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Abstract 
 

Metallic nanoparticles (MNPs) are attracting increasing interest for many applications in 

photonics, ranging from optoelectronic devices to bioimaging and biosensing. An advantage of 

these systems is that their optical properties, governed by their localised surface plasmon 

resonance, are widely tunable via the nanoparticle shape and size, which can be controlled via 

e.g. colloid synthesis. In that context, it is important to develop accurate experimental methods 

able to correlate the size and shape of an individual single MNP, measured with nanometric 

precision, with its individual optical properties. 

  

In this thesis, three different MNP systems, namely i) commercially-available Ag nanocubes of 

75 nm edge; ii) Ag tetrahedra, bi-tetrahedra and decahedra in the 25 - 50 nm size range which 

was fabricated in-house using a plasmon-mediated photochemistry method; iii) Ag nanodimers 

was fabricated in-house via controlled self-assembly of polymer linkers onto commercial 

nominally spherical Ag nanoparticles of 40 nm diameter. Beyond fabrication, a substantial part 

of the work reported in this thesis describes the experimental protocol for correlative optical 

and transmission electron microscopy, which was developed and optimised, comprising 

reproducible deposition of these silver nanoparticles onto TEM grids, their optical 

characterisation via polarisation-resolved high-resolution dark-field and extinction micro-

spectroscopy, and subsequent high-resolution TEM of the same particle. As proof-of-concept, 

the same Ag nanocubes of 75 nm edge were characterised optically in different dielectric 

environments, using solvents of different refractive index n; specifically, anisole (n=1.52), water 

(n=1.33), and air (n=1). The MNP scattering and extinction cross-section was determined in 

absolute units using an in-house developed quantitative measurement protocol, and the results 

are compared with numerical simulations using the measured geometry. 

  

These studies pave the way toward an in depth understanding of the relationship between 

geometrical and optical properties of MNPs of non-trivial shapes, which in turn have the 

potential to be exploited in innovative bioimaging and biosensing platforms. 
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Outline 
 

In Chapter 1, background concepts and a literature overview is provided for the field covered 

by the experimental works in this thesis. In particular, a number of relevant topics were 

discussed: i) the optical cross-section of metallic nanoparticles (MNPs); ii) how individual 

nanoparticles can be measured optically and with correlative electron microscopy imaging; iii) 

the optical properties of nano-dimers and specifically their longitudinal surface plasmon 

resonance; iv) an overview of silver nanoparticle (AgNP) fabrication methods. 

In Chapter 2, the materials, procedures and experimental set-ups for this work are presented. 

Specifically, details are provided on i) the dimer fabrication protocol; ii) the plasmon mediated 

fabrication; iii) the chemical protocols to activate and functionalise glass surfaces and TEM 

grids; iv) the procedures followed to immobilise NPs onto the sample surface. A detailed 

description of the hardware and procedures used for the micro-spectroscopy experiments is 

also provided. The quantitative analysis methods are described, with explicit formula given. 

In Chapter 3, experimental data shows how the AgNPs were evenly immobilised onto the TEM 

grid via a novel settlement technique; and how anisole can be used as mounting medium to 

image the sample grid in a homogenous optical environment, allowing for its removal not 

affecting the subsequent characterisation with TEM. 

In Chapter 4, as proof-of-concept, the correlative imaging method described in chapter 3 is 

implemented to study commercially-available 75 nm edge size Ag nanocubes. Quantitative 

experimental and numerical data (modelled with COMSOL using the cube geometry from TEM 

data) of the same individual Ag-nanocube in air or anisole are compared. 

In Chapter 5, experimental data shows how Ag tetrahedra, bi-tetrahedra, decahedra can be 

fabricated via a. Results of the correlative optical/TEM studies for those AgNPs are also 

presented. 

In Chapter 6, a number of experiments were designed to show that polymer linkers can be 

used to fabricate Ag dimers with various interparticle distances in solution. It was demonstrated 

that despite the range of inter-particle distances available when the dimers are in the reaction 

solution, mostly dimers with small interparticle distances (2 nm) can be found upon deposition 

on the TEM grid. Finally, correlative optical/TEM studies of dimers with small interparticle 

distances are presented. 
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Chapter 1 Introduction 

 

Metal nanostructures have been intensively studied because of their unique optical properties 

at nanoscale, which offers probing and detecting possibilities in wavelength specific bioimaging 

and biosensing (Jain et al. 2008). The optical properties of MNP, such as silver nanoparticles 

(AgNP), strongly depend on the morphology of the NP; for example, a few nanometres increase 

in the size of an AgNP will cause significant red-shift of its absorption peak. Over the past two 

and half decades, a host of colloid methods have been developed for fabrication of MNPs with 

various shapes, sizes and compositions, which provide the possibilities of tuning the optical 

properties of MNP for one’s specific application. However, due to the stochastic nature of 

colloid chemistry, the products always have a shape/size distribution. Therefore, to truly 

understand how the shape and size of MNPs affect their optical properties, one has to study 

them at single NP level, which requires correlating the optical measurements with geometrical 

measurements of the same NP. The research vision of this PhD project was to i) developing a 

flexible correlative imaging technique to study various MNP in different dielectric environments 

at single NP level; ii) fabricating AgNP with different shapes and sizes as well as AgNP dimers 

with various interparticle distances; iii) charactering the structural and optical properties of the 

fabricated NPs with the correlative imaging techniques; along with quantitative spectroscopy 

and computational modelling (previously developed in our Lab by Dr. Attilio Zilli) to provide a 

thorough understanding of the relationship between geometrical and optical properties of 

MNPs of non-trivial shapes. One of the potential applications of this study is to be able to 

characterise MNP from colloid synthesis with simple optical measurements to complement 

expensive and time-consuming electron microscopy, which can be a valuable tool for the MNP 

fabrication industry.    

 

 

 1.1. Optical properties of MNPs 

Nanoparticles (NPs) are objects that have sizes in all three dimensions (3D) significantly 

smaller than a micrometer, and thus they have typically sizes smaller than the wavelength λ of 

visible light. When light, i.e. electromagnetic radiation, interacts with a NP, it can be scattered 

(elastically or inelastically) as well as absorbed by the NP and converted into heat and 

luminescence. These processes can be quantitatively defined by an optical cross-section. The 
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optical cross section (σ), in general, is defined as the area given by the ratio between the 

incident irradiation power (P) removed by the process considered and the incident intensity (Ii): 

σ ≡ P / Ii.   (1.1) 

For NPs where inelastic (e.g. Raman) scattering and fluorescence can be neglected, such as 

those discussed in this thesis, one can limit the discussion to the scattering (σsca) and the 

absorption (σabs) cross-sections. The sum of these two processes is defined as extinction (σext), 

and quantifies the total power removed by the NP from the incident intensity: 

σext = σsca + σabs.¸ (1.2) 

For a small spherical NP, in the so-called Rayleigh limit (diameter D << λ), the NP can be 

considered as a point dipole. The dynamical response of NP to an external electromagnetic 

field is determined by the polarisability of the NP (α), which is the proportionality constant 

between incident electrical field and induced dipole. It is dependent on the relative permittivities 

of the NP εNP and the surrounding medium εm, as well as the shape and size of the NP. The 

relative permeability is assumed to be unity, which is a good approximation for most materials 

in the visible spectral range. The polarisability of a spherical NP with diameter D << λ is given 

by (Dienerowitz et al. 2008. Griffiths and Owen 1983): 

α =
𝜋

2
𝐷3 εNP−εm

εNP +2 εm
. (1.3) 

Notably, there is an exact solution of Maxwell’s equations for a spherical NP of arbitrary size 

in a homogeneous medium, known as Mie theory; when only including the dipolar term (known 

as dipole approximation) the analytic solution for the optical cross-sections of the NP can be 

expressed as (Mie 1908): 

σsca =
2𝜋5

3
 
𝐷6

𝜆4
 |

εNP−εm

εNP +2 εm
|

2
=  

𝑘4

6𝜋
 |𝛼|2. (1.4) 

σabs = 𝜋2  
𝐷3

𝜆
 Im |

εNP−εm

εNP +2 εm
| =  𝑘 Im 𝛼. (1.5) 

MNPs such as AgNPs and gold nanoparticles (AuNPs) have been intensively studied because 

of their unique optical properties. Metallic objects have a fraction of their electrons that can 

freely move around the positively charged lattice. The electromagnetic field (EM) of the light 

drives the free electrons of the MNPs to undergo a collective coherent oscillation around the 

positive metallic lattice (Kreibig, Hilger et al. 1996). This process is resonant at a particular 

frequency of the incident light, known as localised surface plasmon resonance (LSPR) 

oscillation (Willets and Van Duyne 2007), as a results of the feedback action from the field 
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originating from the charge displacement at the NP edges. The LSPR is defined to be the 

frequency at which the polarisability and in turn the scattering cross section is maximum. At 

the LSPR there is a strong EM field around the NP. The LSPR oscillation decays radiatively or 

non-radiatively, which results in the scattering and absorption effects respectively (Jain et al. 

2006). 

 

Figure 1.1 Calculated (DDA) absorption (red), extinction (black) and scattering (blue) spectra of 40 nm 

AgNP in water (n=1.33). Optical cross sections of the NP were calculated by divide by its geometrical 

cross-sectional area to give the dimensionless optical coefficients (A) spherical AgNP with isotropic 

shape has a single LSPR peak, AgNP with anisotropic shape such as cube (B) tetrahedron (C) and 

octahedron (D) have multiple, red-shifted LSPR peaks. Reproduced with permission from (Wiley et al. 

2006) © 2006 American Chemical Society. 
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The shape, size, material of the MNP and its dielectric environment influence the LSPR peak 

position and the amplitude of the optical cross sections (Kreibig and Vollmer 1995). For 

example, eq. (1.4) and (1.5) show that the LSPR occurs when the denominator of α is minimum, 

namely for Re(εNP)= -2εm, hence depending on the particle material permittivity and the 

dielectric constant of the environment. They also show that the absorption cross section scales 

with the NP volume (D3) while the scattering cross section scales as D6. How the NP shape 

influences the optical cross section is generally complicated (and beyond the spherical case in 

the dipole limit of eq. (1.4) and (1.5)). Its description requires to solve Maxwell's equations via 

EM simulations with computational tools. Notably, for the ellipsoid case in the dipole limit there 

is also an analytical formula of the NP polarisability (Ambjornsson et al. 2006), and in turn the 

optical cross sections, which links the ellipsoid geometry to the optical properties (Payne et al. 

2015).  

 

Both computational and experimental studies have demonstrated that the shape and structure 

of a AgNP determines the number of resonances (modes), the polarisation dependence, the 

spectral range and the intensity of the optical cross sections (Xiong et al. 2007a. Kottmann et 

al. 2001. El-Sayed 2001). A series of calculations using the discrete dipole approximation 

(DDA) (Laczik 1996. Wiley et al. 2006) (Figure 1.1) showed that, for a 40 nm size NP, which 

is beyond the dipole limit: i) the number of resonance frequencies exhibited by a NP is related 

to the symmetry of the nanostructure. For example, an isotropic sphere has optical-cross 

section spectra with a single resonance peak, whereas a cube has spectra with multiple red 

shifted resonance peaks; ii) The amplitude of the resonance peak depends on the symmetry 

of the nanoparticle. For example, MNPs with a cubic shape have corners on opposite sides of 

a line of symmetry, which will create a strong dipole and intense resonance peaks. MNPs with 

tetrahedral shape, on the other hand, have corners on opposite side of a face, which create a 

much weaker dipole and resonance peak; iii) Calculations of the relative field amplitude 

distribution around a triangular shaped particle showed that surface charges accumulate at 

sharp corners (Kottmann et al. 2001). Segregation of charges into corners is thought to 

increase charge separation, and in turn red-shift the resonance peak frequencies of the MNPs. 

This red-shift increases with increasing corner sharpness. For example, the tetrahedron has 

the more red-shifted resonance peaks than the cube and octahedron, because it has the 

sharpest corners. AgNPs with spherical (Pyatenko et al. 2007), tetrahedral (Zhou et al. 2008), 

cubic (Sun and Xia 2002) and octahedral (Gao et al. 2017) shape have been fabricated in large 
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scale with colloid methods (Section 1.4). The spectra of the product solution (i.e. for a NP 

ensemble) in those reports qualitatively agreed with the calculated spectra in Figure 1.1. 

However, TEM/SEM micrographs presented in those report also showed NPs with irrelevant 

shapes and correlative studies at the individual NP level have not been reported with those 

shapes. 

  

Both AuNP and AgNP have LSPR in the visible region of the light spectrum, which can be 

harnessed for various bio-imaging and bio-sensing application. AuNP is one of most widely 

used MNP for its optical properties, mainly because it can be fabricated easily with tuneable 

shape and size via colloid chemistry, and it is chemical inert and biocompatible. AgNP also has 

the fabrication advantage as AuNP; despite the fact that bare AgNP is less stable than bare 

AuNP, AgNP has a number of advantages over AuNP as a photonic tool: i) the onset of 

interband transitions from the d-band to the conduction band in gold is close to its LSPR 

frequency, which dampens the extinction cross-section and broadens the linewidth of its LSPR. 

Silver, on the other hand, does not have this interband absorption at the LSPR frequency, 

hence AgNP has stronger and sharper LSPR peak than that of AuNP;  ii) The LSPR frequency 

of AgNP has greater dependence with its geometry than that of AuNP (van Dijk et al 2006, 

Gonzalez et al. 2014), this can be explained by Mie theory; iii) experimental data (Sonnichsen 

et al. 2005, Jain et al. 2007) have shown AgNP dimers has greater spectral changes than that 

of AuNP dimers per interparticle distance change, thus AgNP dimers provides more sensitivity 

as a plasmonic sensor, this is mainly because silver has greater permittivity than gold. In this 

thesis, the optical properties of AgNPs with various geometries such as nanospheres, 

nanodimers, nanocubes, nanoprisms were studied and their optical cross-section spectra were 

correlated with their geometrical parameters at the individual nanoparticle level. Although not 

investigated here, it should be mentioned that another method of tuning the LSPR is to use a 

metal nanoshell, namely a dielectric core with a metallic shell of nanometer thickness. By 

changing the shell thickness-to-core radius ratio, the LSPR of these NPs can be tuned over 

hundreds of nanometers in wavelength, across the visible and into NIR region of the spectrum 

(Oldenburg et al. 1998).  
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1.2. Single NP studies and Correlative imaging 

The majority of MNPs used in bio-sensing and bio-imaging are fabricated by colloidal synthesis. 

The optical cross-sections of colloid synthesised MNPs are generally studied in an ensemble, 

most commonly by absorption spectroscopy of the colloidal solution. However, as discussed 

above, the plasmonic properties of MNPs are extremely sensitive to their size and shape; 

therefore, single particle spectroscopy techniques are needed to study how the LSPR of 

individual nanoparticles changes with small variations in their morphological features. Because 

there is always size and shape dispersion of the nanoparticles synthesised by colloid 

chemistry, an accurate correlation of the optical characteristics with the nanoparticle 

morphology can only be done at the single particle level (Slaughter et al. 2011). 

  

1.2.1 Single NP measurements 

Dark-field (DF) microscopy is a widely utilised technique for single NP micro-spectroscopy, 

because it is nominally background-free, offers high spatial resolution under a wide-field 

illumination, it is fairly simple to implement and is well suited to detect scattering from plasmonic 

MNPs. Various DF geometries have been devised. Figure 1.2 shows the DF setup for all the 

DF imaging and scattering spectroscopy data obtained in my thesis. In general, a circular dark 

stop is placed in the back focal plane of the condenser lens, which blocks the centre part of the 

illumination so that a hollow cone of light illuminates the sample and the NPs are excited at a 

large incident angle using a high numerical aperture (NA) condenser lens. An objective lens 

with a lower NA is used, so that the excitation light transmitted unaltered by the sample is not 

transmitted through the objective. Only light scattered by the NP into the NA region of the 

objective is transmitted. Hence the resulting image has a dark background. When using white 

light illumination, individual MNPs scatter distinct colours depending on their LSPR, whereas 

dielectric debris and glass imperfections scatter rather independent of wavelength. Therefore, 

NPs can be identified as isolated coloured dots with dimensions given by the diffraction limit. 

For measuring the optical cross section spectra, typically the same microscope is coupled with 

a spectrometer and a charge coupled device (CCD) camera (Murphy and Davidson 2013) The 

scattered light collected by the objective is spectrally resolved by the spectrometer and 

recorded by the CCD camera. Notably, the absolute amplitude of σsca is difficult to obtain from 

these measurements. This is because the measured spectrum needs to be carefully 

normalised, according to the spectrum of the incident light. Moreover, one has also to account 
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for the fact that only a fraction of the total scattering from NP is collected by the objective, which 

depends on the geometry and local environment of the NP, as well as on the angular ranges 

of detection and collection. Detailed calibrations are required for each specific excitation and 

collection geometry as well as for each type of NPs. A novel methodology (Section 2.2.4) has 

been developed by Dr. Attilio Zilli (Dr. Zilli PhD thesis and his unpublished work) in our host 

group which was applied in this work, and this allowed me to quantitatively determine the 

optical cross section of the imaged NP. 

 

Figure 1.2: Schematic drawing of illumination and detection geometry we used for DF microscopy 

experiments with 40x objective. The grey arrows show the light path from the lamp, the red arrows show 

the scattered light from the NP. 

  

For NPs with anisotropic shapes, different plasmon modes are typically polarised along specific 

directions of the NP which give rise to distinctive resonance peaks on the spectra of the NPs. 

In these cases, a polariser can be inserted either in the detection or excitation path of the DF 

microspectroscopy setup with a controllable polarisation angle. This allows the 

excitation/detection of individual plasmon modes of the NP as well as for probing the orientation 

of the NP on the substrate. For example, a 25 nm × 60 nm gold nanorod has a longitudinal 

plasmonic mode polarised along its long axis, which scatters red light at about 900 nm 

wavelength in water; and a transverse mode along its short axis, which scatters green light at 



8 
 

about 600 nm. Sonnichsen and co-workers introduced a birefringent calcite crystal in the light 

path that can split 2 orthogonal polarisation directions for each Au nanorod into two spots on 

the same DF image. The scattering intensity (Isca) of the Au nanorod in one particular 

polarisation direction is proportional to the square of the cosine of the angle θ between the rod 

and the polarisation direction. Thereby the orientation angle can be deduced backward from 

the measurement by θ = √ [arccos(Isca)] (Sonnichsen and Alivisatos 2005). Polarisation 

resolved techniques were also used for studying nano-dimers (Rong et al. 2010), which have 

a similar polarisation response as a nanorod (more details in Chapter 6). 

  

Bright-field (BF) imaging is another type of wide-field microscopy, where the transmitted or 

reflected light is directly collected (Murphy and Davidson 2013). Here, absorbing and/or 

scattering objects appear dark on a bright background. It can be used for measuring 

quantitatively the extinction cross section of microscopic objects (see for example Payne et al. 

2018), as will be described also later in this thesis. Unlike DF microscopy, which is ultimately 

limited by the shot noise of the scattered light only, the detection limit of BF microscopy is 

limited by the shot noise of the transmitted light. In practice, however, the sensitivity of DF 

imaging is limited by the occurrence of a diffusive background due to other scatterers such as 

microscopic debris and the intrinsic roughness of the glass substrate. As a result, practical 

detection limits of MNPs in DF imaging on a clean glass surface are around D = 30 nm for gold 

spheres and D = 20 nm for silver spheres. Notably, since the scattering cross section scales 

as D6 (see eq. (1.4)) the scattering contribution of small NPs becomes rapidly negligible 

compared to their absorption with decreasing size (van Dijk et al 2006). It is however also not 

trivial to measure small MNPs (e.g. AuNPs of less than 20 nm in size) via BF techniques.  

 

All the MNP measured in this thesis have relatively large extinction cross section in the visible 

range, and we use the same optical set-up for both BF and DF imaging (except for different 

numerical aperture in illumination and detection). This allows us to easily find and align the NP 

of interest, and it is essential for our quantitative calculation of optical cross sections (Section 

2.2.4). Notably, although not needed in this thesis, the technique used here can reach a 

detection sensitivity down to a single 2 nm AuNP, and could detect single 5 nm AuNPs in BF 

extinction (Payne et al. 2018). 
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1.2.2 Correlative imaging 

The experimental data from single NP micro-spectroscopy are commonly interpreted with EM 

simulations using DDA (Laczik 1996), Finite-Difference Time-Domain (FDTD) (Taflove and 

Hagness 2005), or Finite Element Method (FEM) (Jin, 2002) methods. Due to the strong 

dependence of the optical properties on the size and shape, correlated structural information 

of the imaged MNPs is essential for meaningful numerical simulations. Transmission Electron 

Microscopy (TEM) is a standard technique for measuring the geometrical information of the 

individual MNP on a solid substrate with high resolution; sample NPs have be immobilised onto 

a substrate for TEM (usually a TEM sample grid with supporting non-absorbing film). TEM has 

stringent requirements concerning sample preparation. Optical measurements such as 

stimulated Raman scattering (Lombardi et al. 2012) and micro-spectroscopy, on the other 

hand, are easier to perform, and measurements with those techniques can be designed to 

adapt to the sample requirement for TEM; they can be carried out either before or after TEM.  

  

A straightforward approach reported recently (Payne et al. 2015) consists of the following 

steps. 1) The sample is prepared on a TEM grid, usually by drop-casting; 2) images of the NPs 

of interest are acquired by an electron microscope; 3) the sample grid is retrieved after TEM 

measurement and subsequently mounted in a suitable medium (e.g. silicone oil) for optical 

measurements under a microscope. This approach allows one to directly select the 

shape/size/morphology of the NP of interest via the initial TEM analysis. Moreover, one can 

select NPs in regions with distinguishable morphological features/patterns (e.g. close to a 

number of other NPs), such that the imaged NPs can then be found easily under the optical 

microscope. Furthermore, this approach does not impose specific requirements on how the 

sample grid shall be mounted for the optical measurements. However, the issue with this 

approach is that for TEM, in order to achieve high spatial resolution and desirable signal-to-

noise ratio, a high electron current density over the sample grid has to be applied during image 

acquisition, which leads to damage on the imaged NP as well as the surrounding substrate 

(Figure 1.3). This damage can significantly change the optical properties of the NP of interest, 

and also hamper the optical measurements; moreover, the damage is somewhat 

unpredictable. This becomes even more problematic when studying NPs with smaller size 

(Yang et al. 2008). 
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A) 

 

B) DF image before TEM           DF image after TEM                                TEM 

 

 

Figure 1.3 A) 50 nm edge size silver decahedrons were immobilised on the SiO2 film via settlement 

(Section 2.1.6). The imaged NP had drastic morphological changes after the current density was 

increased from 40 pA/cm2 to 60 pA/cm2 (accelerating voltage 200 kV, beam current 101 μA) for 2 mins. 

B) Ag dimers (Ag-P1000DT, see Chapter 6) were immobilised on the SiO2 film via drop-casting. After 

acquiring high resolution TEM imaging over the dimers, a near circular burn mark was visible in a low 

magnification TEM image of the same area (right). The burn mark was also visible on the DF image of 

the sample area as increased scattering (left and mid). 

