai merőben 

eltérhetnek a homogén környezetben található részecskék viselkedésétől, ami az aszimmetrikus 

dielektromos környezetből eredeztethető. A lokális inhomogenitások mértéke tovább 

növelhető a szilárd hordozónak a részecske méreténél kisebb méretskálán történő 

nanomintázásával. Ezzel kapcsolatosan olyan arany nanorudak optikai szórási spektrumait 

vizsgáltam, amelyek nanomintázott ITO-dal bevont üveg hordozón helyezkedtek el. A 

nanomintázatot ionimplantáció és nanogömb litográfia kombinált felhasználásával állítottam 

elő. Számos arany nanorudat választottam ki az implantált hordozón, amelyek egyrészecskés 

spektrumait vettem fel, hogy meghatározzam a longitudinális plazmonrezonancia 

frekvenciáját, félértékszélességét és a rezonancia jósági tényezőjét (ami a csúcsintenzitással 

arányos). Dolgozatomban két elrendeződést különböztettem meg. Az egyik az áthidaló 

elrendeződés, amikor a nanorúd két, szomszédos, maszkolt régiót szimmetrikusan köt össze, 

amelyek között roncsolt terület található. A nanorúd alatt elhelyezkedő roncsolt régió 

kiterjedésének növelése a rezonancia félértékszélességének folyamatos növekedését idézi elő. 

A másik elrendeződés esetén a nanorúd átlapol a maszkolt és roncsolt felületek között, ezt 

átlapoló elrendeződének neveztem. Ebben az esetben a plazmonrezonancia 

félértékszélességének igen hirtelen növekedését tapasztaltam egészen addig, amíg a rúd 

egyharmada már a roncsolt területen található. 

 

IV. Az arany nanogömb-nanorúd heterodimerek bonyolult optikai szórási spektrummal 

rendelkeznek a plazmoncsatolásnak és a Fano-interferenciának köszönhetően. A spektrális 

tulajdonságok igen érzékenyek a nanostruktúra geometriájára, így képesek információt 

szolgáltatni az adott heterodimer relatív térbeli elhelyezkedéséről. Dolgozatomban, két főbb 

gömb-rúd elrendeződést vizsgáltam, a felső- és az oldalsó elrendeződést. Az előbbi esetben a 

gömb a rúd tetején helyezkedik el, míg az utóbbi azt jelenti, hogy a gömb a rúd mellett található 

a hordozó szintjén. A két különböző elrendeződésű heterodimer hagyományos fehér fényű 

spektrumai között nem figyelhető meg szignifikáns különbség. Polarizáció-felbontott szórási 

spektroszkópia alkalmazásával azonban a két részecskeszerkezet megkülönböztethető a gömb 

dipól-rúd transzverzális csatolási tengely eltérő térbeli orientációja miatt. Ez a megfigyelés 

kihasználható arra, hogy in-situ információt szerezzünk az önszerveződés során képződött 

heterodimerek relatív térbeli elhelyezkedéséről vizes közegben. Az in-situ 

polarizációfelbontott szórási kísérletek azt mutatták, hogy mind az felső-, mind az oldalsó 

elrendeződés kialakulhat az irányított önszerveződési folyamat során. Ezzel a hatékony, 
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nem-invazív módszer segítségével megmutatható, hogy ezeknek a nanostruktúráknak a 

geometriája megváltozhat a száradás közben fellépő immerziós kapilláris erők következtében. 

Kimutatható, hogy a felső elrendeződésű gömb-rúd heterodimerek átalakulthatnak oldalsó 

elrendeződésbe, azaz a gömb a rúd tetejéről a hordozó szintjére mozdul el. 

  



90 

 

8. Theses in English 

 

1. Realising correlative single particle spectroscopy/atomic force microscopy I provided 

direct experimental evidence for the first time on the development of well-defined 

surface chemical inhomogeneity at the tips of the investigated gold nanorods 

(55 × 115 nm) using a two-step surface modification procedure: above 10-2 mM 

cysteamine concentration the tips were covered by cysteamine, while the side region 

was coated by 5 kDa mPEG-SH. I showed that at lower concentrations no well-defined 

cysteamine patch evolves even though some ligand exchange still takes place. [T1] 

 

2. By means of optical simulations I showed for the first time that although the scattering 

spectra of individual gold nanorods is sensitive to the binding of different ligands at the 

interface, the presence of a well-defined, surface chemical inhomogeneity cannot be 

concluded solely on the basis of the optical density change related resonance peak shift. 