  

Alternatively, a commonly used approach (Davletshin et al. 2012a) is to carry out the optical 

measurements first, followed by TEM imaging; effectively swap the step 3 with step 2 of the 

procedure described above. This approach allows one to study the optical properties of 

undamaged NPs. However, TEM requires the imaged region on the sample grid to be 

extremely thin (< 200 nm) so that the electron beam can be transmitted without using high 

current density. Commercially available standard TEM grids are coated with either a carbon or 

silicon film as the substrate, usually below 50 nm in thickness; the substrates are extremely 
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fragile. For this correlative approach to work, the sample grid has to be retrieved after optical 

measurements, and both the substrate and the NPs must stay intact for unambiguous 

correlation during TEM. This requirement limits how the sample can be mounted for optical 

measurements. For example, silicone oil (n = 1.52) is the most common mounting medium for 

refractive index matching during optical measurement. Silicone oil however is not compatible 

with this correlative approach because it was found to be impossible to completely remove the 

oil without damaging the TEM film and/or disturbing the NPs on the film; thick residual silicone 

oil coating on the NPs can absorb energy under the electron beam, and significantly affect the 

quality of the geometrical information obtained by high resolution TEM (HR-TEM). Another 

challenge for this approach is finding the same optically imaged NP with TEM. Most optical 

measurements require preparation of isolated NPs at relatively low density. NPs should be at 

least a few µm apart from each other to be well separated optically. Furthermore, since the 

TEM grid is very fragile, diluted MNPs in solution from colloid synthesis are directly deposited 

onto the substrate via drop-casting (instead of for example spin-coating), which usually 

concentrates NPs during drying (known coffee ring effect) and creates aggregates. Therefore, 

ultra-low concentrations are usually needed for drop-casting to avoid aggregations, and in turn 

result in a very low NP density on the substrate. As a drawback, these very low densities make 

it difficult to use the distribution patterns of neighboring NPs to confirm NP recognition for 

correlative imaging. This is further complicated by the fact that HR-TEM has a small field of 

view (a few μm2 area) when imaging small NPs. Alternatively, instead of relying on NP pattern 

distribution, TEM grids with finder patterns are commercially available, for example a mesh can 

be mechanically produced on a copper grid with window size as small as 37 μm x 37 μm. 

However, the edges of the finder structure act as strong scatterers and limit the areas that can 

be imaged optically on the substrate (Nehl et al. 2004), especially for quantitative 

measurements. To overcome this problem, electron beam or photo lithography was used to 

etch small patterns (100 nm dots form various patterns) on a thin layer of chromium spin-coated 

on a silica substrate, which is visible with both DF imaging and TEM (Jin et al. 2005. Song et 

al. 2011). However, these marked grids are not available commercially and lithography is 

expensive and requires expertise (e.g. preparing the template for the etching patterns). 

  

In this thesis, we report a novel correlative imaging technique based on carrying out the optical 

measurements first, followed by TEM imaging. We have developed a method which allows 

MNPs to be evenly distributed onto a common TEM grid with controlled density. The sample 
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grid can be imaged in an index-matched environment and then safely retrieved and remains 

clean for HR-TEM. 

1.3. Silver Nano Dimers 

When two MNPs are in close proximity, a near field coupling occurs: the EM field near one 

nanoparticle is influenced by that of the neighbouring particle. The resulting EM field in the gap 

region is strongly enhanced (known as hotspot) (Petryayeva and Krull 2011). Moreover, the 

plasmon resonance frequency of the MNP pair is affected by this coupling, which red-shifts the 

frequency depending on the gap size between the MNPs (Nordlander et al. 2004). 

  

Figure 1.4 Near field coupling in MNP Pairs. Left: Illustration of the coupling effect of two MNPs in close 

proximity. The yellow circles represent the MNPs, and the red circles (behind the yellow circle) represent 

the NP electron clouds. The coupling between the particles acts to decrease the restoring force from the 

charge displacement, resulting in the red-shift of the LSPR. Right: nano-ruler equation used, and fit to 

the measured data: the fractional plasmon wavelength red-shift Dl/l0 for light polarisation along the 

interparticle axis decays with the interparticle distance s, plotted as a normalised value relative to the 

NP diameter D. Reproduced with permission from (Jain et al. 2007) © 2007 American Chemical Society. 

  

An array of Au nanodiscs (diameter of 88 nm and thickness of 25 nm) dimers with various 

interparticle distance was fabricated by electron lithography (Jain et al. 2007), Jain and 

coworkers systematically calibrated the plasmon shift of the dimers as a function of the 

interparticle distance. Two different polarisation directions of the incident light were used for 

microspectroscopy on individual dimers, i.e., one parallel to the interparticle axis of the dimer 

(referred as longitudinal polarisation) and the other perpendicular to the axis (referred as 

transverse polarisation), in order to investigate the LSPR mode of the dimers along the 

corresponding axis respectively. Under longitudinal polarisation, there is a very significant red-
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shift of the LSPR frequency as the interparticle distance decreases. Under transverse 

polarisation, in contrast, the LSPR frequency weakly blue-shifts with decreasing interparticle 

distance. A simple dipole-dipole coupling model was proposed for explaining the polarisation 

dependence (Figure 1.4 left). Under longitudinal polarisation, the dipole-dipole interaction is 

attractive, which results in the reduction of the resonance frequency of plasmon, while under 

transverse polarisation, this interaction is repulsive, and lead to an increase in the resonance 

frequency. Since the longitudinal mode of the LSPR is much more pronounced on the spectra 

of the dimers, longitudinal polarisation is generally used for studies the optical properties of 

dimers. Micro-absorption spectra of the Au dimer with various interparticle distance (gap s = 

212, 27, 17, 12, 7, and 2 nm) showed a decay of the plasmonic shift of the longitudinal mode 

with interparticle distance, which was empirically described as an exponential decay, called 

‘’plasmon ruler equation’’ (Figure 1.4 right). The discrete dipole approximation (DDA) method 

(Draine and Flatau 1994) was used to simulate the LSPR spectra of the Au nanodisc dimers, 

which agreed with the experimental data, and the ‘’plasmon ruler equation’’. Notably, the 

exponential decay does not have the correct limiting behaviour expected from the dipole-dipole 

coupling model (Jain et al. 2007). The dipole-dipole interaction is more appropriately described 

by (d/D)-3 where d is the centre-to-centre distance. This equation relates the potential due to 

the interparticle coupling, which is proportional to d-3 to that of the single NP restoring potential, 

proportional to the inverse NP volume ie 1/(D3). 

  

Similar studies were carried out on lithography fabricated array of Ag nanodiscs, which showed 

that the red-shifts of the LSPR frequency for these Ag dimers under longitudinal polarisation 

were much stronger than for Au nanodisc dimers with the same interparticle distances 

(Gunnarsson et al. 2005). Yang, Reinhard and co-worker fabricated spherical AgNPs dimers 

in aqueous solution (Yang et al. 2010). Two batches of 40 nm AgNPs were first coated 

separately by two types of thiol functionalised oligonucleotides each with a complementary 

sequence. The NPs were also passivated and stabilised by assembling a monolayer of short 

polyethylene glycol (PEG) molecules on the particle surface, mixed with a small percentage of 

biotinylated PEGs to enable efficient immobilisation on Neutravidin functionalised surfaces. 

DNA mediated self-assembly took place upon mixing those two batches of AgNPs. The dimers 

were isolated from other aggregates via gel-electrophoresis. The dimers were then drop-casted 

onto a Neutravidin functionalised TEM grid. The spectral response of individual dimers was 

measured by Rayleigh scattering micro-spectroscopy, and the structural information of the 
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imaged dimers were obtained through HR-TEM. The correlative data of dimers with various 

interparticle distances showed that for dimers with larger interparticle distance (>2 nm), the 

plasmon resonance of the longitudinal mode (Eres) red-shifts continuously with decreasing 

centre-to-centre distance (L) until the L to diameter (D) ratio reaches a value of L/D ≈ 1.05. 

Interestingly, for dimers with small interparticle distance (<2 nm), the slope of Eres (L/D) levels 

off, and Eres become broadly distributed. This can be explained by theoretical studies using the 

time dependent local density approximation (TDLDA), which showed that for a metallic dimer 

with interparticle distance below 1 nm, quantum mechanical, effects such as electron tunneling 

across the dimer junction and screening greatly alter the optical properties and reduce the field 

enhancements relative to classical predictions (Zuloaga et al. 2009). By fitting these data, a 

plasmon ruler equation for DNA tethered AgNPs dimers was proposed: 

Efit
res = (2.77−457.36e−(L ∕ D)k) eV. with k = 0.16 ± 0.03. (1.6) 

The analysis also showed that the dynamic range of Eres(L/D) is larger for Ag than for Au 

dimers, (Reinhard et al. 2005) and that the Ag plasmon ruler has a greater sensitivity for 

detecting small distance changes. As already mentioned, however, the plasmon ruler equation 

is only an empirical formula; the observed data have a large variance around the fitted curve 

(Yang et al. 2010), which limits the application of this equation in quantitative measurements. 

  

The near-field coupling of MNP pairs, sometime referred to as plasmon coupling phenomenon, 

has been exploited for biosensing. Sonnichsen and co-workers (Sonnichsen et al. 2005) using 

DF microscopy demonstrated that this effect can be used to monitor distances between single 

pairs of gold or silver nanoparticles that are linked via a single stranded DNA molecule (Figure 

1.5). A single DNA hybridisation event caused stiffening of the linker DNA and thereby 

increased the interparticle distance of the dimer which was observed as colour change (blue-

shift) of the scattered light from the dimer under DF illumination. Later on, a similar technique 

was used for ensemble kinetic measurements of the cleavage of DNA linker by the restriction 

enzyme EcoRV (Reinhard et al. 2007). 40 nm AuNP dimers linked a double strand DNA that 

contains a binding sequence for EcoRV were immobilised on a glass surface; only binding of 

the restriction enzyme to the specific sequence causes bending of the DNA linker before 

cleavage (Kostrewa and Winkler 1995) and decreases the interparticle distance of the dimers. 

This event can be monitored by the intensity of the scattered light from the dimer at its red-

shifted frequency. Those binding events are transient (< 1 sec) and stochastic; they are hard 

to be captured with fluorescent techniques. Thanks to the scattering cross-section of the Au 
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dimers, these experiments allowed 1,000 individual dsDNA enzyme substrates to be monitored 

simultaneously for hours with great temporal resolution (240 Hz). More recently, Rong, 

Reinhard and co-workers used polymer tethered Ag dimers as a probe in polarisation-resolved 

DF microscopy to monitor the spatial organisation of the plasma membrane of lysed HeLa cells: 

the translational and rotational motions as well as the extension of individual dimers diffusing 

on the plasma membrane causes the colour change of their scattered light as well as the 

change in polarisation angle of their longitudinal LSPR mode (Rong et al. 2010). 

  

Figure 1.5 Molecular ruler based on plasmon coupling of AuNPs and AgNPs. a) The first MNP was 

immobilised onto a glass substrate via biotin-streptavidin binding (left), then, a second MNP is attached 

to the first particle (centre), again via biotin-streptavidin binding (right). The biotin on the second MNP is 

covalently bound to single strand DNA (ssDNA) via a thiol group at the 5’ end. Inset: illustration of 

transmission DF microscopy. (b) Individual 40 nm AgNPs appear blue (left) and AgNPs dimer appear 
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blue-green (right). The orange dot in the bottom comes from an aggregate of more than two AgNPs. (c) 

Individual 40 nm AuNPs appears green (left), AuNP dimers appears orange (right). Inset: representative 

TEM micrograph of a dimer that cannot be separated optically. (d) Representative scattering spectra of 

single NPs and dimers for silver (top) and gold (bottom). AgNP dimers exhibit a larger red-shift (102 nm) 

than AuNP dimers (23 nm), stronger light scattering and a smaller plasmon line width. Reproduced with 

permission from (Sonnichsen et al. 2005) © 205 American Chemical Society 

  

Plasmonic nanodimers offer several advantages over the current fluorescence based nano-

scale distant sensing techniques such as Förster Resonance Energy Transfer (FRET) 

microscopy. For example a MNP is photo-stable and does not blink, which gives a more reliable 

readout. A plasmon ruler also offers a much larger distance range detection (up to 70 nm) than 

FRET (2-8 nm) (Weiss 1999). So far, the plasmon ruler concept has mostly been applied as a 

qualitative, rather than quantitative sensing tool. Notably, experimental measurements 

reported in the literature have focused on the LSPR frequency red-shift of the longitudinal mode 

upon dimer formation, and did not address the quantitative readout of the scattering and 

absorption cross-sections and their change with interparticle distance. 

  

In this thesis (Chapter 6), Ag dimers were fabricated with various interparticle distances and 

used the in-house developed micro-spectroscopy extinction technique together with correlative 

TEM imaging to study the optical property of these Ag dimers, and in particular to provide a 

quantitative measure of their extinction cross-section. 

  

1.4. NP fabrication 

MNPs have been synthesised for more than 2000 years in different media such as stained 

glass and water. Over the past two and half decades, there has been enormous progress in 

the fabrication of AuNPs and AgNPs of various shapes and sizes. Two most common ways for 

fabricating MNPs are lithography and colloid synthesis. Lithography is a top-down approach, it 

begins with a pattern (e.g. array of discs or pyramids) generated on a larger scale (e.g. Ag or 

Au film with millimeters to micrometers thickness), then reduced to nanoscale via e.g. directed 

electron beam writing. Lithography allows precisely defining of the shape (resolution is limited 

to about 10 nm), size and position of MNPs on a solid-phase. However, it only can fabricate 

MNPs with very simple 3D shapes in extremely small scale (zeptomoles), this makes the 

products to have limited applications. Furthermore, the implementation of this technique is very 
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expensive and complex (Corbierre et al. 2005). Colloid synthesis, on the other hand, is a 

bottom-up approach that starts with metal atoms and builds up to large nanostructures. This 

approach provides much more versatility; it has produced MNPs with a range of 3D structures 

from simple spherical shape to nanostar and core-shell structures with good size control. 

  

Unlike organic synthesis, where countless possibilities of molecular structures can be designed 

and synthesised with a range of well-developed tools and methodologies, controlling the 

assemblies of metal atoms is still at an early stage of development. Fabrication of MNPs 

remains an art rather than a science as the detailed mechanisms of crystal evolution at atomic 

level during fabrication procedures are still not well understood, due to lack of experimental 

tools to capture and monitor individual crystal formation. For the last 30 years, a number of 

methodologies were developed empirically for fabricating monodisperse MNP samples with 

different shapes and sizes, and myriads of publications in recent years greatly helped us to 

gain some reasonable understanding on shape controlled synthesis of MNPs (Xia et al. 2009). 

This section mainly focus on the fabrication of AgNPs. The vast majority of colloid synthesis is 

based on a two-step process known as “seed-mediated growth” (Grzelczak et al. 2008). 

  

1.4.1 Nucleation and Seeds formation 

In step one, precursor molecules undergo nucleation to form small nanocluster “seeds”. This 

nucleation process can take different pathways depend on the supply of metal atoms. For the 

decomposite route, the precursors are slowly decomposed from heat or sonication, which leads 

to the concentration of the metal atom gradually increasing with time. Once the concentration 

reaches supersaturation level, the metal atoms start to form small clusters (known as nuclei) 

via aggregation. The nuclei rapidly grow and the free metal atoms become depleted; the 

nucleation then stops (Hornstein and Finke 2004). For the reduction route, the precursor, in its 

higher oxidation state, is converted into the atomic species (zero-valent) usually via rapid 

addition of a strong reducing reagent such as sodium borohydride; it is still unclear if the sites 

of nucleation are formed before or after the reduction started. The structures of nuclei play vital 

roles in directing the growth of nanocrystals toward their final morphologies. Mass-

spectrometry studies showed that 27% (molar) of the total Ag in aqueous silver nitrate (AgNO3) 

solution are in the form of trimeric Ag clusters (Xiong et al. 2007b). Those trimeric atom-clusters 

have a stronger affinity for electrons than Ag+ (Fayet et al. 1985). Thus, they are more favorable 
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sites for nucleation after the reduction reaction started. It was then proposed that trimeric 

clusters favor the growth of nuclei into triangular nanoplates in the presence of poly(vinyl 

pyrrolidone) (PVP) as SEM/TEM images showed the presence of triangular Ag nanoplates in 

various fabrication procedures using PVP and aqueous AgNO3 solution (Xiong et al. 2007b, 

Jin et al. 2003, Langille et al. 2013). Once a nucleus has grown past a critical size, it becomes 

locked into a well-defined structure as structural fluctuations become energetically unfavorable. 

Face centreed cubic (fcc) metal such as Ag and Au have the tendency to form twin defects 

because the energy penalty for forming twin defects is very low for these systems. In a typical 

colloid synthesis, the seeds solutions usually contain various amount of single-crystals, singly 

twinned and multiply twinned seeds. The distribution of different types of seeds can be 

manipulated via kinetic control. For example the kinetics of seeds formation can be controlled 

by using weak reducing agent such as PVP (Washio et al. 2006) or slowing down the precursor 

decomposition by using lower temperature (Xiong et al. 2007c). When the kinetics of metal 

atom generation is slow, there will be more multiply twinned seeds. This is because the 

formation of multiply twinned seeds requires slow expansion for maximising the surface 

coverage with {111} facets to compensate the extra strain energy caused by twinning (Ajayan 

and Marks 1988. Xiong et al. 2007c). The structure distribution of the seeds can also be 

controlled by oxidative etching: The defect zones on the surface of twinned seeds are much 

higher in energy relative to the single-crystal regions, and they are most susceptible to 

oxidation that convert zero-valent metal atoms back to ions and diffused into the solution. 

Single-crystal seeds, in contrast, have no twin boundary defects on the surface, so they are 

more resistant to oxidative etching. For example, a trace amount of chloride ions was added to 

the polyol (PVP) synthesis of AgNPs to selective etch and dissolute the twined seeds. As a 

result, single crystal AgNPs (truncated cubes and tetrahedrons) were obtained at high yields 

(Wiley et al. 2004). 

  

1.4.2 Crystal growth 

In step two, each type of seed is thought to preferentially pursuit specific growth pathways that 

result in specific 3D shapes of the product crystals under typical experimental conditions. 

Figure 1.6 summarises the correlation that has been established between the structure of the 

seeds and the morphologies of the product crystals (Xia et al. 2009). According to simulations, 

the size window that favors Ag decahedra and icosahedra is much broader than for other fcc 
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metals (Baletto and Ferrando 2005). As a result, under most reaction conditions, multiply 

twinned Ag seeds dominate. Ag also has the lowest energy barriers for incorporating stacking 

faults among the fcc metals; this explains that fact that Ag hexagonal or triangular plates can 

be easily obtained via different reaction conditions (Swarnavalli et al. 2011. Jin et al. 2003).   

 

 

 

Figure 1.6 Illustration of the crystal growth pathways of fcc metal nanocrystals. Precursors are first 

reduced or decomposed to form the small clusters (nuclei). Once the clusters have grown past a certain 

size, they become seeds with a single-crystal, singly twinned, or multiply twinned structure. If stacking 

faults are introduced, the plate-like seeds will be formed. The purple, orange, and green colours 

represent the {110}, {111}, and {100} facets respectively. Red lines represent the twin planes. The 

parameter R is defined as the ratio between the growth rates along the 〈100〉 and 〈111〉 directions 

(modified with permission from (Xia et al. 2009), copyright 2007 Wiley-VCH). 
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The evolution of the seeds can be directed by selective capping agents, different capping 

agents preferentially bind to a specific surface on the metal crystal surface, which changes the 

order of free energies for different crystallographic planes, thereby altering the relative rate of 

growth on different surfaces. For example, it has been shown that PVP and Br- ions can 

selectively bind to Ag {100} facets to slow down their growth rate, resulting in the formation of 

nanocubes (Wiley et al. 2007). Sodium citrate, on the other hand, binds more strongly to Ag 

{111} facet than {100} facet, resulting in the formation of Ag octahedrons and decahedrons 

enclosed by {111} facets (Zeng et al. 2010. Xia et al. 2013).  

 

1.4.3 Plasmon-mediated fabrication 

Plasmon-mediated NP synthesis has been an attractive topic since the first discovery by 

Mirkin’s group (Jin et al. 2001). They showed that that 5 nm spherical AgNPs could undergo a 

light-induced conversion into a triangular prism shape that has an average 100 nm edge-size 

and 16 nm thickness. In their report, the solution of AgNP seeds was prepared like a typical 

colloid synthesis: a sodium hydroborate solution was injected into an aqueous solution of 

AgNO3 that contains sodium citrate. A bis(p-sulfonatophenyl) phenylphosphine dihydrate 

dipotassium salt solution (BSPP) was then added as a particle stabilising agent. In step two, 

this mixture was subsequently irradiated with a conventional 40-W fluorescent light (multiple 

sharp emission bands at 546 nm and 440 nm). Time-dependent UV-Vis spectra showed that 

the seeds solution turned from light yellow colour (absorption peak at about 400 nm) to blue 

colour with three new absorption peak at 335 (weak), 470 (medium), and 670 nm (strong) after 

70 hours irradiation. Those absorption peaks were thought to be the out-of-plane quadrupole 

resonance, out-of-plane dipole resonance and in-plane dipole plasmon resonance 

respectively. Time-dependent TEM micrographs showed that both the size and population of 

the Ag prisms increased with time, whereas the number of seeds decreased with time. 

  

A number of works (Langille et al. 2013. Xue et al. 2008. Zhang et al. 2010) tried to understand 

the chemical and physical factors that drive structural selection. It has been established that a 

source of Ag+, citrate, plasmonic seeds and visible light are four essential components for 

plasmon mediated fabrication. (Xue et al. 2008) proposed that during the irradiated growth 

steps, the weak reducing reagent citrate itself is inefficient for the NP growth, however, the light 

activated small AgNP serves as photocatalysts that facilitates Ag+ reduction by citrate onto the 
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crystalline faces of the AgNP with strong electric field. Thereby, the plasmon excitation (shape 

dependent) induces ultrafast charge separation on the nanoparticle surface. This likely leads 

to face-selective Ag+ reduction, and causes anisotropic crystal growth. (Jin et al. 2003) showed 

irradiation of the seeds solution with a narrowband light source (Xenon lamp with a bandpass 

filter that has 550 nm centre wavelength, and 40 nm width). The product solution consists of 

two different size distributions of nanoprisms that have edge lengths of 70 ± 12 nm (referred 

as type-1) and 150 ± 16 nm (referred as type-2). Because the absorption peak of type-2 (at 

1065 nm) was formed after that of type-1 (at 640 nm), and type-2 is twice the edge-size of type-

1, each type-2 prism was thought to be the product of an edge-to-edge fusion process of four 

type-1 prisms. However, the molecular mechanism of this fusion process remains unclear. 

Interesting, the introduction of a secondary irradiation beam with wavelength that coincides 

with only the quadrupole resonance (450 nm), but not the dipole resonance (640 nm) of the 

type-1 prisms, can inhibit the formation of type-2 prisms. It was proposed that the excitation of 

the dipole surface plasmon resonance redistributes high local fields to the tips of the type-1 

prisms, facilitating an edge-to-edge fusion process; the dipole resonance causes ligand 

dissociation at the particle edges, which would also help the fusion process to occur. In 

contrast, excitation of the quadrupole surface plasmon resonance inhibits the fusion process 

due to high local fields generated on the prism edges. The group also showed that when a 

different primary irradiation wavelength was used, the resulting prisms had an edge-size that 

increased linearly with the irradiation wavelength, and the absorption peak of the production 

solutions red-shift further. By monitoring the Ag+ concentration in solution (via UV-Vis spectra) 

and the morphological change of the crystal during the irradiation step (Rocha et al. 2007) 

showed that when using a monochromatic light source (Xe lamp with different bandpass filters) 

for irradiation of the growth solution, the initial rate of Ag deposition was very slow. As crystals 

gradually grew larger, the absorption wavelength of the growth solution began to speed up 

approaching the irradiation wavelength the Ag deposition. After the absorption wavelength 

passed the irradiation wavelength, Ag deposition decreased significantly. The longer the 

irradiation wavelength, the slower the initial growth rate and the greater the final edge-size of 

the prisms. A mechanism of size control of nanoprisms during the irradiation step was proposed 

(Langille et al. 2013): smaller crystals that strongly absorb light will continue to grow rapidly. At 

the same time, larger crystals have LSPRs that are redshifted from the irradiation wavelength, 

causing their absorption to drop off significantly, and lead to slowed growth. Overall, this 

process has a size-focusing effect. Like thermal mediated colloid synthesis described in 
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Section 1.4.2, the shape of the product crystal is determined by the crystallographic features 

of the seed and its growth kinetics. Much of studies were focused on how triangular prisms 

were formed during plasmon mediated fabrication: Ag seeds very often contain twin planes 

and stacking faults, which introduce high-energy surface sites where Ag+ reduction are more 

favorable, hence those sites are the origin of anisotropic growth (Xia et al. 2009). Electron 

diffraction and electron energy loss spectroscopy showed that the product nanoprisms 

fabricated in (Jin et al. 2001) are bound on the top and bottom planar faces by {111} surface 

facets, which are the lowest energy surface facets for fcc metal. Sodium citrate is known to 

bind more strongly to Ag {111} facet than {100} facet (Zeng et al. 2010). Because the top and 

bottom planar faces of the crystal have much weaker EM field under irradiation, sodium citrate 

on the {111} surface facets serves as capping agent instead of reducing agent. Therefore 

growth in the lateral direction (on the tip and edge of the crystal) is much faster than on the 

planar faces. For both thermal and plasmon mediated fabrication (Rocha et al. 2007. Zhang et 

al. 2010), kinetic control requires slow rates of Ag+ reduction, which favors deposition of Ag 

onto the highest energy locations of a nanostructure. In the case of the nanoprisms, this occurs 

on their edges and results in lateral growth. This explain the fact that silver nanoprism formation 

required irradiation with long wavelength (<500 nm), which is further away from the absorption 

frequency of the seeds. It is important to understand that the photoexcitation itself does not 

direct shape formation, but the structure of the seeds and specific reaction conditions for that 

drive and direct crystal growth. TEM micrograph showed that small silver nanoprisms were 

form before the absorption peak of the reaction solution came close to the irradiation 

wavelength (Rocha et al. 2007). Photoexcitation is just one of the ways to affect the kinetics of 

Ag deposition and the size of the nanostructures. 

  

Since the first paper published nearly 20 years ago, AgNPs with various shapes and sizes were 

fabricated using plasmon mediated methods. A number of publications have shown plasmon-

mediated synthesis of silver cubes (Personick et al. 2013), decahedron (Zheng et al. 2009. 

Pietrobon and Kitaev 2008), tetrahedron (Zhou et al. 2008b). nanorods (Zhang et al. 2011) and 

bi-pyramid (Zhang et al. 2009). The underlying published procedures for those syntheses are 

strikingly similar: small silver seeds (<5 nm) were first fabricated by reduction of silver ions 

(silver nitrate) with a strong reducing reagent (sodium borohydride) as well as sodium citrate. 

The seed solution was then grown under intensive irradiation with visible light for at least 7 

hours, which resulted in large AgNPs with 3-D polygonic shapes. 
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120 nm edge-length Ag nanocrystals with tetrahedral shapes and {111} faces were fabricated 

via the two steps plasmon-mediated method by (Zhou et al. 2008). Ag seeds solution was 

initially irradiated with a sodium lamp; tartrate was added to the solution in the beginning, which 

is thought to assist the nucleation of small Ag seeds into tiny tetrahedra through face selective 

adsorption. After 9 hours irradiation; citrate was added to the solution which is thought to assist 

the growth of tetrahedra by selectively capping {111} facets. The mixture was then irradiated 

with the same light source for 20 hours to form 90% regular tetrahedra. Like the plasmon 

mediated fabrication of bipyramids described above (Zhang et al. 2010), slow growth rates is 

the key to control Ag deposition onto the {111} facets. HR-TEM micrographs showed that the 

product Ag tetrahedra have single crystalline NPs and presumably originate from single crystal 

seeds. 

  

Like triangular prisms, right triangular bipyramids contain twin planes and/or stacking faults that 

bisect the structure along the {111} plane. However, unlike prisms, right triangular bipyramids 

are not bound by flat {111} facets, but they are consist of two right tetrahedra symmetrically 

joined at their bases, resulting in six {100} facets. Jian Zhang and coworker have fabricated 

right triangular bipyramids (Zhang et al. 2010) via plasmon mediated methods (a 150-W 

halogen lamp coupled with an optical band-pass filter 550±20 nm, BSPP was added to chelate 

with the Ag+ in solution). The coordination of BSPP to Ag+ moderates the concentration of 

aqueous Ag+, thereby affecting the Ag+ reduction rate. The reducing ability of citrate was also 

controlled by the pH of the reaction solution. At higher rate of Ag+ reduction (higher pH, and 

lower [BSPP] / [Ag+]), Ag preferential deposited onto {111} facets of planar-twinned seeds, 

which led to monodisperse right triangular bipyramids. Conversely, at lower rate of Ag+ 

reduction (lower pH, and higher [BSPP] / [Ag+]), Ag preferentially deposited on {100} facets of 

planar-twinned seeds, which led to increasing amount of Ag plates. Without BSPP, the Ag+ 

concentration in the reaction solution rapidly decreases so as the reaction rate, which changes 

the preferred facet for silver deposition. At the beginning of the reaction, Ag only deposits on 

{111} facets and results in the formation of right triangular bipyramids, which only have {100} 

facets. As the reaction rate decreases with the concentration of Ag+, the facet deposition 

preference changes from {111} to {100} and results in the formation of truncated right 

bipyramid, with {111} facets (Figure 1.7).  
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Figure 1.7 A) proposed scheme of the growth pathways for twinned silver nanoparticles seeds. The 

purple and blue colours represent the {100} and {111} facets, respectively. The thickness of the arrow 

indicates the relative rates of the reactions with a thicker arrow indicating a faster reaction rate. SEM 

images of B) right triangular bipyramids, C) truncated bipyramids, and D) triangular nanoprisms 

generated from reactions having a solution pH of 11, 9, and 7, respectively ([BSPP]/[Ag+] = 1). 

Reproduced with permission from (Zhang et al. 2010) Copyright © 2010 American Chemical Society. 

 

Ag decahedra were first obtained as a minor product (less than 50%) from irradiating Ag seeds 

with 476.5 nm laser excitation (Zheng et al. 2007). TEM micrographs showed that the product 

solution also contained triangular plates and 3D particles with trapezoid-shaped, kite-shaped 

and truncated-kite-shaped projections. Later on, by adding L- Arginine to the seeds solution 

and using blue light (metal halide lamp with a LS-500-R-HS07 Corion filter) for irradiation, 

Pietrobon and Kitaev were able to fabricate 35 nm Ag decahedra with high yield. Arginine was 

thought to accelerate the photochemical transformation of the seeds to decahedra by limiting 

the growth of platelets. However, 3D particles with trapezoid-shaped, kite-shaped and 

truncated-kite-shaped projections were still found on the TEM micrograph as minor byproducts; 

the edges of the decahedra started becoming rounded after prolonged irradiation (>10 hours). 

The group also showed that larger decahedra, up to 120 nm edge-size, can be produced by 

regrowing the 35 nm decahedra with additional Ag seeds solution under blue light (380 nm to 
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510 nm) irradiation. Analysing TEM micrographs at different stages of the photoinduced growth 

process, Zheng, Lombardi and co-workers (Zheng et al. 2009) proposed that Ag decahedra 

crystals are evolved from penta-twinned seeds. Small amount of tetrahedra, bipyramids, and 

tripyramids are also present in the solution. The authors also proposed that some decahedra 

were formed by a step-wise aggregation process of tetrahedron (Figure 1.8). 

  

In conclusion, plasmon mediated fabrication is a simple but versatile technique, It provides high 

degree of crystallinity, great structural control and tuneable LSPRs of product NPs. Notably, 

the optical properties of individual AgNPs from plasmon mediated fabrication have not yet been 

studied in the literature. In this thesis, Ag decahedrons were fabricated and studied the 

extinction cross-section and spectra of individual particles immobilised on the solid phase with 

quantitative wide-field extinction and correlative imaging (see Chapter 5). This study not only 

facilitates a better understanding of how the shape and size of Ag crystals determine their 

optical properties, but also provides new insights on the plasmon mediated fabrication in terms 

of how the light interacts with the NPs to influence the growth pathways of the crystals. 

 

 

Figure. 1.8 Proposed mechanism on formation of silver decahedron during plasmon mediated 

fabrications. Reproduced with permission from (Zheng et al. 2009) Copyright © 2010 American Chemical 

Society. 
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Chapter 2. Setups, Materials and Methods 

 

2.1 Procedures 

2.1.1 Dimer fabrication  

Details on developing this novel NP dimerisation methodology is described in Chapter 6, which 

includes data and hypothesis of the dimerisation reaction via PxDT with various length. Here, 

a general protocol is presented for preparing the stable dimers with average 7.35 nm 

interparticle distance in aqueous solution. 

 

For the dimerisation reactions shown in this thesis, 25 μL sodium citrate (2 mM) stabilised 

AgNP stock (40 nm diameter, OD400nm = 4, equivalent to 7.7 x 1010 particle/mL, supplied by BBI 

solution) was first diluted with 425 μL deionised water. The AgNP solution was briefly vortexed 

then sonicated for 10 mins. the polymer P1000DT (Sigma Aldrich) was warmed up in its bottle 

on a hotplate at 40°C until it melt from solid to liquid; 4 mM (or 10 times of whatever final 

concentration used) stock solution of the polymer was prepared with deionised water, and 50 

μL of this stock solution was mixed with the AgNP solution and briefly vortexed then transferred 

into a polystyrene cuvette (path length = 1 cm) for UV-Vis spectroscopy; the reaction was 

stopped by diluting (at least 1 in 5) the reaction solution with water then immediately immobilise 

the NPs onto a substrate (coverslip or TEM grid). To prepare stable dimers in aqueous solution, 

AgNPs were first mixed with 0.4 mM P1000DT and kept for 30 mins at room temperature. 50 

μL of 50 mM N-ethylmaleimide (NEM) (Sigma Aldrich) in water was added to the reaction 

solution and kept for 30 mins at room temperature to quench the free thiol groups. The reaction 

solution was then transferred into a clean dialysis tube (Slide-A-Lyzer™ MINI Dialysis Devices, 

7K MWCO, Fisher Scientific). The dialysis tube was capped and incubated in 50 mL deionised 

water with mild stir for 4 hours, the dialysate was replaced with freshly deionised water every 

30 mins to speed up the removal of the polymers.    
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A) 

 

B) 

 

Scheme 2.1 Fabrication of stable AgNP dimers in solution. A) PxDT induced dimerisation B) Further 

aggregation can be prevented by capping the thiol groups with NEM.  

 

2.1.2 Plasmon mediated fabrication 

Plasmon mediated fabrication is known to produce AgNP with various shapes and sizes 

(Chapter 5). The protocol used is based on (Zheng et al. 2009. Pietrobon and Kitaev 2008). 

The seeds were fabricated by reduction of silver nitrate (AgNO3) in an aqueous solution, which 

was then irradiated via a LED light source. The end products were dependent on the 

wavelength of the LED used. 

 

To prepare 8 mL seeds solution, mix 0.5 μM of silver nitrate (Sigma Aldrich), 6.25 μM PVP (Mw 

~ 10k) (Sigma Aldrich); 3 mM trisodium citrate (Na3C6H5O7) (Sigma Aldrich) and 0.65 μM of 

sodium hydroborate (NaBH4) (Sigma Aldrich) with vigorous stir for 3 mins at room temperature. 

The seeds solution can be stored in the dark at 4 °C for up to 4 weeks. 



28 
 

A) 

 

B) 

Nominal Wavelength Measured mean 

wavelength of 

reflected (nm)**  

measured Max 

Output (mW )* 

Royal-Blue (447.5 nm) LUXEON Rebel ES LED on a 

SinkPAD-II 20 mm Tri-Star Base - 3.09 W 

446.9  710 

Blue (470 nm) LUXEON Rebel LED on a SinkPAD-II 

20 mm Tri-Star Base - 2.1 W 

479.0  382 

Cyan (505 nm) LUXEON Rebel LED on a SinkPAD-

II 20 mm Tri-Star Base - 1.53 W 

500.0  285 

Green (530 nm) LUXEON Rebel LED on a SinkPAD-

II 20 mm Tri-Star Base - 0.79 W 

523.94  190 

Lime (567 nm) LUXEON Rebel ES LED on a 

SinkPAD-II 20 mm Tri-Star Base - 1.44 W 

536.21  365 

 Red-Orange (617 nm) LUXEON Rebel LED on a 

SinkPAD-II 20 mm Tri-Star Base - 1.68 W 

621.56  316 

Deep Red (655 nm) LUXEON Rebel LED on a 

SinkPAD-II 20 mm Tri-Star Base - 1.92 W 

654.71  440 
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C)  

  

Figure 2.1 A) Irradiation chamber for plasmon mediated fabrication in the lab (Prof Borri and Langbein 

group, School of Biosciences). Left) the inner surface of the irradiation chamber was painted to provide 

light reflective surface. Middle) Photo of the chamber during the irradiation. The LED was powered 

through the black coloured plug and blue/black cable to the driver and power brick, the reflected output 

was guided to a spectrometer via the blue fibre. Right) Schematic cross-section of the chamber during 

irradiation. B) A table listing all the available LEDs purchased and mounted. *: The max output power 

was measured by placing the power-meter directly in front of the mounted LED on 700 mA. **: The empty 

painted irradiation chamber was illuminated separately with each LED at different An optic-fibre guided 

the light in the chamber to the Ocean-Optics Modular spectrometer, and the spectra were taken. C) The 

spectra of the reflected light in the empty chamber from each LEDs 

 

Irradiation protocol used during my internship at the Istituto Italiano di Tecnologia (IIT): a 

ThorLabs Mounted LED (Blue: M455LP1, Green: M505L3 or red: M625L3) was linked on a 

ThorLabs SM2 lens Tube (3” thread Depth) which serves as the irradiation chamber. The 

internal surface of the chamber was wrapped with aluminium foil to maximise the irradiation 

intensity to the seeds solution. The seeds solution was contained in a glass vial (Fisherbrand™, 

Type 1 Class A Borosilicate Glass) that was placed in the irradiation chamber. The LED was 

powered by the ThorLabs T-cube LEDD1B, (1200 mA), which can drive the red, green or blue 

LED to their maximum output power of 900 mW, 400 mW or 700 mW respectively. To monitor 

the reaction during the irradiation, the LED was paused and the solution was taken out and 

sampled for UV-Vis spectroscopy, then put back to continue the irradiation.  
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Irradiation step at Cardiff University (Prof Borri and Langbein lab, School of Biosciences): the 

irradiation chamber (inner volume: diam.53 mm x height.95 mm, made of aluminium) was 

custom built by the mechanical workshop at Cardiff University, School of Physics and 

Astronomy (Figure 2.1 A). The inner surface of the chamber was painted first with a white 

primer (GLOWTECH, UK) then by a reflective varnish (GLOWTECH, UK) to maximise the 

irradiation intensity to the seeds solution. 7 high power LEDs each mounted on a heat sink 

were purchased from LuxeonStarLEDs (Figure 2.1 B). Each LED was mounted onto a custom 

built lid for the irradiation chamber. The Inner side of the lid was also painted in white and 

coated with varnish. The mounted LED on the lid was powered by a 700 mA LED Power 

Modules (3021 BuckPuck from LUXdriveTM). During the irradiation step, a small fraction of the 

light from the chamber was guided to an OceanOptics spectrometer (see Section 2.2.2) for 

monitoring the spectral change of the seeds during irradiation without disturbing the solution. 

The spectra of the collected light from each LED (without sample inside) are shown in (Figure 

2.1 C) 

  

2.1.3 Glass functionalisation 

To activate the glass surface, the coverslips (agar scientific No 1.5) were fully immersed in 

Piranha solution (98% H2SO4:30% H2O2 mixed in 3:1 (v/v) ratio) (both from Sigma Aldrich) in 

a beaker at 90°C for 60 mins (Scheme 2.2), then rinsed in pure water for 3 times and dried by 

a stream of nitrogen. These activated coverslips were then stored at 4°C under nitrogen for no 

more than 2 weeks. 

  

The activated coverslips were fully immersed in 1% (v/v) (3-aminopropyl) triethoxysilane 

(APTES) in pure ethanol for 30 mins, then washed with ethanol and water 3 times. They are 

dried in a stream of nitrogen before cured at 120 °C for 1 hour in an oven (Scheme 2.3). The 

coverslips were stored at 4°C under nitrogen for no more than 2 weeks. 

  

Scheme 2.2 Acid catalysed hydrolysis of the siloxane bond on silicate surface. 
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Scheme 2.3. 2 step chemical modification of the SiO2/glass substrate: step 1: acid activation, and step 

2: APTES functionalisation of the 40 nm thick SiO2 film (purple line) on the silicon grid.  

 

 2.1.4 TEM grid functionalisation 

Details on developing this novel NP immobilisation technique is described in Chapter 3, which 

includes the rationale on recipe of reaction solution. Here, a general protocol is presented for 

preparing the substrate for Section 2.1.5. 

 

1. A silicon TEM grid with a 40 nm thick SiO2 film on a silicon nitride mesh (TED PELLA, 

INC.) was washed in the following sequence: deionised water, acetone, anisole then 

ethanol. This was repeated twice, then the grid was dried in air 

2. A Teflon coated reverse action tweezer was used to hold the grid in the following steps. 

The grid was incubated in 10 mL etching solution: 500 μL H2SO4 (98%) diluted in 9.5 

mL of 30% H2O2 at 55 °C for 1 hour. The grid was then washed 3 times in water, followed 

by 3 times in ethanol. 

3. 200 μL of (3 aminopropyl) triethoxysilane (APTES) (Sigma Aldrich) was centrifuged at 

20k rcf for 20 mins to spin down any large debris, 100 μL of this APTES stock was then 

diluted in 9.9 mL ethanol (absolute, for HPLC, ≥99.8%, Sigma Aldrich) to make 1% (v/v) 

APTES solution. The activated TEM grid was incubated in 1% of APTES solution for 1 

hour (Scheme 2.3). The grid was then washed 3 times in ethanol followed by 3 times 

in water. 

4. The functionalised grid was dried in air at 55 °C for 30 mins and stored at 4 °C for no 

longer than 2 weeks. 

 

2.1.5 NP immobilisation via drop casting 

A) On glass 
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A glass coverslip (agar scientific No 1.5) was first cleaned with Piranha solution (see Section 

2.1). One side of the coverslip was marked with the letter ‘C’ for identifying the face of the 

coverslip in the following steps. The coverslip was placed on a piece of non-scratching tissue 

(Cleanroom grade wipe) in a Petri dish with the unmarked side facing up. The Petri dish was 

placed onto a hotplate set at 60°C in a fume hood. 50 μL of diluted AgNP solution (final OD400nm 

= 3 x 10-3) was dropped onto the surface of the coverslip, the Petri dish was partially covered 

to minimise dust. The drop of the AgNP solution dried out after one hour. Then the coverslip 

was immediately mounted in silicone oil (n = 1.52). The mounted sample slides were stored at 

4°C for no more than 4 weeks.  

  

B) On SiO2 TEM grid 

A TEM grid with 40 nm silicon dioxide (SiO2) Support Films (TED PELLA, INC.) was washed 

with water, acetone then water and let dry in air. The cleaned grid was then placed on a piece 

non-scratching tissue (Cleanroom grade wipe) in a Petri dish with the dull side facing up. The 

Petri dish was placed onto a hot-plate set at 60°C in a fume hood. 9 μL of diluted AgNP solution 

(final OD400nm = 3 x 10-3) was dropped onto the surface of the grid. The AgNP solution on the 

coverslip dried out after half hour. The grid was then mounted immediately for imaging. After 

imaging. The sample grid was stored in a 76 mm x 25 mm grid holder box. The grid holder box 

was kept in the sealed container that is filled with nitrogen gas and stored at 4°C for no more 

than 2 weeks.  

  

2.1.6 NP immobilisation via Settlement 

Details on developing this novel NP immobilisation technique is described in Chapter 3 (On 

grid) and Chapter 6 (On glass) which includes how NP density on the substrate can be 

controlled. Here, a general protocol is presented which is suitable for most metal NP 

suspended in water. 

 

A) On glass 

A glass coverslip (Agar Scientific No 1.5) was first cleaned with Piranha solution and 

functionalised with 1% of APTES (Section 2.1.3). One side of the coverslip was marked with 

the letter ‘C’ for identifying the facing of the coverslip in the following steps. The coverslip was 

placed on a piece non-scratching tissue (Cleanroom grade wipe) in a Petri dish with the 



33 
 

unmarked side facing up. For the AgNP-P1000DT dimer sample, the reaction solution was first 

diluted 20 times with water (final OD400nm = 6 x 10-3), and 300 μL of this diluted reaction solution 

was dropped onto the coverslips. The Petri dish with coverslip was placed next to a tissue towel 

soaked with water and both were covered by a large glass beaker to prevent evaporation and 

dust. After 10 mins incubation time, the diluted AgNP solution on the coverslip was removed, 

and the coverslip was washed 3 times in water and dried under nitrogen gas, then it was stored 

in a 50 mL centrifuge tube filled with nitrogen gas at 4ºC for no longer than 2 weeks. 

  

B) On SiO2 TEM grid 

To immobilise NPs onto a functionalised silicon dioxide grid, the absorption spectrum of the 

NP stock solution was taken to calculate the factor of dilutions for the desirable NP density. 

Figure 3.4 exemplifies this characterisation, where 9 μL of 75 nm edge size Ag-cube solution 

with OD515nm = 0.1 (absorbance of the solution at 515 nm wavelength, which is directly 

proportional to the molar concentration of the NPs) produced 95.0 x10-3
 per μm2 NP density. 

The APTES functionalised grid in the grid holder (kept in a sealed container) was first 

equilibrated to room temperature and washed in water, then briefly let to dry off the excess 

amount of water on its the surface. A steel reverse action tweezers was used to firmly hold the 

grid on a flat surface (see Figure 2.2). For the AgNP-P1000DT dimer sample, the reaction 

solution was first diluted 20 times with water (final OD400nm = 6 x 10-3), 9 μL of this diluted 

reaction solution was carefully dropped onto the dull side of the grid (facing upward), and the 

whole tweezers was placed next to a tissue towel soaked with water and both were covered 

by a large glass beaker to prevent evaporation and dust. The grid was incubated with the NP 

solution for at least 10 mins (at low room humidity, the NP solution had to be topped-up). 

Finally, the grid was washed 3 times in water and dried under nitrogen gas, then it was stored 

in a standard grid storage box in nitrogen gas at 4 ºC for no longer than 2 weeks. 

 

Figure 2.2 A photo shot showing the NP settlement step: a steel reverse action tweezers was lying flat 

in a glass container, the tip of the tweezers held the frame of the sample grid with 9 μL NP solution 

covering the top surface of the grid.  
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 2.1.7 TEM sample grid mounting 

Details on developing this novel mounting techniques is described in Chapter 3, which includes 

the rationale on the choices of the mounting geometry and medium. Here, a general protocol 

is presented for repeating the same or similar measurements shown in this thesis. 

 

A) 

  

  

B) 

 

 

Figure 2.3. A) Schematic drawing of the mounted sample grid on the nano-positioning stage of the 

microscope. B) Left: photo of the positioned sample slide on the stage, ready for imaging. Right: 

prepared sample slide.   

 

To mount the sample, the APTES functionalised grid was first equilibrated in its container to 

room temperature (if it is from a fridge). Standard sized 25 x 75 mm glass slides (Menzel 

Gläser) were cleaved into 2.5 cm x 2.5 cm shape to fit into a specialised sample stage used 

for nanometric position accuracy on the inverted microscope stand (Figure 2.3 B), see also 

Section 2.2. The glass coverslips (Agar Scientific No 1.5, 2.5 cm x 2.5 cm) and the cleaved 

glass slides are first wiped with non-scratching tissue (Cleanroom grade wipe) soaked with 

acetone, then rinsed with acetone and deionised water and dried by a stream of nitrogen. A 
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piece of Press-to-Seal silicone isolators (GraceTM, Bio-Labs, 13 mm inner diameter x 0.5 mm 

depth, 25 mm x 25 mm outer size for mounting in anisole, 20 mm inner diameter x 0.5 mm 

depth, 25 mm x 25 mm outer size for mounting in air) was placed on the cleaned coverslip as 

a gasket. Another piece of silicone isolator was cut into an oval-shaped cage, which was then 

placed on the coverslip, in the well region formed by the gasket. 200 μL of anisole was pipetted 

into the well, and the sample grid was placed within the cage and immersed in the anisole. The 

shiny side of the grid was facing the coverslip. Finally, the glass slide was placed on the top of 

the gasket to seal the space containing the sample grid (Figure 2.3 B right). Another piece of 

silicone isolator was sandwiched between the sample slide and the stage to absorb pressure 

from above and protect the coverslip. The clamp of the sample stage of the microscope 

provided pressure between the glass slide and coverslip for sealing the chamber filled with 

anisole during measurements (Figure 2.3 B Left).  