This derives from the similar wavelength shift caused by the spatially homogeneous 

and inhomogeneous refractive index changes at the close proximity of the nanoparticle 

surface. [T1] 

 

3. I was the first to utilise the chemical interface damping changes determined from the 

scattering spectrum of individual, CTAB-capped gold nanorods to study the ligand 

exchange procedure. Based on the measurements performed in 10-4 - 102 mM thiol 

ligand (cysteamine, 3-mercaptopropionic acid) concentration range, I demonstrated that 

there is difference between the adsorption of the positively charged cysteamine and the 

negatively charged 3-mercaptopropionic acid on CTAB-capped gold nanorods. [T2] 

 

4. By varying the bulk CTAB concentration in 0-5 mM range I showed that the different 

extent of cysteamine and 3-mercaptopropionic acid binding is a result of the interaction 

between the differently charged small thiols and CTA+ layer: while cysteamine is 

effectively replacing CTAB, 3-mercaptopropionic acid stabilises the CTAB at the 

nanorods’ surface, hence its accumulation at the particle interface is lower compared to 

cysteamine. [T2] 
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5. I investigated for the first time how inhomogeneities of the local substrate dielectric 

properties influence on the scattering spectrum of the substrate-attached gold nanorods. 

The plasmon linewidth of the particles located on sharp, well-defined boundaries of an 

ion implanted substrate depends differently on the extent of inhomogeneity for the 

symmetric and asymmetric cases: for the rods, experiencing symmetric inhomogeneity, 

plasmon linewidth varies proportionally with the extent of inhomogeneity. For 

asymmetric case, a more abrupt increase of the damping was found, already when one 

third of the nanorod is located over the irradiated region, the damping reaches its 

limiting value. I assigned the induced mirror charges in the substrate as the possible 

origin of this symmetry-dependent behaviour. [T3] 

 

6. I demonstrated for the first time, that polarisation-resolved optical scattering spectrum 

measurements allow to distinguish between the two main arrangements of gold 

nanosphere/nanorod heterodimers, that is when the gold nanosphere is located on the 

top of the gold nanorod or at the substrate level. Based on optical simulations that also 

account for the given experimental arrangement, I concluded that the difference 

between the polarisation-dependent optical responses of the two configurations stems 

from the different spatial orientation of the sphere dipolar/rod transversal coupled 

mode. [T4] 

 

7. I utilised in-situ polarisation-resolved optical scattering microscopy for the first time to 

investigate which relative particle arrangements develop upon the self-assembly of gold 

nanospheres and nanorods in aqueous medium. Based on the scattering spectra of the 

developing individual heterodimers I confirmed that during the process, the nanosphere 

can attach both to the upper and side region of the solid/liquid interface located nanorod. 

By using correlative microspectroscopy/electron microscopy I demonstrated that the 

configuration of the heterodimers can rearrange during the drying procedure as a result 

of immersion type capillary forces. [T4] 
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9. Theses in Hungarian 

 

1. Korrelatív optikai mikrospektroszkópia és atomierő-mikroszkópia felhasználásával 

elsőként szolgáltattam közvetlen bizonyítékot arról, hogy kétlépcsős felületmódosítás 

alkalmazásával egy jól körülhatárolható, felületkémiai inhomogenitás alakítható ki az 

általam vizsgált arany nanorudak (55 × 115 nm) végein 10-2 mM 

ciszteaminkoncentráció felett: a rudak végeit ciszteamin, míg palástjukat 

α-metoxi-ω-merkapto-polietilén-glikol (5 kDa) borította. Megmutattam, hogy 

alacsonyabb ciszteaminkoncentráció mellett is történik molekulabekötődés az arany 

részecskén, de nem alakul ki jól körülhatárolt, ciszteaminnal borított régió a rudak 

végén. [T1] 

 