  

 

 2.2 Experimental setups 

2.2.1. The Inverted Microscope 

The main microscopy set-up is built around an inverted microscope stand (Nikon Ti-U) 

equipped with an 100 W halogen white-light illumination of adjustable intensity, a Nikon neutral 

colour balance (NCB) filter, or a light balancing LB200 optical blue Hoya filter, an oil condenser 

of 1.34 numerical aperture (NA) with a removable home-built dark-field illumination of 1.1-1.34 

NA, and a choice between a 40x 0.95 NA dry objective, a 20x 0.75 NA dry objective, and a 

100x 1.45 NA oil objective. Two interchangeable tube lenses were available, providing a 1x or 

1.5x magnification of the intermediate image. The sample position was finely controlled, by a 

xyz-piezoelectric stage (nanostage). The nanostage (Mad City Laboratory model NanoLP200) 

had 3 nm positioning precision and 200 μm range. A consumer Canon EOS 40D colour 

camera, with a 14-bit CMOS detector, containing 2592 x 3888 pixels (10.1 megapixel), of 5.7 

μm pixel pitch, and full-well capacity Nfw = 4x104, was attached to the left port of the microscope. 

A PCO Edge 5.5 scientific-CMOS camera, low noise (1.1 electron read noise), capable of 100 

frames per second (FPS) for full sensor, grayscale (b/w), water-cooled to +5 ºC, with 2560 x 

2160 pixels (5.5 megapixel), of 6.5 μm pixel pitch, and Nfw = 3 x 104 was attached to the eye-

piece side port. 

  



36 
 

2.2.2 Cuvette-based spectroscopy 

A modular spectroscopy setup was set in the lab to measure the absorption of samples in 

solution contained in cuvettes. The setup consists of a 7 W lamp, a cuvette holder for 1 cm 

path length, and a USB spectrometer, all of which are fibre-coupled. All devices, components 

and software are from OceanOptics. The spectrometer is model USB2000-FLG, with fixed slit-

width Ws = 200 μm, a 600 lines/mm grating blazed at 500 nm, ~10 nm spectral resolution, and 

a built-in Sony ILX511 linear 12-bit CCD array detector with 2048 pixels of pitch Wp = 14 μm. 

The spectrometer is connected to a PC by USB. The lamp is the model HL2000-FHSA with 

fixed power setting, manual attenuator, controllable shutter, and wavelength range (360-2400) 

nm. A LB200 filter was used for all the absorption experiments. Data is collected and analysed 

with the SpectraSuite software. The absorbance is calculated as:  

𝐴 = − log10(
𝑃𝑡

𝑃𝑖
). Where: 𝑃𝑖 is incident power and 𝑃𝑡 is transmitted power (2.1) 

Integration time for all work in this report is 3ms, and we average 1000 measurements in 3 s. 

 

The following concentrations (from the supplier nanoComposix website) of NP were used to 

estimate the concentration of NP in the solution from the spectral data, 

 For 75 nm Ag-cube in water: OD515nm = 1 is equivalent to about 0.36 x1010 NP/mL 

 For 40 nm spherical AgNP in water: OD400nm = 1 is equivalent to about 1.93 x1010 NP/mL  

 

2.2.3 Dark Field microscopy 

Figure 1.2 in Section 1.2.1 shows a scheme of the setup that has been utilised for all the 

measurements under DF illumination in this thesis. A set of circular stop discs (anodised 

aluminum film, black colour) corresponding each to a specific microscope objective numerical 

aperture (NA) have been hand-cut to block the low numerical aperture illumination range and 

prevent light from the illumination beam path being transmitted into the objective lens. A disc 

blocking up to 1.1 NA was used for the 40x 0.95 NA dry objective, and a disc blocking up to 

0.8 NA was used for the 20x 0.75 NA dry objective; the condenser aperture was closed to 1.3 

NA and 0.9 NA respectively to reduce the diffuse scattering background. 

  

For the polarisation-resolved Dark-Field (DF) analysis, a servo-mounted linear polariser in the 

illumination path before the condenser permitted accurate polarisation control of the excitation. 

The polariser can be rotated to achieve polarisations in steps of 15° from 0° to 180°. The DF 
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images were taken at each polarisation angle by a colour Canon camera (as described above 

in 2.2.1) and saved as JPG files ‘L’ format for other purposes (3888 x 2592 pixels). 

  

2.2.4 Micro-spectroscopy 

The right port of the microscope stand is optically coupled to a Czerny-Turner type imaging 

spectrometer (Horiba Jobin-Yvon iHR550), with a 1:1 magnification from the intermediate 

image plane to the input slit. The spectrometer is equipped with a 76 x 76 mm grating having 

100 grooves/mm. Attached to the spectrometer output port is a scientific charge-coupled device 

camera (Andor Newton DU-971N) with a 1600 x 400 pixel sensor, of pixel pitch Wp = 16 μm, 

peltier-cooled to -60 °C. A 1:1 magnification from the spectrometer entrance slit to the camera 

implies that the intermediate image plane is imaged on the sensor with a magnification of 1. 

The CCD sensor has a 1.5 x105 e- pixel full well capacity. 

  

After focusing the sample via the imaging mode of the CCD camera (Andor Newton DU-971N) 

on the inverted microscope stand with darkfield illumination, the spectrometer grating was set 

to the zero order of diffraction, to act as a mirror, in order to identify the NP position and centre 

it in the middle of the spectrometer slit via the Andor camera two-dimensional live readout. The 

grating was then rotated to the first diffraction order. To obtain the spectrum of the centred 

AgNP, different objectives were used depending on the mounting medium: 

 For imaging NPs in anisole (Sigma-Aldrich, ReagentPlus®, n = 1.51), silicone oil 

(Sigma-Aldrich, AP 150 Wacker, n = 1.52) or deionised water (n = 1.33), the 40x 0.95 

NA dry objective was used, the slit was closed to W = 60 μm for 100 grooves/mm grating 

(corresponding to 1.7nm spectral resolution); the vertical size is defined by a 4 pixel 

vertical binning corresponding to 4 x 16 μm = 64 μm. With a 60x magnification (40x 

objective and 1.5x tube lens), this corresponds to ca. 1 μm2 square area on the sample, 

which is slightly larger than the first dark ring of the Airy point-spread-function to be less 

sensitive to NP displacements by drifts. The field iris was opened to 500 μm, DF 

illumination range was 1.1 to 1.3 NA, and BF illumination range 0 to 0.95 NA 

 For imaging NPs in air (n = 1.00), the 20x 0.75 NA dry objective was used, the slit was 

closed to W = 50 μm for 100 grooves/mm grating (corresponding to 1.1 nm spectral 

resolution); the vertical size is defined by a 3 pixel vertical binning corresponding to 3 x 

16 μm = 48 μm. With a 30x magnification (20x objective and 1.5x tube lens), this 



38 
 

corresponds to ca 1.9 μm2 square area on the sample, which is slightly larger than the 

first dark ring (0.8 NA disc) of the Airy point-spread-function to be less sensitive to NP 

displacements by thermal drifts. The field iris was opened to 1 mm, DF illumination 

range was 0.8 to 0.9 NA, and BF illumination range 0 to 0.75 NA 

  

The exposure times for the DF spectra were chosen depending on the scattering signal 

intensity of the imaged NP: a longer exposure time is preferable to exploit the full dynamic 

range of the camera. However, it should not cause any pixel to be overexposed (more than 

90% of the sensor’s readout saturation) or excess 30s (NPs start to drift away from the 

alignment). For bright field illumination, spectra were averaged over 300 readouts, each with 

an exposure time of 0.1 s. 

 

For each imaged NP at each polarisation angle (or using unpolarised light), different kinds of 

signal S were acquired for calculating the spectra of the imaged NP (see Section 2.3.2): 

The NP was first focus in the detected region. 

 

●   SDF = ePDF: Signal scattered from the region with NP in focus under DF illumination 

●   SBF = ePBF: Signal transmitted from the region with NP in focus under BF illumination  

 

Sample nano-positioning stage was then laterally shifted by 3 μm and it was checked with the 

Andor camera that there was no NP or debris in the detected region after the shift. The following 

signal were taken from the empty region for spectral referencing.  

 

●   Sback = ePback: Signal scattered from an empty region close to the NP under DF illumination  

●   Slamp = ePlamp: Signal transmitted from an empty region close to the NP under BF illumination  

●   Sdark = ePdark: Camera reading with no light impinging on the sensor (digitiser offset + dark 

current) 

 

Where an overall optical efficiency e  were induced that links the measured signal S (in count 

s/s) to the power P (in J/s, radiated due to transmission and scattering) emitted by the detected 

region. Optical efficiency e is specific to the optical setup, all spectra for the same NP must be 

acquired under the same experimental conditions (illumination intensity, slit width, etc.), e is 

cancelled out during the calculation of σ𝑠𝑐𝑎
𝐷𝐹  and σ𝑠𝑐𝑎

𝐷𝐹 , therefore, no calibration for e is required. 
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2.3 Analysis Methods 

2.3.1 Wide field extinction analysis 

Bright-Field extinction measurements and analysis are based on (Payne et al. 2013). After 

placing the sample slide on the microscope stage, in focus and under Köhler illumination, the 

intensity of the lamp was adjusted to achieve the full-well capacity of the pixels of the PCO 

camera Nfw = 30 000 electrons (this was monitored on the PCO software) with an exposure 

time in the order of 10ms. For each field of view, two BF images were taken (all with the same 

exposure time, between 1 ms and 10 ms); one with the NP in focus, and another with the 

sample nano-positioning stage laterally shifted by 3 μm. Dark images were also taken for 

blocked illumination, and background subtraction was performed by the ImageJ calculator. This 

provided the background-corrected transmitted intensity of the BF image with NP in focus, 

called If, and the background-corrected transmitted intensity image with the shifted NP called 

Io which is used as reference, to calculate the NP differential transmission. The extinction cross-

section of a NP located within the area Ai in the BF image can be expressed as:  

𝜎𝑒𝑥𝑡 =  ∫ ∆𝑑𝐴
𝐴𝑖

  where  ∆ =
(𝐼𝑜− 𝐼𝑓)

𝐼𝑜
    (2.2) 

To account for a possible mismatch between I0 and If (i.e. non perfect referencing), a local 

background procedure was used as follows. A radius ri approximately at the second Airy ring 

of the objective point-spread function (3l/(2 NA) was chosen. In the area between the radius ri 

and 2ri, a local background extinction was calculated: 

∆𝑏= 𝐴𝑏
−1 ∫ ∆𝑑𝐴

𝐴𝑏
 (2.3) 

The background-corrected extinction of the NP is then: 

𝜎𝑒𝑥𝑡 = ∫ (∆ − ∆𝑏)𝑑𝐴
𝐴𝑖

 (2.4) 

Different colour filters can be placed into the illumination, to obtain σext in different colour bands. 

This provides a coarse spectroscopy functionality together with a wide-field imaging modality 

of many NPs simultaneously, as opposed to the method in section 2.2.3 which gives the 

spectrum of one individual particle at a time. 

  

An image analysis programme written in ImageJ macro language was developed by Dr. Lukas 

Paynes in the Borri/Langbein Lab for high throughput automated extinction image analysis; the 

details are discussed in (Payne et al. 2013). The programme is able to produce an extinction 
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image (Figure 3.3. right) that gives high-contrast for visualising NPs in the imaged field of 

view. A single NP in the extinction image appears as two spots, one bright and one dark, due 

to the referencing via lateral shifting. NPs in the centre of extinction image were selected and 

labelled and their extinction cross-sections were calculated as described above. The resulting 

data were listed in an Excel file for statistical analysis. 

  

2.3.2 Optical cross-section calculation 

The following formulas were derived by Dr. Attilio Zilli in our group for quantitatively determining 

(in absolute unit) the optical cross-section spectrum of a NP obtained with the methods 

described above (Sections 2.2.4 and 2.3.1). They are quoted here for clarity and 

completeness, instead of referring to Dr. Zilli PhD thesis and his (yet unpublished) work. 

  

As mentioned in Section 2.2.4, the sensor of the CCD camera measures a detected signal S 

(in counts/s) proportional to the power P (in J/s) emitted by the detected region A (also as a 

function of frequency ω). A is calculated as: 

𝐴 = ∆𝑥 × ∆𝑦 = (
𝑊

𝜇
)  ×  (

𝑏𝐿𝑦

𝜇
). (2.5) 

Where: μ is the magnification factor from the sample to the sensor, W is the horizontal width of 

the spectrometer input slit, b is the number of pixels binned in the vertical direction, Ly is the 

pixel size in the vertical direction. For an imaging device, A is the area where the integration is 

carried over during analysis. If A encloses only one single nano-object and no other 

comparable absorbers/scatterers, then the signal from the area can be equated to the signal 

from the NP. 

  

The optical cross-sections are defined by the relations between incident intensity and power 

(see Chapter 1): 

σ𝑠𝑐𝑎
𝐷𝐹 ≡

𝑃𝑠𝑐𝑎
𝐷𝐹

𝐼𝑒𝑥𝑐
𝐷𝐹  .  (2.6)   σ𝑎𝑏𝑠

𝐵𝐹 ≡
𝑃𝑎𝑏𝑠

𝐵𝐹

𝐼𝑒𝑥𝑐
𝐵𝐹  .  (2.7) 

Where Psca and Pabs are the total power scattered and absorbed by the NP, respectively, and 

Iexc is the excitation intensity. The BF or DF superscript on the physical quantities indicates the 

corresponding illumination configuration. Under the assumption that the microscope 

illumination is homogeneous over the imaged area A≃1μm we have: 
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𝑃𝑒𝑥𝑐(𝜔) = ∫ 𝐼𝑒𝑥𝑐(𝑥, 𝑦, 𝜔) d𝑥d𝑦
𝐴

= 𝐴𝐼𝑒𝑥𝑐(𝜔). (2.8) 

Both under BF and DF illumination. The cross-sections can therefore be rewritten as: 

σ𝑠𝑐𝑎
𝐷𝐹 = 𝐴

𝑃𝑠𝑐𝑎
𝐷𝐹

𝑃𝑒𝑥𝑐
𝐷𝐹  .  (2.9)   σ𝑎𝑏𝑠

𝐵𝐹 = 𝐴
𝑃𝑎𝑏𝑠

𝐵𝐹

𝑃𝑒𝑥𝑐
𝐵𝐹  .  (2.10) 

Because only a fraction f of the total scattered light is eventually collected, the powers in terms 

of the measured signals are expressed as: 

 𝑃𝑐𝑜𝑙𝑙
𝐷𝐹 = 𝑓𝐷𝐹𝑃𝑠𝑐𝑎

𝐷𝐹, scattered power collected under DF illumination 

 𝑃𝑐𝑜𝑙𝑙
𝐵𝐹 = 𝑓𝐵𝐹𝑃𝑠𝑐𝑎

𝐵𝐹, scattered power collected under BF illumination 

  

The total scattered power is: 

𝑃𝑠𝑐𝑎
𝐷𝐹 =

𝑃𝑐𝑜𝑙𝑙
𝐷𝐹

𝑓𝐷𝐹
=  

(𝑃𝐷𝐹 − 𝑃𝑏𝑔)

𝑓𝐷𝐹
.  where Pbg is the background signal  (2.11) 

The total extinguished power is: 

𝑃𝑒𝑥𝑡
𝐵𝐹 = 𝑃𝑙𝑎𝑚𝑝 − 𝑃𝐵𝐹  + 𝑃𝑐𝑜𝑙𝑙

𝐵𝐹
.  (2.12) 

Assuming that all other optical interactions are negligible, scattering and absorption account 

for the complete extinction 𝑃𝑒𝑥𝑡
𝐵𝐹 = 𝑃𝑠𝑐𝑎

𝐵𝐹  + 𝑃𝑎𝑏𝑠
𝐵𝐹 . We can thus derive the total absorbed power as: 

𝑃𝑎𝑏𝑠
𝐵𝐹 = 𝑃𝑙𝑎𝑚𝑝 − 𝑃𝐵𝐹  + 𝑃𝑐𝑜𝑙𝑙 

𝐵𝐹 − 𝑃𝑠𝑐𝑎 
𝐵𝐹 = 𝑃𝑙𝑎𝑚𝑝 − 𝑃𝐵𝐹 −  𝜁

1− 𝑓𝐵𝐹

𝑓𝐷𝐹
 (𝑃𝐷𝐹 − 𝑃𝑏𝑔) . 

(2.13) 

where we have introduced the parameter 𝜁 = 𝑃𝑠𝑐𝑎
𝐵𝐹  / 𝑃𝑠𝑐𝑎

𝐷𝐹 as the BF to DF total scattered power 

ratio (which depends on the geometry of the NP scatterer). 

The excitation power is: 

𝑃𝑒𝑥𝑐
𝐵𝐹 = 𝑃𝑙𝑎𝑚𝑝 − 𝑃𝑑𝑎𝑟𝑘. (2.14) 

𝑃𝑒𝑥𝑐
𝐷𝐹 =

(𝑃𝑙𝑎𝑚𝑝 − 𝑃𝑑𝑎𝑟𝑘)

𝜉
. (2.15) 

where the parameter 𝜉 ≡ 𝑃𝑒𝑥𝑐
𝐵𝐹  / 𝑃𝑒𝑥𝑐

𝐷𝐹 has been introduced in the second equation (see Section 

below). By substituting the expressions above in the definition of the cross-sections we have: 
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σ𝑠𝑐𝑎
𝐷𝐹 = 𝐴 

𝜉

𝑓𝐷𝐹
 

𝑃𝐷𝐹− 𝑃𝑏𝑔

𝑃𝑙𝑎𝑚𝑝− 𝑃𝑑𝑎𝑟𝑘
 .  (2.16) 

σ𝑎𝑏𝑠
𝐵𝐹 = 𝐴 

𝑃𝑙𝑎𝑚𝑝−𝑃𝐵𝐹− 𝜁
1− 𝑓𝐵𝐹

𝑓𝐷𝐹
 (𝑃𝐷𝐹− 𝑃𝑏𝑔) 

𝑃𝑙𝑎𝑚𝑝− 𝑃𝑑𝑎𝑟𝑘
 .  (2.17) 

All experimental spectra (Section 2.2.4) are expressed in counts/s (dividing by their exposure 

time), so that they can substitute the powers on the right hand side since the e factors cancel 

out. MATLAB codes have been written by Dr Attilio Zilli for the parameters fBF, fDF, and ζ defined 

by the relations above, and can be estimated analytically in the dipole limit for particles of a 

simple shape in an isotropic optical environment. 

2.3.3 TEM Coordinate Mapping 

For correlative imaging (see Section 3.1), coloured DF images of the sample grid were taken 

(see Dark Field microscopy Section 2.2.3.) after the optical measurements, to serve as a map. 

The actual distance (D) and angle (∠NPDF) between the particles of interest were measured 

from the DF map by ImageJ. 

 

The sample grid was first equilibrated to room temperature before being mounted onto an EM-

21010/21020 sample holder (Jeol 2100-JEM) with the dull side facing toward the filament of 

the TEM microscope. The holder was then inserted into the TEM microscope (Jeol 2100-JEM) 

for imaging. After aligning the illumination and the image forming system, low magnification 

was used to identify the SiO2 window that contained NPs of interest as well as the orientation 

of the grid in comparison with the DF map. The pattern of local NP distribution was used to 

correlate the DF map with the TEM imaging display of the attached CCD camera, thereby NPs 

of interest on the DF map were found on the TEM imaging display. 

 

In order to move the field of view of the CCD camera between the NPs of interest, the 

coordinates (D, ∠NPDF) measured on the DF map were correlated with the sample holder stage 

controller (Figure 2.4): the angle between the edge of the SiO2 window and the X-axis of the 

TEM imaging display (∠map-monitor) was measured by an angle ruler (placed on the screen 

of the PC monitor with the TEM image on display). Since the angle between the X-Axis of the 

sample holder control (operated on the controller software) and the X-Axis of the TEM imaging 
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display is fixed (∠holder-monitor = 56°), the DF coordinates (D, ∠NPDF) were adjusted to guide 

the controller for moving the sample holder, as follows: 

 

 ∠(map-holder) = ∠map-monitor - ∠holder-monitor 

Move along X-axis = D x cos (∠NPDF + ∠(map-holder)) 

Move along y-axis = D x sin (∠NPDF + ∠(map-holder)) 

  

A)                              
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B) 

 

Figure 2.4: A) DF image of the sample grid after optical measurement. The image was rotated 

so that the curve edge was always aligned with the left edge of the image (defined as 90° for 

the coordinates). The distance and the angle (blue line arrow) between the NPs of interest 

were measured as the DF coordinates (white numbers over the blue line). B) Alignment of the 

TEM sample holder with the DF coordinates (see text). 

 

The movement of the sample holder is monitored and operated by the attached control PC. 

This mapping is only accurate for small movements of the sample holder, each step should be 

no more than 20 μm. The NP of interest should always be checked by the distribution pattern 

of surrounding NPs before taking images.  
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Chapter 3. Correlative Imaging Method 

 

3.1 Light - electron microscopy correlative imaging of single nanoparticles  

In this chapter, a novel correlative imaging methodology are developed, which allows one to 

retrieve the sample TEM grid after optical imaging of the NPs of interest in a homogeneous 

refractive index environment, followed by complete removal of the mounting medium, allowing 

to subsequently image the sample by HR-TEM. 

  

3.1.1 Mounting Medium 

Methoxybenzene (anisole) was chosen as the mounting medium for several reasons: i) Anisole 

has a refractive index of 1.516 (Sigma-Aldrich database), closely matching the one of 

microscope glass, allowing for optical measurements using an oil immersion high resolution 

objective; ii) The boiling point of this liquid solvent is 154 °C (The Merck Index, 12th ed., Entry# 

707.), making it not too volatile for use. However, in a preliminary test (data not shown), a 20 

μL drop of anisole on a coverslip evaporated much faster than a 20 μL water drop on a 65 °C 

hotplate; 20 μL anisole completely evaporated within 5 mins, without leaving any residue mark 

on the coverslip. This indicates that anisole is more volatile than water at 65 °C, and as a 

mounting medium it can be completely removed within a relatively short time; iii) After NPs 

immobilisation via either drop-casting or settlement, the grid must be completely dried to fix the 

NPs on the substrate before directly mounting it in a nonpolar medium such as silicone oil. In 

this way, there is no water layer trapped on the surface of the grid, which will interfere with any 

optical measurement. Since the TEM grid is very small and fragile, it is hard to handle it in a 

glove box. Therefore this step requires long exposure of AgNP to air, which can cause oxidation 

of the AgNPs. Anisole is a rather non-polar solvent, and it is insoluble in water. However, it is 

miscible with ethanol and acetone (Table 3.1). This property allows easy phase-transfer of the 

grid from water to anisole, by first exchanging water with ethanol, and then ethanol with anisole, 

without long exposure to air, as well as complete removal of water on the surface of the NPs. 

v) Anisole is non-toxic, it has been used in the production of perfumes.  
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  Miscibility of anisole  

 (Relative 

polarity*) 

Water Ethanol Acetone Anisole 

Water (1)   miscible miscible Non-miscible 

Ethanol (0.654) miscible   miscible miscible 

Acetone (0.355) miscible miscible   miscible 

Anisole (0.198) Non-miscible miscible miscible   

Table 3.1: Miscibility of anisole with commonly used solvents at room temperature. * The values for 

relative polarity are normalized from measurements of solvent shifts of absorption spectra and were       

extracted from (Reichardt. 2003). 

  

3.1.2 Mounting Geometry 

There are a number of practical issues with using anisole as a mounting medium. First, anisole 

readily dissolves the polymer film (e.g. Formvar) on the commonly used TEM sample grids. 

Silicon dioxide (SiO2) and silicon nitride (Si3N4), on the other hand, are insoluble in anisole. 

 

We therefore decided to use the SiO2 grids. One of the difficulties for correlative imaging is that 

the commercially available grids with large aperture are supported by a holder and mesh with 

4-fold rotational symmetry (square shape) (Figure 3.1), which makes it hard to determine the 

orientation of the grid when mounting it into a TEM sample holder. Furthermore, the grid is very 

flat and lacks any gross morphological features that can be easily recognised under TEM or a 

light microscope. A way to determine the orientation of the grid on the TEM holder is to 

recognise the distribution pattern of 3 or 4 NPs on the TEM imaging display, which usually has 

a maximum field of view of no more than 25 μm2 at the lowest magnification for searching NPs 

below 100 nm in size. The optical measurements, on the other hand, usually require NPs on 

the substrate to be at a certain distance from each other, usually larger than 4 or 5 μm. These 

requirements make searching for the NPs of interest on the SiO2 film difficult. In fact, this is a 

common problem of searching small objects of interest under TEM. In other reports (Song et 
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al. 2011) grid finder or lithographic etched markers were used to aid this correlation process, 

which requires treatments on the TEM grid with specialised equipment. In our work, the SiO2 

film on the TEM grid was functionalised to avoid detachment of NPs and to preserve the 

distribution pattern. Immobilisation via settlement helped to control the NPs density on the film. 

Furthermore, coloured DF images of the sample grid and coordinates of the NPs measured on 

the DF images also help the correlation (as detailed below, see also Chapter 2).  

 

Figure 3.1 Schematic drawing of the silicon grid with silicon dioxide films (taken from the supplier TED 

PELLA, INC.) 

  

The mounting medium anisole is relatively volatile at room temperature, as mentioned before. 

A small volume, typically <50 μL, used for mounting each sample slide can evaporate within 

an hour in air, while the optical measurements often take 4 to 5 hours. Hence, the sample grid 

has to be mounted and sealed in an airtight compartment. After optical measurements, the 

sample should be safely retrieved and dried without too much disturbance. For this purpose, a 

number of sealants were tested. Anisole was dissolving nail varnish and the glue on all of the 

duct tape tested. Solidified silicone sealant was insoluble in anisole, however, anisole could 

still evaporate from the slide sealed with such sealant possibly via the small pores on the 

https://www.tedpella.com/grids_html/silicon-dioxide-details.htm
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solidified silicone sealant. Furthermore, it was hard to open the slide with this sealant without 

causing damage. Finally, a “press-to-seal” silicone isolator was used as a spacer to create a 

sealed chamber between the coverslip and the glass for accommodating the sample grid during 

the optical measurements. The isolator is insoluble in anisole. After soaking it in anisole for 

several hours and drying it completely, there were no changes in weight of the isolator, nor 

was any deformation of the isolator observed. Also no residual marks were noted, all of which 

indicates that the isolator is chemically stable in anisole. The isolator was cut to form a gasket, 

and sandwiched between a clean glass slide and coverslip to create a sealed chamber (Figure 

2.3. A). There is no chemical adhesive on the isolator, instead, the isolator has an extremely 

flat surface to allow it to stick to a flat glass surface via van-der-Waals forces (weak, short-

range electrostatic attractive forces between uncharged molecules). The overall adhesion force 

can be enhanced/reduced by increasing/decreasing the contact area between the glass and 

the isolator. Thereby, one can adjust the adhesiveness of the sealant by the size of the isolator 

used. Because the isolator is slightly elastic, any air bubble between the isolator and the glass 

surface can be removed upon pressing the glass against the isolator. Preliminary test (data not 

shown) showed that by simply laying down a mounted sample slide flat without applying any 

pressure over it, 90 μL anisole could remain in the sealed chamber for about an hour. After 

that, air bubbles started to grow within the chamber, as the anisole evaporated and leaked out 

through small passage between the isolator and the glass. In contrast, with applied pressure 

(by putting weight on the mounted sample slide), the anisole could remain in the chamber much 

longer, and there was no air bubble in the chamber observed after an overnight interval. All the 

optical measurements in this thesis used an oil condenser, which has to be in oil contact with 

the sample slide. The specimen clips on the sample stage limit the distances that the stage 

can move in the direction of the clips, prior to touching the condenser. Two small pieces of 

cleaved silicone isolator were also used to form a cage in the centre of the sample slide, to 

limit the movement of the sample grid during optical measurement (see Section 2.1.7). 

  

A sample holder was designed to hold the sample slide with silicone isolator during the optical 

measurements (Figure 2.3.B). A standard glass slide (25 mm x 75 mm, Menzel Gläser) is 

cleaved into 25 mm x 25 mm square shape, to fit with an isolator (25 mm x 25 mm) and the 

coverslip (24 mm x 24 mm, Menzel Gläser). The mounted sample slide was placed in the centre 

of the sample holder over the circular stage opening, and a pair of specimen clips were used 

to press the sample slide against the edge of the stage opening, not only holding the slide in 
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position during the measurements, but also helping to prevent the evaporation of the mounting 

medium; air bubbles started to form usually 3 to 4 hours after the start of the measurement. It 

is important to notice that the sample slide has to be placed right in the centre of the holder, 

the 4 corners of the sample slide need to be equally in contact with the metal recesses around 

the stage opening so that the pressure from the specimen clips is distributed evenly. Another 

silicon isolator was placed between the sample holder and the coverslip (Figure 2.3 A), which 

helped to protect the coverslip as well as to distribute the pressure from above. After mounting 

the sample holder with the slide onto the microscope, it usually takes 30 to 60 mins for the grid 

to settle down. Anisole has much less viscosity than silicone oil, therefore small mechanic 

vibrations on the sample stage can move the grid. It is important to make sure that there is no 

disturbance during the image acquisition. 

  

After the optical measurements have been performed, the isolator with standard size can be 

easily peeled off from the sample slide. For mounting the sample grid in air, an isolator with 

smaller glass-contact-area should be used, this is because the lack of liquid solvent in the 

contact areas between the isolator and the glass can significantly increase the van der Waals 

force. The grid can then be taken off from the coverslip, dried in air and stored in a grid holder 

box in nitrogen gas. This mounting technique is also suitable for imaging samples deposited 

on a glass coverslip, rather than on a TEM grid, and allows imaging the same region on the 

coverslip in different mounting media (Figure 6.19 in Section 6.5). 

  

3.1.3 Grid functionalisation and NP immobilisation 

Since all of the commercially available TEM grids have extremely thin and fragile films, drop 

casting is the most common and straightforward technique to immobilise NPs on a TEM grid 

(Michen et al. 2015). In this method, a small drop of NP solution is deposited onto a TEM grid, 

then the grid is dried in air and all the solutes are left on the grid afterward. There are a number 

of problems with using drop-casting in our correlative approach, as detailed in the following: 

  

1) The commercially available carbon film or silicone film of TEM grids only bind the NPs weakly 

via limited number of hydrogen bonding (via methylenedioxy group and silanol group 

respectively). As described above, only silicone grid is compatible with anisole, and the 

availability of silanol group on the unmodified SiO2 films is unlikely to be high. This is evidenced 
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by the fact that a very small volume of water deposited onto a newly purchased silicone grid 

did not spread over the surface. Instead, it formed a droplet with large contact angle (data not 

shown). This indicates that the surface of the SiO2 grid is very hydrophobic, which limits the 

interaction between the SiO2 film and the NPs with a hydrophilic coating. The binding force for 

immobilising NPs on the unmodified SiO2 film might be sufficient for TEM, as the electron beam 

can push the NPs against the film. However, when mounted in a liquid medium with low 

viscosity, such as anisole, NPs can easily detach from the film or change position, particularly 

during the drying steps as the capillary action can drag the weakly attached NPs. Since the 

distribution pattern of 3 to 4 NPs on the TEM imaging display is used for correlating the position 

on the DF map, it is crucial to retain the positions of the NPs on films throughout the whole 

experiment. 

  

2) Drop-casting is likely to create large number of aggregates as well as debris from the solutes 

onto the grid. During the optical measurement step, a DF image of the grid was used to identify 

the NPs of interest. However, there is no geometrical information of each light scattering object 

on the grid available a priori (since TEM is performed afterwards), and isolated spots on the 

DF images are not necessarily correspond to a single NP. Small NP aggregates as well as a 

few NPs in close proximity, or small crystals attached to a large NP, might be smaller than the 

diffraction limit thus all appear as a single spot of the same size as for a single NP. This makes 

it more likely to select irrelevant aggregates or scattering objects during the micro-spectroscopy 

measurement of single NPs. This drawback is exacerbated if the NPs are not firmly attached 

to the film, and can lead to false correlation of TEM data with the spectroscopy data. 

Furthermore, the aggregates and debris also create a background when analysing the 

extinction images of the grid.      

  

To overcome the above mentioned problems and firmly immobilise AgNPs on the SiO2 film, 

the film was functionalised with APTES. The two-step reaction used was the same as the one 

used to functionalise a glass surface with silane (Scheme 2.3.) (Marques et al. 2013). In the 

first step the grid was incubated with an etching solution made of 5% (v/v) H2SO4 (diluted with 

30% H2O2) at 65°C, to activate the silica surface by increasing the number of silanol groups on 

the SiO2 film. Only 5% (v/v) of H2SO4 is used here since H2SO4 is a strong oxidative reagent 

and it is a viscous and sticky liquid at room temperature. Any residual H2SO4 on the film can 

readily oxidise AgNPs. Unlike a glass coverslip that can be vigorously washed with water then 
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purged from the residual liquid with a stream of nitrogen gas after the etching step, a silicon 

grid can only be washed by serial dilution without stirring to lower the concentration of residual 

H2SO4 step-by-step. The lower is the concentration of H2SO4 used from the start, the easier is 

to remove it completely. The temperature was also reduced to avoid rupture and deformation 

of the SiO2 film. In the 2nd step, the acid activated grid was incubated in 1% (v/v) of APTES in 

ethanol. It is important that fresh APTES is used (newly purchased or properly stored in a 

sealed anhydrous condition), because APTES can readily polymerise upon contact with water, 

forming large aggregates. Since the refractive index of APTES is close to anisole, they are 

hardly noticeable during optical measurements with anisole immersion, but they are highly 

disturbing in subsequent TEM imaging. Therefore, APTES stock must be centrifuged at high 

speed to precipitate the debris before it is dissolved in ethanol for functionalisation. 

  

AgNPs were immobilised onto the APTES functionalised grid via settlement: A small drop (9 

μL) of AgNP solution was carefully deposited on the grid, which was then placed in a sealed 

container with a humid tissue to reduce evaporation. After 15 mins incubation, the AgNP 

solution droplet was removed, and the grid was washed in water then dried in air under nitrogen 

gas, and ready to be mounted in the medium of choice. (Figure 3.2 left) compares DF images 

from an unmodified sample grid with drop cast silver dimers (from the AgNP-P1000DT solution, 

see Section 2.1.1), with dimers immobilised on an APTES functionalised silicone grid via 

settlement. 

  

In the DF image of an unmodified sample grid with drop casted polymer-coated silver dimers, 

the majority of the spots appeared to be bright cyan and green in colour and formed clusters, 

suggesting that there are large numbers of small aggregates onto the substrate. Since the grid 

was not washed after the drop-casting step (to prevent detachment of the immobilised NPs), it 

is very likely that NPs are heavily coated with polymers (see Section 6.1 for details on the 

dimer fabrication and polymer coating) that not only caused red-shifted of the NPs’ plasmon 

resonance, but also prevented the NPs from getting too close to each other and form 

aggregates with very strong red-shift (the red dots on the DF image). The clusters might be the 

result of capillary action during drying of the grid. All these features make this sample grid 

unsuitable for optical measurements. In contrast, the DF image of AgNP-P1000DT immobilised 

on a APTES functionalised silicone grid via settlement (Figure 3.2 right) showed a much more 

even distribution of the spots, and there was a variety of colours, with the majority of spots 
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appearing to be blue, suggest that they are isolated AgNPs. Since the grid was washed in 

water for 3 times, most of weakly bound solute/NPs on the grid were washed away and there 

was no coating over these NPs; the remaining immobilised NPs were stable through 5 hours 

measurement session. The washing step might remove some of the polymer coating and make 

the AgNP more prone to oxidation in air, so it is advisable to finish all the optical measurements 

in one session after mounting the sample grid onto the microscope. However, we did not 

observe significant spectral changes after re-mounting the sample grid which was stored under 

nitrogen at 4°C for 2 weeks; perhaps the strong Ag-thiol bonding retained a layer of polymers 

that was sufficient to prevent oxidation of the AgNPs.  

  

 

Figure 3.2 DF images of the sample grid prepared with different NP immobilisation methods and 

mounted in anisole after drying. Left) 9 μL of OD400nm = 1 x 10-2 AgNP-P1000DT reaction solution was 

drop-casted onto an unmodified SiO2 grid. Right) NPs in 9 μL of OD400nm = 3 x 10-2 the AgNP-P1000DT 

reaction solution were settled onto an APTES functionalised silicon grid. 

  

As further example shown in (Figure 3.3) the BF images of the 75 nm Ag cubes (described in 

Chapter 4) on an APTES functionalised silicone grid, before (Figure 3.3 left) and after (Figure 

3.3 mid) TEM measurement. Both images were acquired with the sample immersed in anisole. 

Every light absorbing NP in this field of view remained in its position before and after TEM 

measurements, even for the NPs imaged with high current density under TEM (NP with the 

burn mark). There were a small number of extra light absorbing objects that appeared after 



53 
 

acquisition of the first image, those are likely to be dust/dirt deposited on the film after first BF 

image, and they were easily recognisable under TEM. 

  

The developed APTES functionalisation and the immobilisation-by-settlement technique of the 

substrate thus not only helps to improve sample conditions (since the status of the NPs more 

closely resemble that in solution, in comparison with mounting by drop-coasting), but also 

ensures that the immobilised NPs remain in their position on the grid throughout the correlative 

imaging procedure. 

 

 

Figure 3.3 BF images of the 75 nm Ag cubes settled on an APTES functionalised silicone grid. Before 

(left), after (mid) TEM measurement and the extinction image after TEM (right). The sample grid was 

mounted in anisole. 

  

3.1.4 NP density. 

Using the immobilisation-by-settlement technique, a good control of the NP density on the SiO2 

film is achieved, which is critical for any correlative imaging approach. The density of the NPs 

on the film is determined by multiple factors, such as the concentration as well as volume of 

the incubating NP solution, the chemistry of the coating of the NPs as well as the temperature 

and the length of incubation time. Although we did not test how the NP density change with the 

incubation time, 10 min should be sufficient for strong interactions between most of NP and the 

substrate to take place, since only small volume (9 μL) of diluted NP solution were used over 

a 0.25 mm2 area of substrate. The NPs immobilised with weak binding force should be washed 

away in the subsequent steps. Figure 3.4 shows that, while keeping other factors constant, 

the NP surface density increases linearly with the NP volume concentration of the incubating 

solution. 
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1)  OD515nm = 0.016                       2) OD515nm = 0.08                          3) OD515nm = 0.16 

  

 

 

Figure 3.4: Upper panel: DF images (anisole as mounting medium) of the functionalised sample grids 

prepared with various concentration of 75 nm Ag-cube incubating solution for settlement in water: 1) 9 

μL of OD515nm = 0.016 (5.8 x 107 NP/mL) 2) 9 μL of OD515nm = 0.08, (2.9 x 108 NP/mL) 3) 9 μL of OD515nm 

= 0.16. (5.8 x 108 NP/mL)The number of NPs in each SiO2 cell (A = 2.5 x 103 μm2) were counted by 

imageJ and the density was calculated as 1) 8.3 x 10-3 μm-2, 2) 50.1 x 10-3 μm-2 3) 95.0 x 10-3 μm-2 and 

plotted in the figure shown in the lower panel. Scale bar:  20 μm 

 

Our methodology for quantitative micro-spectroscopy (section 2.2.4) requires to integrate the 

transmitted light intensity over an area A = 1 μm2
 for the 40x objective and A = 2 μm2

 for the 

20x objective. For referencing it also requires an empty area of similar size close to the NPs of 

interest. Each NP therefore should be in isolation within a minimum area of 2 μm2
 for the 40x 
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objective and a minimum area of 4 μm2 for 20x objective, i.e. the maximum NP density that can 

be used is 500 x10-3 μm-2 for 40x objective and 250 x 10-3 μm-2 for 20x objective if all NPs were 

evenly spaced. Ideally, a NP density about a quarter of these values should be used to avoid 

any interference from adjacent NPs, namely 125x10-3 μm-2 for 40x objective and 83x10-3 μm-2 

for 20x objective. On the other hand, for TEM imaging, 2500x is the minimum magnification 

required to see the 75 nm Ag-cube on the imaging display (the field of view of the attached 

CCD camera) without using a too long exposure (which causes delay while moving the grid) or 

high current intensity (which causes damage). The size of the TEM image at this magnification 

is 79.2 μm2 (Figure 3.5 left). Ideally 3 or 4 NPs should be present in the same field of view at 

this size, whose distribution pattern was used to identify NPs of interest. Therefore, for this 

requirement of searching NPs on TEM, the minimum NPs density is (1/79.2) x 3 = 37.9x10-3 

μm-2. In practice, also considering that the distribution of NPs on the grid is not perfectly even, 

a NP density of 95x10-3 μm-2 was used for the correlative approach, which satisfies both 

requirements of NP density sufficiently low for optical imaging of isolated NPs and sufficiently 

high to provide enough NPs in the TEM field of view for pattern recognition. 

 

Figure 3.5. Left) The full image taken by the CCD camera attached to the TEM with 2500x magnification. 

The distances (red lines) between the NPs on the image were measured with imageJ (yellow numbers). 

Right) the DF images of the sample grid before TEM were taken by the Canon colour camera. The 

interparticle distance (red lines) were measured from the images by imageJ (yellow numbers). 
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Chapter 4. Silver Nanocubes: Results and discussion 

  

In the previous Chapter, a novel correlative image technique was developed. In this Chapter, 

as proof-of-concept to show the importance of correlative studies of the optical properties of 

single NPs. The flexibility of the experimental technique was also demonstrated here: the 

correlative image technique along with the quantitative measurement protocol (developed by 

Dr. Attilio Zilli, details in section 2.2.4 and 2.3.2) were implemented together to obtain the 

optical cross section spectra in absolute nm2 units of individual 75 nm Ag nanocubes; such 

optical measurement can be carried out with NP in different dielectric environments. The 

experimental technique is also compatible with 3D tomography HR-TEM imaging, the 

geometrical information of the imaged Ag nanocubes were then used for electromagnetic 

simulations with COSMOL (developed by Dr Attilio Zilli and performed by the MSc student 

Zoltan Sztranyovszky, from Cardiff School of Physics and Astronomy), which are shown here 

for completeness. 

 

4.1 Correlative imaging of Ag-cubes. 

75 nm edge size Ag-cube were purchased from nanoComposix Inc (USA). The Ag-cubes are 

coated with 55k Da polyvinylpyrrolidone (PVP), and suspended in ethanol with -20 mV Zeta 

potential. They are provided at a silver mass concentration of 1.06 mg/mL, corresponding to a 

particle concentration of 2.1x1011 particles/mL resulting in an OD (absorbance of the beam of 

light through 1 cm path length of the sample) at 515 nm (in ethanol) of 58. The edge size 

measured by TEM for the batch provided is 78±5 nm (as specified in the batch data sheet from 

the manufacturer). As discussed in Chapter 1, the LSPR extinction cross-section of a MNP 

depends not only on the particle size and shape but also on the environment's refractive index 

(Genzel et al. 1975), (Davletshin et al. 2012b). Figure 4.1 shows absorbance spectra of the 

Ag-cube stock diluted in different solvents. When suspended in water (n = 1.33), three LSPR 

peaks were observed at 505 nm, 447 nm and near 380 nm within the spectrometer range (380 

nm to 900 nm), whereas in anisole (n = 1.51) all three LSPR peaks were red-shifted to 549 nm 

(referred as Pa), 481 nm (referred as Pb) and 400 nm (referred as PC). As also mentioned in 

Chapter 1, by comparison with a spherical AgNPs (Figure 6.10 in Section 6.3), the Ag cube 

has several distinct symmetries for dipole resonance, also there are quadruple and higher 

resonance for 75 nm Ag-cube, hence exhibits more peaks (Fuchs 1975). The most intense 



57 
 

peak (Pa) is also the most red-shifted peak, which can be attributed to a dipole resonance 

excitation at sharp corners (Sherry et al. 2005. Haes et al. 2005). Calculations of the nearfields 

around silver nanowires with a square cross section show that surface charges accumulate at 

sharp corners (Kottmann et al. 2001). This segregation of charges into corners increases 

charge separation and decreases the restoring force for the electron oscillation, hence lower 

the dipole resonance frequency. LSPR peaks Pb and PC might result from a quadrupole 

contribution which is significant for Ag cubes of edge length >50 nm (Zhou et al. 2008). The 

spectrum of Ag-cubes suspended in anisole (red-line) represents the ensemble-averaged 

spectrum for single Ag-cubes in a homogeneous environment (n=1.51). These Ag-cubes have 

a narrow size and shape distribution, as indicated on the manufacturer’s batch data sheet 

(standard deviation of edge size = 5 nm; coefficient of variation: 7%). It is important to note that 

PVP is insoluble in anisole, thus flocculation can take place as the result of an entropic effect. 

The rate of this flocculation should be the highest shortly after injecting the highly concentrated 

Ag-cube stock into anisole for dilution, which explains the lower absorbance of Ag-cube in 

anisole than that in water, and a red-shifted aggregation peak in the 600 to 800 nm region 

formed. Once the remaining Ag-cubes were suspended in anisole, they underwent slow 

flocculation after being diluted in anisole, with a slow spectral change, that only became 

noticeable after 15 mins. 

  

As described previously (see Chapter 2 and 3), diluted Ag-cubes in solution (9 μL of OD515nm = 

0.16) were settled on an APTES functionalised silicone grid, which was then mounted in 

anisole. The coloured DF image of the grid was taken. As suggested in Figure 4.1, the average 

single Ag-cube has the strongest LSPR peak near 550 nm in anisole, thus Ag-cubes should 

appear as a green spots on the DF image (Figure 4.2). Generally, microspectroscopy 

measurements for both scattering and absorption spectra were performed on 5 to 10 isolated 

NPs (at least 2 μm away from other scattering objects) in each window (Figure 3.13 left 

column). Their positions were marked on the DF images, and the coordinates of these 

positions were later measured on the DF image by imageJ (see the Section 2.2.4 for detail). 

After optical measurements, the sample grid was de-mounted and retrieved, dried in air under 

nitrogen gas for 10 mins and then mounted in air to study the effects of the dielectric 

environment on the optical extinction spectra of Ag-cubes. 
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Figure 4.1 Spectra of diluted 75 nm Ag-cube solution: the purchased stock was first diluted with water 

(1:10); 30 μL of this stock was mixed with 270 μL of water (black line) or anisole (red line) in a glass 

cuvette for 10 seconds before taking the spectra. 

 

 

Figure 4.2 DF image of 75 nm Ag- cubes settled on an APTES-functionalised SiO2 film and mounted 

in anisole. 
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The sample grid was first mounted in air in the same orientation, i.e. with the film on the 

coverslip side, as in anisole (Figure 4.3 A). However anomalous scattering patterns and 

interference fringes were observed on the DF images and extinction images respectively. This 

is likely to be due to the fact that some parts of the SiO2 film were physically in contact with the 

supporting coverslip. These optical artefacts were unpredictable and compromised the optical 

measurements if the NPs of interest were on or close to the patterns (Figure 4.3 B). 