2. Optikai szimulációk segítségével elsőként mutattam rá, hogy bár az egyedi 

nanorészecskék szórási spektruma érzékeny különböző ligandumoknak az arany 

nanorúd felületére történő bekötődésére, önmagában a szórási csúcs ezzel összefüggő 

hullámhossz-eltolódásából nem lehet egyértelműen következtetni a jól 

körülhatárolható, felületkémiai inhomogenitás meglétére. Ennek oka, hogy a 

részecskefelszín közelében tapasztalható, térben homogén és inhomogén 

törésmutató-változások hasonló hullámhossz-eltolódást eredményeznek. [T1] 

 

3. Elsőként alkalmaztam CTAB-dal borított egyedi arany nanorudak szórási spektrumából 

meghatározott kémiai felületi csillapítás változását a részecséken megvalósított 

ligandumcsere folyamatának tanulmányozásra. A kismolekulás tiolokat (ciszteamin és 

3-merkaptopropánsav) 10-4 -102 mM koncentrációtartományban alkalmazva 

megmutattam, hogy az adott kísérleti körülmények mellett pozitív töltésű ciszteamin és  

negatív töltésű 3-merkaptopropánsav adszorpciója eltérő mértékű a CTAB-dal 

szintetizált arany nanorudakon. [T2] 
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4. A tömbfázis CTAB koncentrációját 0-5 mM koncentrációtartományban változtatva a 

ciszteamin és a 3-merkaptopropánsav eltérő mértékű bekötődésének okaként a rudak 

felületén található CTA+-réteg és az eltérő töltéselőjelű tiolmolekulák közötti 

kölcsönhatást jelöltem meg: míg a ciszteamin hatékonyan leszorítja a CTAB-t, addig a 

3-merkaptopropánsav stabilizálja a CTAB molekulákat a rudak felületén, így a 

ciszteaminhoz képest azonos körülmények között kisebb mennyiség képes a felületen 

megkötődni. [T2] 

 

5. Elsőként vizsgáltam hordozón elhelyezkedő arany nanorudakon, hogyan befolyásolja a 

szubsztrát lokális inhomogén dielektromos tulajdonsága a részecskék szórási 

spektrumát. Az ionimplantációval létrehozott, jól definiált határvonalon található 

részecskék szórási csúcsszélessége eltérően függ a rudak alatti inhomogenitás 

mértékétől szimmetrikus és aszimmetrikus esetekben: az arany nanorúd közepe alatti 

implantált régió növelése a szórási csúcs félértékszélességének azzal egyenesen 

arányos növekedését idézi elő, ha azonban a nanorúdnak csak az egyik vége található 

az implantált hordozó régió felett, e felületrész növekedésével a félértékszélesség 

ugrásszerűen megnő, és a rúdhossz harmadát elérve a végső értékét veszi fel. Az eltérő 

szimmetriaviszonyoknál tapasztalt különbség lehetséges okaként a hordozóban 

indukált, lokális dielektromos tulajdonságoktól függő tükörtöltéseket jelöltem meg. 

[T3] 

 

6. Elsőként demonstráltam, hogy arany nanorúd/nanogömb heterodimerek esetén a 

gömbök rúdhoz viszonyított térbeli elhelyezkedése – azaz, hogy a nanogömb a rúd 

tetején, vagy mellette helyezkedik el – polarizációfelbontott szórási spektroszkópiával 

megállapítható. A konkrét mérési elrendeződést is figyelembe vevő optikai szimulációk 

alapján ennek okaként a rúd transzverzális/gömb dipól csatolt plazmonmódus 

dimerszerkezettől függő, eltérő térbeli orientációját jelöltem meg. [T4] 
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7. Elsőként alkalmaztam polarizációfelbontott optikai szórási mikrospektroszkópiát 

annak in-situ, folyadékközegű vizsgálatára, hogy milyen elrendeződésben jönnek létre 

heterodimerek arany nanorúd és nanogömb önszerveződése során. A létrejövő egyedi 

heterodimerek szórási spektrumai alapján bizonyítottam, hogy a folyamat során a gömb 

alakú részecske a szilárd/folyadék határfelületen elhelyezkedő rúd folyadék közeg felé 

eső, felső, illetve a hordozóhoz közeli, oldalsó régiójához is kapcsolódhat. Korrelatív 

optikai mikrospektroszkópia/elektronmikroszkópia alkalmazásával megmutattam, 

hogy a heterodimerek szerkezete a száradás során fellépő kapilláris erők következtében 

átrendeződhet. [T4]  
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10. Appendices 

10.1 Applied materials, methods and instruments 

10.1.1 Applied materials 

 Ultrapure water (MilliQ) with a resistivity of 18.2 MΩ·cm 

 Sodium citrate tribasic dihydrate (ACS reagent, ≥99.0%), Sigma-Aldrich 

 Tetrachloroauric acid trihydrate (99.9%) Sigma-Aldrich 

 Thiol-functionalized methoxy-poly(ethylene glycol) (mPEG-SH; MWs of 2000 and 

5000 Da), Rapp Polymere GmbH) 

 Ethanol, AnalaR NORMAPUR® ACS, Reag. Ph. Eur. analytical reagent (EtOH), 

VWR 

 L-ascorbic acid, ACS reagent 99 %, Sigma-Aldrich 

 Hydrochloride acid (puriss. p.a., ACS reagent, fuming ≥37% (T)), Sigma-Aldrich 

10.1.2 Laboratory equipment 

 Glass vials (4.5, 25, 50, 100, 250 and 500 mL) and beakers 

 Eppendorf tubes (1.5 mL) 

 Centrifuge tubes (15 and 50 mL) 

 Spatula 

 PTFE Stirring bars 

 Hamilton syringes (50, 250 and 1000 μL) 

 Disposable PS cuvettes (1x1 cm) 

 Eppendorf automatic pipettes 

 Si wafers (<111> and <100>) 

 Malvern Zeta cuvette 

10.1.3 Devices and instruments 

 Elmasonic ultrasonic bath 

 Eppendorf MiniSpin benchtop centrifuge 

 Eppendorf R5804 centrifuge 

 Malvern ZetaSizer Nano ZS dynamic light scattering device 

 Thorlabs CCS200 Compact CCD Fibre-coupled Spectrometer 

 Memmert UN55 Drying Oven 

  LEO 1540 XB Field Emisson Scanning Electron Microscope 
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 Magnetic stirring hotplates (Heidolph and IKA) 

10.2 Principle of plasmonics 

 

Table A1. The basics of plasmonics needed for this work 
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10.3  Correlative scanning electron microscopy/single particle 

spectroscopy 

In general, single particle spectroscopy was carried out as follows. Nanoparticles or 

nanoparticle assemblies were selected in the dark-field image and their scattering spectra then 

were obtained. These scatterers display as coloured dots in the dark-field image. The substrate 

is either mapped or scratched to facilitate localising the investigated particles over the substrate 

during SEM experiments. 

 

Figure A1. (a) The SEM and (b) the dark-field image of mapped glass substrate 

10.4  Asymmetric tip geometry in AFM PeakForce measurements 

 

Figure A2. AFM topography images of a patchy nanorod (10-3 mM cysteamine concentration) particle obtained 

at different scan-directions (see arrows) along the long (a) and short axis (b) of the nanorod. The shape of the 

nanorod appears distorted due to asymmetric AFM tip geometry. 
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10.5 Summary of the result of Lorentzian fits after thiol binding 

 

Table A2. Changes in longitudinal LSPR wavelength upon cysteamine addition obtained by fitting Lorentzian 

function to scattering spectra of individual gold nanorods without CTAB 

 

Table A3. Changes in plasmon linewidth upon cysteamine addition obtained by fitting Lorentzian function to 

scattering spectra of individual gold nanorods without CTAB 
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Table A4. Changes in longitudinal LSPR wavelength upon MPA addition obtained by fitting Lorentzian function 

to scattering spectra of individual gold nanorods without CTAB 

 

Table A5. Changes in plasmon linewidth upon MPA addition obtained by fitting Lorentzian function to scattering 

spectra of individual gold nanorods without CTAB 
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Table A6. Changes in longitudinal LSPR wavelength upon MPA addition obtained by fitting Lorentzian function 

to scattering spectra of individual gold nanorods at 10-3 mM CTAB concentration 

 