Furthermore, the SiO2 film was more susceptible to physical damage if a large area of it was 

stuck onto the coverslip. To avoid these issues, the sample grid was mounted in the upside-

down orientation when imaged in air. (Figure 4.3 C and D) show that when the SiO2 film and 

NPs were far away from the coverslip, the artefacts were not observed on both DF and 

extinction images. In anisole, NA > 1 can be used in the excitation with the oil condenser, but 

this would lead to total internal reflection from the glass to the air. Therefore the DF ring in air 

had to be between 1 and the NAobj = 0.75 to achieve DF with illumination of NA <1. On the DF 

images of the grid in air, the dark background (i.e. the contrast observed in regions away from 

the NPs) is significantly brighter (ideally there should be no scattered light away from the NP) 

than that for the grid in anisole. This is because the DF stop was closer (0.8 to 0.9 NA) to the 

0.75 NA of the 20x objective) to block all the light directly from the lamp; a slightly larger DF 

patch-stop would narrow the NA range and improve the background of the DF images as well 

as the spectroscopy measurements. Nevertheless, due to the strong scattering cross-section 

of 75 nm Ag-cubes in air, the signal was sufficient to allow us to search and acquire the spectra 

of NPs of interest on the SiO2 film (Figure 4.5 mid column). However, for NPs with weak 

scattering cross-section such as 50 nm edge-size Ag decahedron, this mounting geometry 

might not be suitable (data not shown). Furthermore, the orientation of a NP with asymmetrical 

shape determines how the NP interacts with light from a fixed direction of incidence, hence the 

spectral data measured with different mounting orientations might not be comparable directly 

without a comprehensive understanding of the optical properties of the NPs through 

computational modelling.    
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A) 

 

 

B) DF image of grid in anisole        DF image of grid in air                       extinction image of grid in air 

 

 

C) 
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D)  Extinction image of grid in air                         DF image of grid in air 

 

Figure 4.3 A) Schematic illustration (cross-section view) of the standard mounting geometry for the 

optical measurements of sample grids in anisole. B) The standard mounting geometry was used to 

obtain a DF image of the grid in anisole (left), a DF image of the grid in air (mid) and an extinction image 

of the grid in air (right). C) Schematic illustration of the upside-down mounting geometry for the optical 

measurements of sample grids in air. D) The upside-down mounting geometry was used to obtain an 

extinction image of the sample grid (left) and a DF image of the sample grid (right).  

  

For the optical imaging step, as described in Section 2.2.4, a set of five different signals were 

acquired, which are proportional to the corresponding powers (PDF, PBF, Pback, Plamp and Pdark) 

for each candidate NPs on the grid. The absorption and scattering cross-section spectra in 

absolute units were then calculated by eq 2.16 and eq 2.17 respectively (details in Section 

2.3.2). The parameters for the calculation were computed analytically on MATLAB, yielding: 

for the spectra of NPs in anisole: ξ =1.54, fBF = 0.140, fDF = 0.112 and ζ = 0.981; for the spectra 

of NPs in air: ξ = 6.43, fBF = 0.0893, fDF = 0.0705, ζ = 3.41. 
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Figure 4.4 Left: DF image (anisole as mounting medium) map of the SiO2 region with NPs of interest 

marked with white circles. Right: the distribution pattern of the NPs on the TEM images (upper panel) 

was correlated with that on the DF map (lower panel). 

  

As described in Section 3.1.4, thanks to the DF image map (Figure 4.4) and the NP 

coordinates derived from it, NPs of interest were found and correlated under TEM, i.e. HR-

TEM images (Figure 4.5) of the same NPs identified in DF were acquired. On the DF image 

map, about 10 % NPs appeared red in colour. Many of them are likely to be aggregates of Ag-

cubes or AgNPs with different shapes. One of the red dots that had distinctive spectral features 

at various in-plane linear polarisation angles (Figure 4.6 B) was selected for correlative 

imaging. The projection of the NP on the TEM micrograph suggests that the NP is likely to be 

a right-triangular bipyramid reported in literature (Zhang et al. 2009. Very small number of 

bipyramid projection can also be found on the sample data sheet from the supplier, indicates 

that these are by-product of the colloid synthesis (Section 1.4). This finding demonstrates the 

applicability of the correlative imaging techniques: Without proper correlation at single NP level, 

one would not be able to eliminate the speculation that the red dots can be aggregates, cube 

dimers or dielectric debris. Our techniques allow identification of NPs with interesting spectra.    
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A)  

 

B) 

 

C) 
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D) 

 

 

Figure 4.5 Correlative imaging of 75 nm edge Ag-cubes on SiO2 film: quantitative scattering / absorption 

spectra of 4 Ag-cubes were first acquired with sample immersed in anisole (left column). Quantitative 

scattering / absorption spectra of the same NPs were then acquired with sample in air (mid column). 

High-resolution TEM images of the same NPs were acquired at 80 000x magnification (right column). 

  

 

Figure 4.6. A) Left: DF image of the SiO2 region with NP labelled as o15pA (red square); Right: TEM 

micrograph of the same region. B) Left: quantitative scattering / absorption spectra of the red dot, Right 

upper panel: 3D model of a right triangular bipyramid, adapted with permission from (Zhang et al. 2009). 

Copyright 2009 American Association for the Advancement of Science. Right lower panel: HR-TEM 

images of the NPs were acquired at 80 000x magnification. 
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For acquiring 3D TEM images of NPs, the sample grid was mounted on the TEM EM-

21010/21311 HTR holder, which allows maximum +70° and -70° tilting over the Y axis. An Ag-

cube (Figure 4.5 B) in the centre of the SiO2 window was selected to avoid the incident electron 

beam being blocked by the silicon frame of the grid. Preliminary data showed that with low 

electron current density on the imaged area, the sample grid could be tilted from +50° to -50° 

without tearing the SiO2 film or moving the NP on the substrate. Further increasing or 

decreasing tilting angle resulted in blockage of the electron beam by the frame of the TEM grid.

  

 

Figure 4.7 Preliminary 3D tomography imaging of an Ag-cube. The red arrow is the tilt axis; the dotted 

line is the x-axis of the TEM image. For image acquisition with the attached CCD camera, an electron 

current density of 40 pA/cm2 was used when the holder was tilted. Up to 120 pA/cm2 can be used when 

the holder was not tilted. The CCD camera exposure time was set to the lowest value (0.1s) due to 

drifting, 

 

4.2 Data analysis with computational modelling 

EM simulation has become an essential tool for theoretical studies to understand how optical 

properties of NPs depend on size, shape, and local environment. The finite element method 

(FEM) is one of the most popular numerical approaches (Jin 2014). It is essentially a 

mathematical algorithm to discretize and solve partial differential equations. In comparison with 

other numerical approaches such as DDA and the finite-difference time-domain (FDTD), it is 

flexible for handling irregular geometries and fine features within large domains, it also can 
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approximate more accurately curved surfaces (such as rounding of the corner) and be 

selectively refined in specific areas of interest. 

  

A computational modelling framework was developed by Dr. Attilio Zilli with the commercial 

software COMSOL Multiphysics, which implements the FEM, and was used by the MSc student 

Zoltan Sztranyovszky (Cardiff School of Physics and Astronomy) to reproduce the 

experimental data shown in this Chapter. The mounting geometry (Figure 4.3), the illumination 

setup (section 2.2.4) and the structural information of the imaged Ag nanocubes (Figure 4.5) 

were used as input for the simulation. As an example, the calculated spectra of the Ag-cube 

labelled i8P2 in air and anisole are presented (Figure 4.8) along with measured spectra.  

 

Figure. 4.8 Absolute absorption and scattering cross section spectra of Ag-cube i8P2 in air (n= 1.00) 

(black lines) or anisole (n = 1.51) (red lines). Solid lines are experimental data and dashed lines are 

simulations. 

  

For the spectra of the Ag-cube in anisole, the position scattering dipole peak (550 nm) and 

quadrupole peak (475 nm) are consistent between experiment and simulations. For the spectra 

in air, the position scattering dipole peak (510 nm) of the observed spectrum is significantly 

red-shifted. One possible explanation for this discrepancy is that the imaged Ag-cubes here 

are thought to be coated with PVP (40k). Because the thickness of the PVP is unknown (unable 

to measure with available techniques), it was not taken into account in the simulation. PVP has 

a refractive index of n = 1.52 (Konig et al. 2014), which is close to the refractive index of anisole 

(n = 1.51). Therefore, the PVP coating has no significant effects on the spectra of Ag-cube in 

anisole. However, when imaged in air (n = 1.00), the PVP coating can cause a significant red-

shift of the spectra of the Ag-cube 
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Chapter 5. Plasmon Mediated Fabrication 

 

5.1 Plasmon Mediated fabrication and purification 

Preliminary work was carried out with Dr. Iwan Moreels’ group at the Istituto Italiano di 

Tecnologia (IIT) in Genova, Italy, as part of a one month internship during my PhD. The seeds 

were fabricated as described in the procedure section 2.1.2, and the yellow coloured seeds 

colloidal solution (Figure 5.1 B1) was transformed into orange, purple or blue colour (Figure 

5.1 B2-5) after overnight irradiation with 470 nm, 505 nm or 625 nm LEDs respectively, 

indicating the formation of various plasmonic NPs. The product solution from 470 nm irradiation 

(only) shows multiple scattering by its milky appearance, indicating is contains particles with 

larger volume that scatter efficiently (Figure 5.1 B5). Preliminary test showed the 

concentrations of silver nitrate, PVP or citrate by a factor of 0.5 or 2 during the seeds fabrication 

had no significant effect on the colour transformation in the irradiation step. This is consistent 

with the reports in literature (Langille et al. 2013). On the other hand, increasing the 

concentration of sodium borohydride by 2-fold or not using the freshly prepared sodium 

borohydride resulted in the solution been transformed into black colour (data not shown). 

A)  
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B)                       1                      2                     3                    4                               5 

    

C)                       1                                  2                                         3 

    

 

Figure 5.1. Plasmon-mediated fabrication at IIT A): UV-Vis absorption spectra of the seeds solution, 

and the product solutions from irradiation with different LED. B): visible colour photo of the seed solution 

(1) and product solutions after irradiation (2-5). Note that, for (1-4) large portion of light was transmitted 

from the back of the solution, whereas (5) showed the reflective light (multiply scattered) from the 

solution. The seeds solution were irradiated with the 470 nm LED (2 and 5), 505 nm LED (3) or 625 nm 

LED (4) at their maximum output power for overnight at room temperature (section 2.1.2). C). HR-TEM 

micrographs of the dried product solutions from 1) 470 nm irradiation (product solution B2 and B5) 2) 

505 nm irradiation (product solution B3) and 3) 625 nm irradiation (product solution B4), drop-casted on 

silicon nitride TEM grids. 

  

The absorption spectra of the product solutions and representative TEM micrographs of the 

NPs in a diluted product solution are shown in Figure 5.1 C. The product solution with blue 

colour (irradiated at 625 nm) has a broad absorption, apparently having a peak above 800 nm. 

The TEM micrograph shows that it contains very large nano-plates with irregular shapes. The 

product solution with purple colour (irradiated at 505 nm) has a sharper absorption peak at 540 

nm and a small peak at 460 nm, and the majority of NPs in the product solution were 

nanoprisms and nano-discs. Both 625 nm and 505 nm irradiation might promote slow growth 

of the planar-twinned crystals in the seeds solution and resulted in the formation of triangular 

prisms, where without dual-irradiation, uncontrolled fusion sequentially takes place (Jin et al. 
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2003; Tang et al. 2013). The product solution with orange colour (irradiated at 470 nm) has the 

sharpest absorption spectrum, with a large peak at 498 nm and a smaller one at 400 nm. The 

TEM image showed that the solution contained mostly decahedra as well as a small fraction of 

tetrahedra and bi-tetrahedra. Only the 470 nm product solution showed strong reflection of 

green light in a dark background (Figure 5.1 B5). This shows a significant scattering part in 

the extinction, which is the case for larger particles 

 

 

Figure 5.2. Kinetic study of the decahedron formation during 455 nm LED irradiation. 7 mL of standard 

seeds solution (OD400nm = 3.5) was irradiated with a 455 nm LED (ThorLabs). Upper panel) the 
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irradiation was paused at different time points, and 50 μL of the reaction solution was sampled and 

diluted (1 in 10) for UV-Vis spectroscopy. Lower panel: The absorbance at 394 nm (red dots) and 480 

nm (black dots) were plotted against the irradiation time. 

A)                                                           B) 

 

C)                                                                    D) 

                           

Figure 5.3. The product solution after 455 nm LED irradiation was centrifuged at 500 rcf for 20 mins A) 

UV-Vis spectra of the resuspended pellet (Black line) and the supernatant (Red line) after 

centrifugation. B) HR-TEM images (JEOL JEM-1011) of the drop-casted solution of resuspended pellet 

(Left) and supernatant (Right). C) Top view of the proposed 3D structure (modelled by AutoCAD 

inventor) for different projections found on the TEM micrographs: decahedron for the pentagonal 

projections (left), tetrahedron for triangular projections (mid) and bi-tetrahedron for Kite-shaped 

projections (right) D) the proposed 3D structure (modelled by AutoCAD inventor) for bi-tetrahedron lying 

on a substrate, α is the edge size; Hproj is the projected length of the long axis; H is the space height of 
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the pyramid that consists of half of the bipyramid; the angle of inclination between the long axis and any 

face of the bipyramid is θ. E)  

 

Subsequently to these results, we used a 455 nm LED as irradiation source, which resulted in 

a higher yield of decahedra with sharp edges. A kinetic study (Figure 5.2) showed that the 

characteristic absorption spectrum was formed within 7 hours irradiation. After 7 hours, the 

spectral features remained more or less the same even after overnight irradiation. The kinetics 

of the spectral changes (peak intensities at 394 nm and 480 nm) shown here is consistent with 

the reports in literature (Zheng et al. 2009), despite the fact that different volume/concentration 

of solution and irradiation source were used here. During the initial 7 hours period, the seed 

peak at 390 nm gradually decreased while the peak around 480 nm was gradually formed. 

During subsequent 16 hours irradiation (not shown here), there was a small (5 nm) red-shift of 

the peak to 500 nm, which is also present in data shown in the literature, but has not been 

investigated. The red-shift might be the result of corner sharpening or shape/size focusing 

effect of various Ag crystals populations in the solution (discussed below in Section 5.2). 

 

All the TEM micrographs in Figure 5.1 C have a dark background. This was likely due to the 

leftover reactants and by-products since the product solutions were drop-casted onto the TEM 

grid without purification procedure. Centrifugation, as a convenient way for purification of NPs 

from aqueous solution, was used to remove i) the unreacted reagent and small by-product 

molecules; ii) the Ag crystals with small mass/volume, such as remaining Ag seeds and small 

/medium sized Ag plates in the product solution. For removing the small molecules in the 

supernatant, since all of the reagents and small molecule by-products are water soluble (as no 

precipitates formed after irradiation), high speed centrifugation is desirable to prevent loss in 

yield. We found previously that centrifugation with 1500 rcf for 20 mins resulted in a separation 

of 40 nm spherical AgNPs without significant loss (data not shown here). Below this speed, the 

AgNP pellet at the bottom of the centrifuge tube started to become soft, which can lead to 

significant loss in yield when removing the supernatant. Since the decahedra have about 30 

nm - 50 nm longitudinal length, the same centrifugation settings were used for removing the 

small molecules. Despite PVP and sodium citrate being present in the solution, repetitive 

centrifugation at these settings caused aggregation (the pellet could not be resuspended even 

with sonication). Therefore, only a single centrifugation and resuspension (wash) with this 

setting was used. To remove the small Ag crystals, which have a smaller mass difference to 

the decahedra, a weaker centrifugation was required. To optimize the separation while 
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retaining a good yield, different centrifugation speeds were tested. Figure 5.3. A shows that 

when using 500 rcf for 20 mins, the supernatant and the pellet-resuspension (using the same 

volume as the initial solution, and 0.1% PVP and 2 mM citrate buffer for resuspension) had 

similar absorption spectra with the same peak amplitude, indicating that roughly half of the Ag 

volume in the solution was separated between pellet and supernatant (assuming that the 

absorption is proportional to the volume for constant shape, which is correct for small plasmonic 

particles dominated by absorption). The spectrum of the pellet-resuspension has a sharper 

speak at 400 nm, which is thought to be the resonance of the quadrupole mode of the 

decahedron. This is more pronounced for larger particles, since at a given edge sharpness, 

the edges are more defined, increasing the excitation of the quadrupolar mode. In contrast, the 

spectrum of the supernatant extra absorption in between the quadrupole mode peak and the 

dipolar peak (at 490 nm), indicates that the supernatant contained a larger amount of small 

irregular Ag crystals. To minimise the aggregation in the pellet, low speed (500 rcf, 20 mins) 

centrifugation was carried out before the high speed (1500 rcf, 20 mins) centrifugation to 

remove the chemicals in the product solution before using high speed to push NPs close 

together. The resulting TEM micrographs (Figure 5.3. B) showed that after this 2-step 

purification via centrifugation, the pellet-resuspension had good yield of decahedra without 

small particles or dark background. 

5.2 Statistical analysis of AgNP populations 

Because the AgNPs from colloid synthesis tend to have high symmetry (Section 1.4.2). It is 

possible to figure out the 3D structure of the AgNPs in the product solution from statistical 

analysis of TEM data as well as data in literatures. On the TEM micrographs obtained in IIT 

(Figure 5.3 B), we see the 2D projection of the NPs on the sample grid. Among 148 NPs across 

3 TEM micrographs of the purified production solution (455 nm irradiation), there were about 

72% of pentagonal projections, 14% of triangular projections, 6% of Kites-shaped projections 

and 8% other irregular shaped projections. The NPs with irregular shapes have relatively weak 

contrast on the TEM micrograph and some of them overlap to produce regions with stronger 

contrast, indicating that these NPs are likely to be Ag plates with a few nanometer thickness. 

 5.2.1 Pentagonal projection / decahedron 

The NPs with pentagonal projection appeared to have more volume than the Ag plates, as 

derived from their stronger contrast, and many of them have a fivefold twinning structure visible 
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on the TEM micrograph (dark lines originating from the centre toward each corners). These 

are the features of Ag decahedron previously described (Ye et al. 2015; Zheng et al. 2009; 

Gao et al. 2006). (Sanchez-Iglesias et al. 2006) fabricated 44 nm edge-size Au decahedra by 

growing PVP passivated gold seeds with ultrasound; TEM micrographs of the Au decahedra 

closely resemble the Ag decahedra in (Figure 5.3 C left). Tilting experiments (±45°) of HR-

TEM showed the Au decahedron was composed of pentagonal bi-pyramids of equal 

equilateral-triangle faces, with somewhat rounded edges (2 nm radius). It is observed that 

during colloid synthesis metal nanoparticles tend to grow into the structure of one of the 

Platonic solids (Xia et al. 2009). All Platonic nanocrystals have three common features: i) they 

are constructed by congruent (identical in shape and size) polygonal faces; ii) their polygonal 

faces are regular (all angles equal and all sides equal); iii) the same number of faces meet at 

every corner. The Au decahedron only has the first two features but not the 3rd one. Studies 

of 3D structure of Ag decahedra from plasmon mediated fabrication have not yet been reported. 

It is very likely that the Ag decahedra we observe have regular faces, since they were fabricated 

from colloid growth. We randomly selected 115 Ag decahedra on the TEM micrographs and 

measured the longest edges of their pentagonal projections. Those edges are likely to be the 

ones that are parallel to the substrate surface (or with smallest tilt angle to the substrate 

surface). The Ag decahedra in the purified product solution have an average edge-length of 

28.7 nm with a standard deviation of 8.2 nm. 

5.2.2 Triangular projection / Tetrahedron 

Some NPs with the triangular projection also appeared to have more volume than the Ag 

plates. Many of those crystals have the most electron-scattering area (dark region on the TEM 

micrograph) in the centre of the triangle, from where 3 dark lines extended to 3 corners of the 

triangle (Figure 5.3 C mid). This pattern closely resembles that of Ag tetrahedra (Zhou et al. 

2008). Furthermore, the triangular projections appeared to be equilateral triangles, consistent 

with the assignment of these NPs to Ag tetrahedra. Because the substrate surface of the silicon 

dioxide grid is flat, most of the Ag tetrahedra settled with one of their faces flat on the substrate. 

If we assume that the contacting face is parallel with the substrate, this face has the same 

dimension as the triangular projection of the tetrahedron. We randomly selected 21 Ag 

tetrahedra on the TEM micrographs and measured the lengths of the 3 edges of each 

projection. The Ag tetrahedra in the purified product solution have an average edge-size of 

36.7nm with standard deviation of 13.9 nm. As discussed in Chapter 1, in the literature Ag 
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tetrahedra were selectively synthesised by plasmon-mediated fabrication (Zhou et al. 2008; 

Zheng et al. 2007). Tartrate was added to the initial solution, which was thought to assist the 

nucleation of small Ag seeds into tiny tetrahedra via face-selective binding. Citrate was also 

added before irradiation, which not only served as the reducing agent for slow growth (Section 

1.4.3) during irradiation but also to selectively cap (Al-Rammahi and Henderson) facets to 

preserve them in the final structure. Electron diffraction showed that those Ag tetrahedra were 

single crystalline nanoparticles. We did not use tartrate here, but it is possible that a smaller 

portion of seeds were single crystalline that later grew into tetrahedra with the help of citrate 

molecules in our reaction solution. 

 

Statistical measurements of AgNPs in the product solution  

Projections on TEM Pentagon Triangle Kite 

Percentage found 72% 14% 6% 

Edge size α (nm) 28.7 ± 8.2 36.7 ± 13.9 37.1 ± 10.6 

Longitudinal length Hproj (nm) 46.2 ± 9.1 26.2 ± 7.1 58.0 ± 19.13 

Table 5.4. Average size of the projections shape on the TEM micrographs measured with imageJ. 

 

5.2.3 Kite projection / Bitetrahedron 

Some NPs with the convex-Kite-shaped projections are clearly thicker (i.e. darker) than the Ag 

plates. Many of those crystals have the most electron-scattering area (dark region on the TEM 

micrograph) near the centre of the projections, from where 4 dark lines extended toward to 4 

corners of the Kite (Figure 5.3 C right). There can be a number of possible 3D polygon 

structures can produce Kite-shaped projections; statistical analyse is required to elucidate the 

morphology of those AgNPs from the TEM micrographs:  If we assume that all immobilised Ag 

crystals have a face in contact with the substrate surface, the most likely 3D structure for these 

observed features is a triangular bipyramid that consist of 6 triangle-shaped faces. The 

structure is equivalent to two identical irregular or regular tetrahedra symmetrically placed 

base-to-base. Octahedra can also produce the convex-Kite-shaped projection, however, they 

are also able to produce a range of irregular shaped projection when immobilised on the 

substrate (Seo et al. 2006) which we have not observed on our TEM micrographs. Furthermore, 

the Kite-shaped projection from the octahedron should always have aspect ratios close to one; 

the average aspect ratio of the Kite projection here is 1.59 with standard deviation of 0.64. We 
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randomly selected 15 Ag bi-tetrahedra on the TEM micrographs and measured the long-side 

lengths (the edges on the face contacting the substrate) to have an average value of α = 37.1 

nm with a standard deviation of 10.6 nm, which should be the average edge-size of the 

triangular bipyramids. The Kite-shape projections have an average width (the short diagonal of 

the Kite) of 38.62 nm with a standard deviation of 11.7 nm, which is close to the average value 

of edge-size. The Kite-shaped projections have an average length (the long diagonal of the 

Kite) of Hpro = 58.0 nm with a standard deviation of 19.13 nm. This is close to the calculated 

value obtained as follows (Figure 5.3 D): A single triangular bipyramid with edge-size α has a 

long axis of 2*H = 2(√6/3)α, where H is the space height of the pyramid that consists of half of 

the triangular bipyramid; the angle of inclination between the long axis and any face of the 

bipyramid is θ = arcsin (H/α) = 0.34 rad. Therefore the projected length of the long axis is Hproj 

= cos (0.34 rad) * 2*H = 1.54 α. For a triangular bipyramids with α = 37.1 nm this is Hproj = 57.2 

nm. All those results support that the NPs with the Kite-shaped projection are regular 

(equilateral) triangular bipyramids (known as bi-tetrahedron). NPs with the Kite-shaped or 

rhombus-shaped projection were also found on the TEM micrographs of drop-cast product 

solution from plasmon mediated fabrication of Ag decahedra in the literature (Zheng et al. 2009; 

Ye et al. 2015). Many authors assign those projections to Ag decahedra with a side view 

orientation or ignored them in the discussion. It is possible for an Ag decahedron to produce a 

Kite-shaped or rhombus-shaped projection, however, this requires the Ag decahedron to be in 

contact with the substrate only via an edge or corner. Furthermore, in our TEM micrographs, 

Ag decahedra have an average longitudinal length (the longest diagonal of their pentagon 

projections) of 46.2 ± 9.1 nm, which is significantly smaller than the average Hproj of the 

bipyramid (58.0 ± 19.13 nm) (Table 5.4). This indicates that not all of the NPs with Kite-shaped 

or rhombus-shaped projection can be Ag decahedra, and there must be a significant amount 

of NPs with more elongated 3D shapes present in the product solution. Despite the fact that 

the statistical measurements agreed with our proposed 3D shapes of the NPs in the purified 

product solution, the hypothesis still needs to be confirmed with scanning electron microscopy 

over a large number of product NPs, which can reveal surface topography of the NPs. In the 

literature, silver right triangular bipyramids were synthesised by plasmon mediated fabrication 

(monochromic LED as irradiation source) (Zhang et al. 2009). The right triangular bipyramid 

has the same 3D structure of a bi-tetrahedron, except that it consists of 6 isosceles right 

triangles. When lying on a substrate, a right triangular bipyramid will also produce a Kite-

shaped projection on the TEM micrograph (Figure 4.6B Right). This projection should have a 
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much smaller aspect ratio in comparison with the Kite-shaped projection in our TEM 

micrographs. Mirkin’s group has fabricated right triangular bipyramid with edge-sizes of 106 

nm, 131 nm, 165 nm and 191 nm by irradiating the seed solution with 500 nm, 550 nm, 600 

nm and 650 nm light (LED) respectively. AgNO3 and bis (p-sulfonatophenyl) phenylphosphine 

dihydrate dipotassium were added to the reaction solution with higher pH, which is thought to 

increase the Ag+ reduction speed and allow a self-nucleation of the Ag seeds with planar 

twinned defects. The higher rate of Ag+ reduction (higher pH, and higher free Ag+ 

concentration) led to monodisperse right triangular bipyramid, whereas a lower rate of Ag+ 

reduction (lower pH, and lower free Ag+ concentration) led to an increased amount of Ag plates. 

On our TEM micrographs, we did not observe the characteristic projection of right triangular 

bipyramids, but there were plenty of Ag plates. In our reaction solution, excessive amount of 

sodium hydroborate was used to convert all the AgNO3 into Ag seeds. Therefore, during the 

irradiation step, Ag+ was supplied from slow dissolution of Ag seeds by the irradiation, and only 

Ag plates were produced from Ag seeds with planar twinned defects.       

  

Small fractions of tetrahedra and bi-tetrahedra were reported in the literature to be in the 

product solution of Ag decahedra synthesised by irradiating the growth colloid seeds with 465 

nm LEDs (Zheng et al. 2009). Both crystal structures were also reported in silver decahedra 

synthesised by PVP-assisted N,N-dimethylformamide (DMF) thermal mediated reduction (Gao 

et al. 2006). It has be proposed that in both thermal mediated and plasmon mediated 

fabrication, the majority of decahedra originated from epitaxial growth of the five-fold symmetric 

twinning seeds, with some decahedra formed by a step by step aggregation/fusion process 

(from single tetrahedra to bi-tetrahedra then tri-tetrahedra etc.). On our TEM micrographs, the 

average edge-size of the tetrahedra is close to that of the bi-tetrahedra. Perhaps the bi-

tetrahedra were originated from fusion of a pair of tetrahedra with similar size; alternatively the 

bi-tetrahedra form by introducing a stacking fault at some point during growth when starting a 

new 111 plane, at which point the facets revert and a bipyramid is formed. The average edge-

size of the decahedra (28.7 ± 8.2 nm), on the other hand, is smaller than that of the tetrahedra 

(36.7 ± 13.9 nm). Considering the standard deviation, it is possible that some of the large 

decahedra were formed via fusion of tetrahedra. However, we did not observe any tri-, quadri- 

or penta- tetrahedra on our TEM micrographs, although the projection of those structures can 

be hard to predict in the regions of the substrate with the crowded crystals. SEM analysis could 

be used to identify the presence of such shapes. The fusion process observed in the plasmon 
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mediated fabrication of nanoprisms was thought in the literature to be the result of the 

redistributions of high local fields to the fusion site to facilitate the process during the irradiation 

step. Modeling the electromagnetic field around a tetrahedron as well as a bi-tetrahedron will 

help us to elucidate this fusion process. 

  

The 3D geometry of NPs that have a Platonic structure (e.g. tetrahedron or cube) or consist of 

multiple of the same type of Platonic structures (e.g. bi-tetrahedron and decahedron) can be 

entirely defined by the edge side of the NPs. However, as discussed in Chapter 1 (and also 

shown in Figure 6.16), the optical properties of AgNPs are highly sensitive to their shape and 

sizes. Colloid synthesis is unlikely to produce AgNPs with perfect symmetry, for example we 

found typically 2 to 5 nm differences in the length of the edges on the same tetrahedron. High 

resolution TEM or even TEM tomography experiments might be required for investigating the 

small structural features such as corner rounding and 3D orientation that are known to have 

significant effects on the optical properties of the AgNPs. 

 

5.3. Correlative imaging 

After returning from the internship in Italy, seed solutions was synthesised with the same 

protocol developed at IIT. We also have set up a irradiation chamber (Figure 2.1 in Section 

2.1.2), which was designed for fabricating AgNPs with different shapes and sizes as well as for 

studying the plasmon mediated fabrication in Borri and Langbein’s lab. In this thesis, the AgNPs 

in the product solution obtained from the 447.5 nm irradiation were investigated. 

 

Figure 5.5 shows that after overnight irradiation of the seed solution with the 447.5 nm LED in 

the chamber, the colour of the solution was changed from yellow to orange, and the product 

solution weakly scattered green light. The spectra of the purified product solution showed the 

two characteristic peaks of silver decahedra. TEM micrographs of the purified product solution 

showed mostly Ag decahedra, a small amount of AgNP seeds and plates, and was free from 

the dark background observed previously. Similar to the TEM micrograph of the product 

solution obtained in IIT, decahedra of a significant size distribution, as well as Ag tetrahedra 

and bi-tetrahedra are found. Free access to TEM analysis was provided by the industrial 

collaborator BBI Solutions during my PhD, and was used for the image in Figure 5.5. However 

the available TEM instrumentation had a low resolution and missed a spatial calibration, hence 
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the size of the crystals in this image were not measured. Nevertheless, it served the purpose 

to qualitatively show the heterogeneity of the AgNPs in the product solution. With the imaging 

techniques developed in our lab, we can use this heterogeneity as a convenience to study the 

optical properties of each single particle with different shapes and size on one sample grid. 

Correlative optical TEM studies on a single Ag decahedron, tetrahedron or bi-tetrahedron have 

not yet been carried out in the literature. 

A)                                                                                                    B)  

  

C) 

  

Figure 5.5. Plasmon-mediated fabrication with custom built irradiation chamber in our lab. The seed 

fabrication and irradiation condition are described in section 2.1.2 A) UV-Vis absorption spectra of 

seeds solution (red line), and after 447 nm / 24 h irradiation (black line). B) Colour photographs of 
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transmitted light and scattered light from the seeds and product solution 24h. C) TEM of the solution 

after 447 nm / 24 h irradiation, purification and drop-casting onto a copper grid with Formvar carbon film 

according to the procedure in Section 2.1.5B (by Philips CM100 TEM, the camera system was not 

calibrated, thus the scale bar was unavailable). 

 

        

Figure 5.6 Left) DF image of NPs from the purified product solution (447nm/24h) (OD475nm = 0.20 settled 

on a 1% APTES functionalised SiO2 film using the standard method described in Section 2.1.4 and 

Section 2.1.6 B and mounted in anisole. SiO2 film is the top of mesh, and the square regions have no 

support (Figure 3.1). The SiO2 film inside the region can show bending due to residual strain, whereas 

the support is very flat. Furthermore, the grid can sometime be slight tilted, creating a focus gradient, 

and defocussed regions. Right) DF imaging of grid G, window outer-16; 7 particles from this window 

were selected for correlative imaging (white circles and numbered P1 to P7); the data are presented in 

Figure 5.6.   

 

To carry out our correlative optical and TEM imaging (using the high-resolution TEM facility at 

Cardiff University), NPs in the purified production solution were settled onto an APTES 

functionalised SiO2 / SiN TEM grid (details in section 2.1.6B). DF images (Figure 5.6) of the 

grid mounted in anisole showed that the product solution contains particles with various LSPR 

with the majority of them scattering cyan or green light. This is consistent with the majority of 

NPs on the TEM micrograph in Figure 5.5 C) being decahedra, and the main extinction peak 

of the product solution being about 500 nm (note that, similar to what will be shown for the 40 

nm spherical AgNP in Figure 6.2 and Figure 6.10, the LSPR frequency of these AgNPs red-

shifts by about 35 nm when transferred from water to anisole, however, this is only a rough 
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estimation the red-shifts is also depended on the shape). Most of cyan/green spots on the DF 

images are likely to contain an isolated decahedron as they scatter light with similar colour and 

intensity. Interestingly, many cyan/green spots have an anisotropic polarisation response (see 

also Chapter 6), namely when changing the linear polarisation orientation of the DF excitation, 

many NPs are excited maximally for two orthogonal polarisation orientations, with one mode 

scattering blue light (similar to the transverse mode of a dimer, see Chapter 1), and the 

orthogonally polarised mode scattering green/cyan light (similar to the longitudinal mode of a 

dimer). Micro-spectroscopy data (Figure 5.7 to 5.9) showed that the “transverse mode” of 

these NPs has a single LSPR peak around 470 nm (called P1), whereas the “longitudinal 

mode” has a LSPR peak (called P2) red-shifted by Δλ = λp2 - λp1 in the range of 50 to 100 nm. 

10 green and cyan coloured NPs with various Δλ were selected for the correlative imaging 

studies. Because each mounting of the sample grid in anisole can only last about 5 to 6 hours 

before the sample chamber starts to dry out, the absorption and scattering spectra of the each 

NP were taken under 1) unpolarised light; 2) polarised light at the angle (θtran) where peak 

amplitude of P1 of the candidate is the highest; 3) polarised light at the angle (θlong) rotated 90° 

from the angle used in 2). 

  

In the correlative TEM imaging, all encountered NPs, including the selected candidates, were 

found to have one of the following three structures: tetrahedron, bi-tetrahedron or decahedron. 

Correlative data (DF image, microspectroscopy and TEM micrograph) of 7 selected NPs were 

obtained (Figure 5.7 to 5.9).  

  

5.3.1 Single silver decahedra 

TEM showed that nanoparticles labelled as NP1, NP2 and NP3 (Figure 5.7 Right) are Ag 

decahedra (Figure 5.7 left column lower panel). Although the thickness of Ag decahedron from 

plasmon mediated fabrication has not yet been measured in literature, TEM tilting experiments 

showed that a 40 nm edge-size gold decahedron from colloid synthesis has a regular shape 

(each face is an equilateral triangle) (Sanchez-Iglesias et al. 2006). If we assume that our 

decahedra have a regular shape, we should be able to construct the 3D structure of the crystal. 

We measured the longest edge-size of the pentagonal projection on the TEM micrograph as 

the estimate of the edge-size. All three decahedra here have edge-size close to the average 

value of 28.7 nm measured in Section 5.1. 
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(Pietrobon and Kitaev 2008) were able to regrow small decahedra (35 nm) adding Ag seeds 

under metal halide lamp irradiation to produce Ag decahedra with edge-size of 35, 46, 57, 69, 

88, and 123 nm. The spectra of those product solutions all have two absorption peaks (P1 and 

P2); P2 red-shifted from 460 nm to 570 nm as the average edge-size increased from 35 to 123 

nm, whereas P1 only red-shifted from 390 nm to 420 nm. In (Ye et al. 2015), a 3D model was 

constructed with the commercial software package COMSOL Multiphysics (COMSOL Inc.) 

using the finite element method (FEM) which showed that a single 32.8 nm edge-size Ag 

decahedron in water has a single LSPR at 454 nm, and that the LSPR only red-shifted by 6 

nm when the edge-size increased to 37.6 nm. The numerical simulation also showed that the 

corner sharpness of the Ag decahedron (measured as the radius of the rounded corners) had 

a significant effect on its spectral features: as the corners of a 32.8 nm edge-size Ag 

decahedron sharpened from 2.5 nm to 0.5 nm radius, the LSPR peak red-shifted from 454 nm 

to 500 nm. The simulated distribution of the electric field of Ag decahedra with different corner 

sharpness showed that the localised field of the LSPR at the edges was enhanced by 

increasing the corner sharpness. Those data explain our observation that NP2 is the smallest 

of the three decahedra, but its P2 is red-shifted by the greatest amount due to its sharp corner 

(Table 5.10).    

  

NP1 

 

  



82 
 

NP2   

 

NP3 

 

Figure 5.7 Correlative studies of NP1 to NP3 in Figure 5.6 Left). Left column: polarisation resolved 

absolute absorption and scattering spectra of each candidate NP (Section 2.3.2). The parameters for 

the quantitative analysis were computed analytically on MATLAB as follow: for the spectra of NPs in 

anisole: ξ =1.54, fBF = 0.112, fDF = 0.138 and ζ = 1.54. Right column lower panel: TEM micrographs of 

each imaged NP; size and rounding of the NPs are measured (coloured lines and numbers) and 

summarised in Table 5.10. Right column upper panel: Preliminary 3D models of the imaged NPs (see 

details are discussed below) 
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Ag decahedral particles have a lower symmetry (D5h) than cubic and spherical AgNPs, and the 

immobilised Ag decahedron on the substrate can have various degree of tilting due to the 

roughness on the substrate or NP itself. Thus, Ag decahedra with similar edge-sizes can 

produce a variety of 2D projections on TEM micrograph, those projections also reflect how the 

incident polarised light interact with the Ag decahedra. Therefore, the spectral features 

observed for a single Ag decahedron depends not only on its shape and size but also its 3D 

orientation on the substrate. Because the sample grid can occasionally move and rotate during 

the imaging steps, and the orientation of the TEM micrograph changed slightly under different 

magnifications, we were unable to correlate the angular coordinates of the polariser and the 

orientation of the TEM micrograph. In terms of characterising the size and shape of the Ag 

decahedra, we measured the length of the longest diagonal of the pentagon projection (referred 

as longitudinal length here). On the transversal axis, we measured the width of the pentagonal 

projection (referred as transverse length here). The aspect ratios were calculated as 

longitudinal length/transverse length. Figure 5.7 left column showed that P2 of our decahedra 

red-shifted further as their aspect ratio increase. The aspect ratios can be used to calculate the 

tilt angle, and accordingly a relative excitation of the two modes. 

  

A numerical simulation with COMSOL is currently being developed in the group (Dr. Zilli) to 

better understand the correlative data obtained and the optical properties of the Ag decahedra. 

  

5.3.2 Single silver tetrahedra 

The optical properties of Ag tetrahedra have not yet been well studied in the literature; this is 

mainly due to the difficulty of large scale fabrication. In (Zhou et al. 2008) the fabrication of 100 

nm edge-size Ag tetrahedra with light-driven growth is reported. The spectrum of the product 

solution had a large broad LSPR peak at 650 nm, and 2 or 3 smaller LSPR peaks in the 550 

nm to 400 nm region. SEM micrographs showed that the product solution also contained about 

30% silver plates. (Wiley et al. 2006a) calculated the UV-vis extinction spectrum of a 40 nm Ag 

tetrahedron in water using the discrete dipole approximation (DDA) method and showed that it 

has two broad LSPR peak at 570 nm and 680 nm. The Ag tetrahedron was thought to have 

the most red-shifted resonance peaks than other 40 nm AgNPs with Platonic structures, 

because it has the sharpest corners. We obtained correlative data of one 40 nm tetrahedron 

(Figure 5.8). It also has two LSPR peaks, but less red-shifted than the calculated spectrum in 
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the literature, which might be the result of corner rounding the calculated spectra in (Wiley et 

al. 2006a) did not consider corner rounding of the tetrahedron. 

  

It is important to notice that the polarisation resolved micro-spectroscopy data (Figure 5.8 left) 

shows that P1 and P2 of the Ag tetrahedron are present at both polarisation angles. This is 

due to the triangular shape of the particle, which does not have a two-fold symmetry and thus 

no splitting of the dipolar modes. The modes visible are thus different mixtures of dipolar and 

quadrupolar modes. This feature potentially can serve as a signature for distinguishing the Ag 

tetrahedra from bi-tetrahedra and decahedra during the optical imaging step of our correlative 

technique. 

 NP7 

 

Figure 5.8 Correlative studies of NP7 in Figure 5.6 Left). Left column: polarisation resolved absolute 

absorption and scattering spectra of each candidate NP (Section 2.3.2). The parameters for the 

quantitative analysis were computed analytically on MATLAB as follow: for the spectra of NPs in anisole: 

ξ =1.54, fBF = 0.112, fDF = 0.138 and ζ = 1.54. Right column lower panel: TEM micrographs of each 

imaged NP; size and rounding of the NPs are measured (coloured lines and numbers) and summarised 

in Table 5.10. Right column upper panel: Preliminary 3D models of the imaged NPs (see details are 

discussed below) 
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5.3.3. Single silver bi-tetrahedra 

Bi-tetrahedra have also not been fabricated in large scale in the literature. As discussed in 

Section 5.1 and in Chapter 1, both plasmon and thermal mediated colloid synthesis only yield 

triangular bipyramids. Mirkin’s group fabricated silver right-triangular-bipyramids with edge-size 

of 106 nm, 131 nm, 165 nm and 191 nm using a plasmon mediated method. The 106 nm edge-

size bipyramid solution showed a sharp absorption peak (P1) at 400 nm and a stronger peak 

(P2) at 510 nm. The orientation averaged UV/Vis spectra of the right triangular bipyramid were 

calculated using the DDA method (Zhang et al. 2009; Yang et al. 1995), which showed that an 

increased edge-length of the bipyramid resulted in a significant red-shift and broadening of P2; 

P1 was also red-shifted but to a much lesser extent. The calculated spectra were in agreement 

with the absorption spectra of the product solutions. Their model also showed that tip truncation 

caused a significant blue shift of the spectra. 

  

(Figure 5.9 and table 5.10) show that the nanoparticles labelled as NP5, NP4 and NP6 are bi-

tetrahedra; NP5 has a larger edge-size than NP4, and P2 of NP5 is red-shifted further than P2 

of NP4. NP6 has the largest edge-size compared to the other two bi-tetrahedra, however it has 

the most rounding on its corners, which leads to a more significant blue-shift of its P1 and P2. 

Although right triangular bipyramids are similar in shape to bi-tetrahedra, their preferred 

orientations (Wiley et al. 2006b. McEachran and Kitaev 2008) on the substrate are very 

different, hence they interact with the incident light differently. 

NP4 
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NP5 

 

NP6 

 

Figure 5.9 Correlative studies of NP4 to NP6 in Figure 5.6 Left). Left column: polarisation resolved 

absolute absorption and scattering spectra of each candidate NP (Section 2.3.2). The parameters for 

the quantitative analysis were computed analytically on MATLAB as follow: for the spectra of NPs in 

anisole: ξ =1.54, fBF = 0.112, fDF = 0.138 and ζ = 1.54. Right column lower panel: TEM micrographs of 

each imaged NP; size and rounding of the NPs are measured (coloured lines and numbers) and 

summarised in Table 5.10. Right column upper panel: Preliminary 3D models of the imaged NPs (see 

details are discussed below) 

 

In Figure 5.7 to 5.9, the preliminary 3D models (by AutoCAD® Inventor) were constructed by 

manually fitting (overlapping) the top view of the proposed 3D shape with the TEM image of 
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NP, the only guides were the outer profile of the 2D projections and the dark strips within the 

projections. Our 3D models here assume that for each NP, all of its edges and corners have 

the same degree of rounding. However, from the overlapped model-TEM images (Figure 5.7 

to 5.9, Right column upper panel) it is easy to see that some NPs have truncated sides (e.g. 

NP3) and corners (e.g. NP7). In fact, small number of truncated tetrahedra, bi-tetrahedra and 

decahedra can be found in Figure 5.3 and Figure 5.5. Those truncated NPs have been 

reported in literature: by using dual electron microscopy labels to track the growth of AuNP 

seeds with silver precursors during plasmon mediated fabrication (150-W halogen lamp with a 

bandpass filter cantered at 550 ± 20 nm) (Figure 5.11), Langille and co-worker (Langille et al. 

2012) proposed that single crystalline seed undergoes stepwise evolution: as the bimetallic NP 

grew, they successively developed twin planes to form multiply twinned NPs. The 3D models 

in Figure 5.11 B to H highly resembles the NPs found in Figure 5.3 and Figure 5.5, indicating 

that some single crystalline seeds in our reaction solution took a similar growth pathway during 

the irradiation step. Therefore, we need to refine our 3D models, taking into account the 

truncated edges and corners. Furthermore, TEM images with higher signal-noise ratio and/or 

3D tomography data with specialised image fitting software are required more accurate 3D 

models in the future. 

 

 Size measurements of selected AgNPs   

  Shape edge-size 

(nm) 

Rounding 

radius (nm) 

Longitudinal 

length (nm) 

Transverse 

length (nm) 

NP1 Decahedron 28.0 4.0 42.4 37.0 

NP2 Decahedron 27.3 3.2 45.0 35.8 

NP3 Decahedron 28.6 5.8 52.1 36.9 

NP4 Bi-tetrahedron 36.3 5.1 54.7 36.0 

NP5 Bi-tetrahedron 40.7 6.7 60.3 40.2 

NP6 Bi-tetrahedron 52.2 12.9 70.6 52.8 

NP7 tetrahedron 41.2 8.1 44.4 37.3 

Table 5.10 Measured dimension of candidate NP1 to NP7 on the TEM micrographs in Figure 5.7 to 5.9. 

As discussed in section 5.1, the edge-size was measured from the longest edge of the projection profile 
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(blue line in Figure 5.7 to 5.9 right column). The rounding was measured as the radius of the rounded 

corners; specifically, as the average over all 5 corners for NP1 to NP3, as the corner surrounded by the 

two longest edges for NP4 to NP6, and as the average over all 3 corners for NP7. Longitudinal length 

for NP1 and NP6 is the longest diagonal of the projection (red line in Figure 5.7 to 5.9 right column); for 

NP7, it is the longest edge of the triangular projection profile. The transverse length is the longest width 

of the projection profile on the axis that is perpendicular to the longitudinal axis.  

 

 

Figure 5.11 Scanning transmission electron microscopy (STEM) images and 3D models depicting the 

proposed growth pathway of a single crystalline Au seed into an Au-core/Ag-shell icosahedron via 

plasmon mediated method. A) STEM image of the single crystalline Au seeds. B to J) STEM images of 

bimetallic particles with B) octahedral, C) truncated tetrahedral, D) tetrahedral, E) truncated 

bitetrahedral, F) bitetrahedral, G) truncated decahedral, H) decahedral, I) decahedral with an additional 

tetrahedral growth, and J) icosahedral morphologies, which were all observed as products of the same 

reaction. Scale bars: 25 nm. Adapted with permission from (Langille et al. 2012). Copyright 2012 

American Association for the Advancement of Science.  
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Chapter 6. Silver dimers 

 

6.1 Fabrication of AgNP in aqueous solution via PEG-dithiol 

Thiol functionalised polyethylene glycol (PEG) is commonly used as stabilising reagent for both 

AuNP and AgNP (known as PEGylation) in vitro and in vivo applications (Zhang et al. 2002), 

thanks to its water solubility and biocompatibility. For example, when these NPs are used in 

drug delivery, PEGylation can reduce the toxicity of the NPs and extend circulation time 

(Newton et al. 2013; Pierrat et al. 2007). Polyethylene glycol dithiol with different number of 

ethylene oxide units (abbreviated as PxDT; x= average molecular weight) were chosen as the 

molecular linkers for fabricating silver dimers. High concentrations of PxDT (mM range) were 

mixed with relatively low concentrations of NPs (pM range) in order to functionalise and 

passivate the NP surface at the same time, thereby dimers/aggregates are formed in relatively 

slow kinetics by random collisions of grafted NPs. This dimerisation reaction can then be 

stopped by either adding a thiol capping reagent such as NEM (Scheme 2.1) or immobilising 

the NPs onto a solid phase. PxDTs with various sizes are commercially available. The contour 

length (the maximum end-to-end distance of the polymer) of a PxDT is determined by the 

number of ethylene oxide monomer units on the polymer, which can be calculated by its 

molecular weight. For example, each P1000DT molecule (purchased from Sigma-Aldrich; size 

distribution with mean of 1k Daltons) consists of an average of 21 ethylene oxide units; each 

ethylene oxide unit has size a = 0.35 nm, hence P1000DT has an average contour length of 

7.35 nm. Although NPs linked by P1000DT would result in a range of interparticle distances 

due to the flexibility of the polymer in water, dimerisation of 40 nm AuNPs or AgNPs with 7.35 

nm gap-size would still result a noticeable spectral shift. P1000DT was thus first purchased to 

test our methodology for fabricating dimers. 