Table A7. Changes in plasmon linewidth upon MPA addition obtained by fitting Lorentzian function to scattering 

spectra of individual gold nanorods at 10-3 mM CTAB concentration 
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Table A8. Changes in longitudinal LSPR wavelength upon cysteamine addition obtained by fitting Lorentzian 

function to scattering spectra of individual gold nanorods at 1 mM CTAB concentration 

 

Table A9. Changes in plasmon linewidth upon cysteamine addition obtained by fitting Lorentzian function to 

scattering spectra of individual gold nanorods at 1 mM CTAB concentration 
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Table A10. Changes in longitudinal LSPR wavelength upon MPA addition obtained by fitting Lorentzian function 

to scattering spectra of individual gold nanorods at 1 mM CTAB concentration 

 

Table A11. Changes in plasmon linewidth upon MPA addition obtained by fitting Lorentzian function to scattering 

spectra of individual gold nanorods at 1 mM CTAB concentration 
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Table A12. Changes in longitudinal LSPR wavelength upon cysteamine addition obtained by fitting Lorentzian 

function to scattering spectra of individual gold nanorods at 5 mM CTAB concentration 

 

Table A13. Changes in plasmon linewidth upon cysteamine addition obtained by fitting Lorentzian function to 

scattering spectra of individual gold nanorods at 5 mM CTAB concentration 



107 

 

 

Table A14. Changes in longitudinal LSPR wavelength upon MPA addition obtained by fitting Lorentzian function 

to scattering spectra of individual gold nanorods at 5 mM CTAB concentration 

 

Table A15. Changes in plasmon linewidth upon MPA addition obtained by fitting Lorentzian function to scattering 

spectra of individual gold nanorods at 5 mM CTAB concentration 
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10.6 Simulations examining the effect of nanorod shortening on the 

scattering spectrum of gold nanorods 

 

 

Figure A3. Calculated scattering spectra of a nanorod with 24 nm thickness and various lengths from 76 to 74 nm. 

The length change corresponds to a change of ca. 0.08 in the aspect ratio. 
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10.7 Simulations calculating the pseudo white-light scattering spectra of 

nanosphere/nanorod heterodimers 

 

Figure A4. Simulated polarisation resolved spectra for the side-arrangement. Line colour changes with analyser 

angle form red (0°) to green (90°). L(rod) =123 nm; D(rod) = 66 nm; D(particle) = 58 nm; Relative 

displacement = 0.012; Gap between particles = 1.5 nm; Angle of incidence = 57.5°. 

 

Figure A5. Simulated polarisation resolved spectra for the top-arrangement. Line colour changes with analyser 

angle form red (0°) to green (90°). L(rod) =122 nm; D(rod) = 64 nm; D(particle) = 47 nm; Relative 

displacement = 0.112; Gap between particles = 1.5 nm; Angle of incidence = 57.5°. 
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10.8 More polarisation-resolved scattering spectra of gold 

nanosphere/nanorod heterodimers 

 

Figure A6. Additional measured scattering spectra of heterodimers showing side (top row) and top arrangements 

(bottom row) at different analyser angles (from 0° (red) to 90° (green)). The insets show the SEM image of the 

corresponding heterodimers.  
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10.9 Simulation of in situ polarisation resolved scattering spectra of gold 

nanosphere/nanorod heterodimers 

 

Figure A7. Simulated spectra of HD1. Line colour changes with analyser angle form red (0°) to green (90°). 

Geometric parameters: L(rod) =150 nm; D(rod) = 56 nm; D(particle) = 49 nm; Relative displacement = 0.236; 

Gap between particles = 1.5 nm, Gap to substrate = 1 nm. 
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Figure A8. Simulated spectra of HD2. For the top-arrangement the relative particle displacement was set to be the 

same as for the side-arrangement. Line colour changes with analyser angle form red (0°) to green (90°). Geometric 

parameters: L(rod) =147 nm; D(rod) = 56 nm; D(particle) = 43 nm; Relative displacement = 0.411; Gap between 

particles = 1.5 nm; Gap to substrate: 1 nm.  
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