  

Because gold is a more chemically inert element than silver, the P1000DT method was 

developed on AuNPs first. Citrate stabilised 40 nm AuNPs (BBI Solutions, OD530nm = 0.09, 

equivalent to 0.8 x 1010 particles/mL, i.e. 13 pM, as per manufacturer specifications) were 

mixed with 0.2 mM P1000DT in a plastic cuvette, and the absorption spectrum of the reaction 

solution was monitored. Figure 6.1 shows that shortly after the start of reaction, the long 

wavelength region of the AuNP’s LSPR resonance (above 550 nm) started to gradually 

increase. The increased area underneath the spectrum in this long-wavelength region is 
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accompanied by a decreased area in the single AuNP LSPR peak region (around 530 nm), 

indicating dimer formation and resulting plasmon coupling effects between AuNPs in close 

proximity (<20 nm).  

   

Figure 6.1. Kinetics study of P1000DT mediated dimerisation of AuNP. 360 μL of 40 nm AuNPs OD530nm 

= 0.09, from BBI solution) were mixed with 40 μL of 2 mM P1000DT (Sigma Aldrich) in a plastic cuvette. 

The absorbance spectra (coloured lines) were taken by an Ocean Optics hr4000 spectrometer (see 

Chapter 2) at various time points after the reaction started, as labelled. 

 

0.4 mM P1000DT was then tested with citrate stabilised AgNP (BBI Solutions, OD400nm = 0.2, 

equivalent to 0.39 x 1010 particles/mL1). Soon after the start of the reaction, the LSPR peak of 

the AgNP at 420 nm (referred as “monomer peak” here) started to gradually decrease, and a 

new absorbance peak at around 480-500 nm region gradually appeared within 2 hour time 

period, attributed to the longitudinal mode of the dimer (referred as “dimer peak” here) (Figure 

6.2). According to “plasmon-ruler equation” (see Section 1.3.1)(Yang et al. 2010), to produce 

such spectral band, the interparticle distances of the dimer in the solution should be 7 to 10 

nm, which is close to the contour length of P1000DT. The amplitude of the AgNP dimer peak 

[1] Note that for AgNPs, BBI Solutions only provided the OD400nm; the particle concentration 

(particles/mL) has been calculated using the specification available for nominally identical citrate-

stabilised spherical 40 nm AgNPs from nanoComposix. 
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in Figure 6.2 is significantly smaller than the AuNP dimer peak in Figure 6.1. A possible 

explanation is the fact that the concentration of AuNPs in the solution was 2 times higher (in 

number of particles per mL) than that of the AgNP solution. Hence, collisions between AgNPs 

were less frequent, and the kinetics of dimerisation was slower in the AgNP-P1000DT solution. 

Also, the kinetics is determined by multiple factors, such as metal-thiol affinity, which can be 

different for Au versus Ag. Since the silver stock from the supplier has a somewhat lower 

concentration (nominal OD400nm = 4, equivalent to 9 x 1010 particles/mL), we decided to keep 

the concentration of AgNP constant at OD400nm = 0.2 (0.39 x 1010 particles/mL) for all the 

dimerisation reactions in solution and study the effect of varying concentrations of P1000DT.    

  

  

Figure 6.2. Absorbance spectral changes of AgNPs (OD400nm = 0.2) mixed with 0.4 mM P1000DT. Left: 

deionised water was used as the reference for calibration of the spectrometer. 10 fold dilution of the 

AgNP stock (OD400nm = 2) was used as the negative control. A few seconds after mixing the AgNPs with 

P1000DT (red line) was set as time 0. Right: The spectrum of the reaction solution at time 0 was used 

as the reference for calculating the absorbance, ∆Abs = (Abs at t mins) - (Abs at 0 mins) (see Chapter 

2), for better visualisation of the spectral changes. 

  

Various concentrations of P1000DT were tested to investigate the coating mechanism. (Figure 

6.2 and 6.3) show that for all four concentration tested, shortly (within seconds) after mixing 

P1000DT with AgNPs, the monomer peak at 420 nm red-shifted by a few nm. This is a sign of 

the polymer being adsorbed onto the surface of AgNP (Sharma et al. 2014). In all cases, there 

was also an increase in the long-wavelength tail by various amounts, which is an indication of 

dimer formation in the first few seconds (time 0). The higher the concentration of P1000DT 

used was, the stronger was the amplitude of the initial dimer peak observed at time 0. It is well 

known that thiol has high affinity with fast kinetics toward the Ag surface (Toh et al. 2014), thus, 
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once the P1000DT was added to the solution, the polymers were adsorbed onto the AgNP 

within seconds. When the concentration of P1000DT was high, it is likely that some of the 

P1000DT molecules had their thiol groups on each end simultaneously absorbed onto two 

different NPs, before the AgNP surface was fully passivated; this likelihood increased at higher 

P1000DT concentration as the same numbers of AgNP were present in the solution. This can 

explain why the initial formation of the dimer peak was stronger at higher P1000DT 

concentration. Figure 6.3D shows that after 2 hours incubation with different concentrations of 

P1000DT, the monomer peak of the AgNPs was decreasing in amplitude as the concentration 

of P1000DT increases. The amplitude of the dimer resonance also increased as the 

concentration of P1000DT increased from 0.01 mM to 0.4 mM. Interestingly, however, at the 

highest P1000DT concentration of 0.8 mM the dimer resonance showed a smaller amplitude. 

A possible explanation is that, at very low concentration of P1000DT, the surface density of 

P1000DT on each AgNPs is relatively low. The polymers form a “mushroom” conformation, 

that is, one end of a polymer attaches to the surface, and the rest of the polymer body forms a 

random globular structure in the solution (Damodaran et al. 2010). Furthermore, the surface 

polymers are more likely to form a loop (both thiol groups adsorbed onto the AgNPs). 

Therefore, the dimers are less likely to form from free collisions. As the concentration of 

P1000DT increases, the surface density of polymers also increases. The surface polymers 

start to form a mushroom or even brush conformation instead of loops, which means more 

surface thiols are available for dimerisation during free collision. This process is however 

counteracted by the increased passivation of the AgNP surface. Therefore, with increasing 

concentration of P1000DT, the kinetics of dimerisation becomes more or less constant. For the 

reaction with 0.8 mM P1000DT, the initial dimer peak was the highest, those dimers might later 

become large aggregates and precipitate out of the solution. At high concentration, the leftover 

free polymer that has a hydrophilic backbone and hydrophobic tails (thiol) might form 

aggregates that trapped and precipitated AgNPs. We decided to use 0.4 mM P1000DT for all 

the dimerisation reactions in this report. 

 

To confirm that AgNPs were dimerised with P1000DT via covalent bonding of thiol-Ag, a control 

experiment was designed where 0.4 mM P1000DT was first mixed with 40mM of NEM for 30 

mins. This alkylating reagent reacts with sulfhydryls on PxDT and non-reversibly forms stable 

thioether bonds, so that all the thiol groups on P1000DT were capped (as confirmed by 

Ellman’s reagent, data not shown). The quenched P1000DT (final concentration of 0.4 mM) 
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was then mixed with AgNPs. Figure 6.4 shows that the quenched P1000DT was not causing 

spectral change of AgNPs, showing that the free thiol groups on the P1000DT were essential 

for dimer formation  

 A)                                                                  B) 

 

C)                                                               D) 

 

 

Figure 6.3. A) to C) Spectral changes of a AgNP solution (OD400nm = 0.2) mixed with various 

concentrations of P1000DT. The spectra of the AgNP solution diluted only with water are the ‘control’. 

Soon after mixing the AgNP with P1000DT, the spectra of the reaction solution were taken as ‘0 mins’. 

D) The spectra of the reaction solution with different concentrations of P1000DT all at 120 mins time 

point were plotted on the same graph for comparison. 

. 
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Figure 6.4. Absorbance spectra of an AgNP solution (OD400nm = 0.2) mixed with 0.4 mM P1000DT 

quenched by 4 mM NEM after 2 hours. 

  

PxDT with various numbers of ethylene oxide units are commercially available (Table 6.5). 

                  Commercially available PxDTs  

name MW # of unit Contour Length in nm 

P180DT 182.3 2 0.7 

P300DT 314.46 5 1.75 

P1000DT 1000 21 7.35 

P1500DT 1500 32 11.2 

P3400DT 3400 75 26.25 

Table 6.5. PxDT with various number of ethylene oxide units, the contour length was calculated from 

the structural formula of the polymer with bond length from (William M. Haynes 2015). 

  

It has been demonstrated in the literature that both AuNP (Sonnichsen et al. 2005) and AgNP 

(Yang et al. 2010) dimers showed significant spectral shifts due to the dimer formation in the 2 

- 20 nm inter-particle separation range. Therefore, P300DT and P1500DT were purchased and 

tested on AgNPs. 

  

Again, different concentrations of P300DT were used for dimer formation to find the optimum 

value. Figure 6.6 shows that after 3 hours incubation with 0.1 mM of P300DT, there was a new 

absorbance peak in the 580 nm region, which was more red-shifted than the dimer peak 

appearing when using P1000DT, indicating stronger plasmon coupling at smaller interparticle 
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distance (estimated to be ~ 2 nm when calculated with eq 1.6). There was no significant 

spectral change at a concentration of P300DT higher than 0.1 mM or lower than 0.01 mM (data 

not shown here). One possible explanation is that the size of P300DT (1.75 nm) is about 4 

times smaller than that of P1000DT (7.35 nm), and it is less coiled hence it can be packed at 

higher density on the surface of an AgNP to form a Self-Assembled Monolayer (SAM); this 

would happen at high concentration. Because of its smaller size, it is also more likely for the 

grafted P300DT to form the loop conformation at very low concentration. Therefore, at either 

high or low concentration AgNPs can be well passivated in different manners, both hindering 

the dimer formation. 

 

 

Figure 6.6. Spectral change of an AgNP solution (OD400nm = 0.2) mixed with 0.1 mM P300DT for 3 hours 

(Left); and mixed with 0.5 mM P1500DT for 5 hours (Right). 

  

Various concentrations of P1500DT were also tested with AgNPs. Figure 6.6 shows that after 

5 hours incubation with 0.5 mM of P1500DT, there was a new absorbance band on the red-

shifted tail. Since the red shift is small, within the bandwidth of the monomer peak, it is not 

straightforward to obtain the position of the dimer peak from this spectroscopy data. At 

concentrations lower than 0.1 mM, no dimer band was observed (data not shown). One 

possible explanation is that P1500DT is a relatively large polymer with backbone more likely to 

coil up with the hydrophobic thiol groups buried in hydrophilic backbone, hence the grafting 

density of P1500DT would be lower than that of P1000DT due to steric hindrance which results 

in the mushroom confirmation. At low concentration (<0.1 mM), the number of free thiol groups 

was too low for dimer formation. 
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6.2 NP immobilisation via settlement 

One of the goals of the dimer fabrication described above was to study the optical properties 

of individual AgNP dimers immobilised on a solid substrate, ideally with the correlative imaging 

techniques described in the previous chapters. NP immobilisation via spin coating is a common 

technique for even deposition of nanoparticles onto a flat surface such as a glass coverslips. 

Figure 6.7 (Left) shows evenly distributed AgNPs on a Piranha etched coverslip after spin-

coating the coverslip with a diluted citrate-stabilised AgNP solution. During the Piranha etching 

procedure (Scheme 2.3), the acid catalyses Si-O bond cleavage on the glass surface; the 

resulting silanol groups are chemically more active in aqueous environments and they are able 

to form hydrogen bonding with the ether group on each ethylene oxide unit of the PEG molecule 

(Scheme 6.8 C) as well as with the citrate molecules. However, when deionised water was 

used as the surrounding medium for DF imaging, a large number of the immobilised AgNPs on 

the coverslip detached and floated in the medium, after a few hours incubation. A possible 

cause for this unexpected behaviour is that the glass surface of the coverslip is designed to be 

extremely flat, and there was only a monolayer of silanol groups available for water mediated 

hydrogen bonding (Cypryk and Apeloig 2002). Therefore, the binding energy between the 

AgNP and the glass was too weak. When surrounded by silicone oil, the weak hydrogen 

network between AgNPs and glass was surrounded by the viscous hydrophobic medium and 

it was less likely to be disturbed. On the other hand, in the aqueous medium, there are constant 

exchanges of water molecules in a weak hydrogen network. The binding between the AgNP 

and glass surface was much less stable. 

 

In order to achieve a stable immobilisation of AgNPs on a glass surface for our optical studies, 

the coverslips were functionalised with APTES (see materials and methods). The amine group 

of APTES does not only readily catalyse the formation the silane layers (Kobayashi et al. 2005) 

but also creates sites for a water mediated hydrogen bonding network (Scheme 2.3). Thereby 

the functionalisation promotes immobilisation of AgNPs with hydrophilic coating onto the glass 

substrate. (Zhu et al. 2012) showed that APTES-derived layers prepared in solution are 

multilayers, forming a net of hydrogen bonding via the primary amine group. This activated 

substrate surface potentially is able to capture the AgNPs in the solution upon random glass-

AgNP collisions. Furthermore, the primary amine group is known to have a strong affinity 

towards silver and gold surfaces, hence APTES can potentially strengthen the AgNP substrate 

binding. Figure 6.7 Mid. shows that after incubating an AgNP solution on the APTES 
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functionalised coverslip for 10 mins, some AgNPs were able to settle onto the functionalised 

surface with even distribution. In comparison with the spin-coating technique, this settlement 

technique requires less AgNP concentration to achieve the same NP density on the substrate. 

In fact, the surface density can be controlled by the concentration of AgNP solution used in the 

incubation step. Figure 6.7 Mid) and Right) show that using a 20x more concentrated AgNP 

solution resulted an equivalent increase in the AgNP density on the substrate. Most importantly, 

the settled AgNPs were stable in both water and oil, i.e. detachment of AgNPs was not 

observed during the measurement period.   

 

  

 

Figure 6.7. Dark field images of sample coverslips with different AgNP immobilisation techniques. Left): 

20 μL AgNP solution (OD400nm = 8.3 x 10-2, 1.9 x 109 particles/mL) were used for spin-coating a Piranha 

etched glass coverslip, the sample coverslip was then mounted with deionised water for imaging. The 

insert at the lower left corner showed AgNP detachment (moving about) in some areas of the same 

coverslip. Mid) 300 μL of AgNP solution (OD400nm = 4.2 x 10-3, 9.45 x 107 particles/mL) were incubated 

on an APTES functionalised coverslip for 10 mins; the sample coverslip was then mounted with 

deionised water for imaging. Right) 300 μL of AgNP solution (OD400nm = 8.3 x 10-2) were incubated on 

an APTES functionalised coverslip for 10 mins; the sample coverslip was then mounted with silicone oil 

for imaging. 
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A)                                B)                                       C)                                      D) 

 

Scheme 6.8. A) Hydration on the backbone of a PEG molecule upon dissolving PEG into an aqueous 

solution. B) PEG interacts with an activated glass surface via water mediated hydrogen bonds. C) PEG 

interacts with an APTES functionalised glass surface via water mediated hydrogen bonds, there is also 

a host of more complicated interactions shown in Scheme 2.3. D) In the absence of water, PEG binds 

to an APTES functionalised glass surface via hydrogen bonds.  

  

6.3 P1000DT mediated dimer formation, statistical analysis 

A quantitative wide-field extinction microscopy method was developed in our lab (Payne et al. 

2015; Payne et al. 2013; Payne et al. 2018), which allows us to measure the extinction cross-

section of hundreds of individual NPs on a BF transmission image. The BF image can be taken 

with a monochrome camera, such as the PCO, and bandpass filters were used with the white-

light illumination for wavelength selection (for details of the set-up see Chapter 2). For 

example, the extinction cross-section of a single NP calculated from the BF images taken with 

a bandpass filter Semrock 530/43 (43 nm bandwidth, centred at 530 nm) is the spectral 

average σext within that filter bandwidth (in this case, 506 nm to 553 nm). A range of colour 

filters across the visible light spectrum were used to obtain σext in the bandwidths of interest on 

the spectrum. Because each σext value is calculated with absolute units from the BF images, 

by merging results using different colour filters, one can construct a coarse extinction spectrum 

of each NP measured in that wide-field within a short time. This technique has high sensitivity 

(a shot-noise limited sensitivity down to 0.4 nm2 was demonstrated in Payne et al. 2018) and 

in turn can detect single 5 nm diameter AgNPs and AuNPs well above the noise limit (a 5 nm 

diameter AuNP has σext =10 nm2 and was detected in Payne et al. 2018). Notably, an image 

processing programme (ExinctionSuite, written by Dr. Lukas Payne) was developed in-house 

https://journals.aps.org/prapplied/pdf/10.1103/PhysRevApplied.9.034006
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for this technique. It calculates σext from the acquired BF images (see Chapter 2), and 

selectively picks up the objects on the image that have an extinction cross-section within a 

user-defined range, and with a user-defined wavelength dependence (for example σext in the 

green filter bandwidth larger than in the red), such that large aggregates and non-plasmonic 

debris can be rejected. The data generated from the resulting extinction image can then be 

used for statistical analysis of the sample, as well as for searching NPs with specific spectral 

features. 

 

  

Figure 6.9. Measured extinction cross-sections of a control slide with untreated AgNPs (light bar) and a 

sample slide with P1000DT-AgNPs (shaded bar), prepared by spin-coating and mounted in silicone oil 

(n=1.52). On each slide, 3 extinction images (blue, green and red) were obtained with 3 bandpass filters 

(Thorlabs FB450/40, Thorlabs FB500/40 and Semrock 530/43) respectively. The average values of σext 

in three different channels are presented in a bar chart, the error bar is the standard deviation of the 

population (120 NPs were analysed in each image). 

 

An AgNP-P1000DT reaction solution (see Section 6.1) was diluted and spin-coated onto a 

piranha cleaned coverslip. The diluted AgNP solution was also spin-coated onto another 

cleaned coverslip that served as the negative control. Extinction images of the NPs mounted 

in silicon oil as surrounding medium were taken, and 120 NPs on each image were analysed 

using ExtinctionSuite. Figure 6.9 shows the resulting average values of σext in three different 

colour channels, centred at 450 nm, 500 nm and 550 nm, with ~40 nm bandwidth each (see 
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caption). Consistent with the spectroscopy data shown in Figure 6.2, adding P1000DT into the 

AgNP solution caused an increase in the number of NPs with red shifted extinction spectra. It 

should be noted that most commercially available AgNP products from colloidal synthesis will 

inevitably have a size and shape distribution. For nominally spherical AgNPs, each NP in the 

solution has some asphericity. Since the first step of our correlative imaging technique relies 

on the scattering strength of the AgNPs on the grid to select the candidates for TEM, it is crucial 

to obtain the quantitative scattering spectrum of a single 40 nm AgNP that has a shape and 

size close to the average of the batch. To find such AgNP, we looked at the negative control 

coverslip. Among 120 NPs selected for extinction analysis, one of the AgNPs that has the σext 

close to the calculated average value in all 3 channels was selected for quantitative 

microspectroscopy. This AgNP is likely to have the average size and shape of the batch. Its 

scattering spectrum is shown in Figure. 6.10. We find a maximum peak cross-section for 120 

degrees polariser angle, accompanied with a slight red-shift (5-10 nm) compared to the 

minimum peak cross-section which is about 17% lower, observed for an orthogonal excitation 

polarisation, at 30 degrees polariser angle. 

  

  

Figure 6.10. Polarisation resolved scattering cross-section spectra of a single 40 nm AgNP in a 

homogeneous n = 1.52 optical environment, acquired as described in Section 2.2.4. The spectra were 

calculated according to Section 2.3.2. The analysis parameters were computed analytically to be: ξ = 

4.42, fBF = 0.137, fDF = 0.116 and ζ = 4.42. Different linear excitation polarisation angles as labelled. 
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The experiment shown in Figure 6.11 was designed to examine the effect of P1000DT on the 

optical properties of individual AgNPs as well as on dimer formation in the reaction solution. A 

Piranha cleaned coverslip was functionalised with 1% APTES. A piece of Press-to-Seal silicone 

isolator with 4 wells (GraceTM, Bio-Labs) was mounted onto the functionalised side of the 

coverslip to create 4 compartments, named A to D. Diluted AgNPs (OD400nm = 0.02) were 

settled in A, serving as a negative control: the immobilised AgNPs were incubated with 

deionised water before imaging. In B, the effect of P1000DT on the optical properties of 

individual AgNPs was examined: AgNPs (OD400nm = 0.02) were settled on the coverslip, 

followed by 15 min incubation in 0.4 mM P1000DT before imaging. In C, the effect of P1000DT 

on AgNP dimer formation in the reaction solution was examined: 0.4 mM P1000DT was added 

to the AgNP solution (OD400nm = 0.2); after 15 mins, the AgNPs reaction solution (1 in 10 dilution 

with water, hence at a similar concentration as for well A and B) were settled in C, then washed 

with deionised water before imaging. 

  

In each well, one region with AgNPs was chosen, and DF and BF images of that region were 

acquired. In well A, most of the coloured dots on the DF image of the region (data not shown) 

were blue with more or less the same brightness, as expected from isolated single AgNPs. The 

scatter plots in Figure 6.12 represent a combination of the extinction cross-sections measured 

for these NPs in the chosen region in the blue (450 nm), green (550 nm) and red (600 nm) 

channels. Plot A showing data from well A shows that there is only a single cluster of data on 

the plot, and the cluster is close to the average values of the population. All these data not only 

can be used as the negative control but also support that the settlement technique immobilised 

individual AgNP. The cloud plot B shows that incubation with 0.4 mM P1000DT had little effect 

on the optical properties of the immobilised AgNPs. In contrast, cloud plot C shows that adding 

P1000DT to the AgNP solution resulted in the formation of a population of AgNPs with red-

shifted spectra, manifesting in a significant number of NPs with high values σext Detected 

around 600 nm, indicating that those NPs (appearing as diffraction limited dots on the Extinction 

image) have a strong plasmon coupling effect, i.e. they were particles in close proximity (<20 

nm). Notably this population has a similar σext in the blue channel as the population of single 

AgNPs, consistent with having two NPs (a dimer) where only the transverse mode is detected 

in the blue due to plasmon coupling of the longitudinal mode. This experiment demonstrated 

that the formation of the red-shifted population was not caused by aggregation upon 
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immobilisation or a P1000DT induced chemical alteration of individual AgNP, but was a result 

of P1000DT induced NP coupling via self-assembly in the reaction solution.     

 

  

Figure 6.11. Left) Photograph of the sample slide showing wells created by a silica isolator, allowing 

compartmentalised chemical treatment of NPs in different regions of the same coverslip, prior to imaging. 

Right) Schematic drawing of the experimental steps. In step 1, a diluted AgNP solution (OD400nm = 0.02) 

was settled in well A and well B, while a denser AgNP solution (OD400nm = 0.2) was mixed with 0.4 mM 

P1000DT then diluted 1 in 10 and then settled on the well C. In step 2, NPs in well A and C were 

incubated in deionised water for 30 mins. NPs in well B were incubated in 0.4 mM P1000DT for 30 mins. 

Finally the coverslip was washed with deionised water, dried, and then mounted in silicone oil for optical 

measurements. 

 

 A) 
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B)                                                                                C) 

 

Figure 6.12. Cloud plots A to C representing the data from the extinction images taken from well A to C 

in figure 6.11 respectively, acquired using a PCO camera with 40x objective, bandpass filters (ThorLabs 

Visible Bandpass Filter Kit, 40 nm FWHM) centred at 450 nm (blue channel), 550 nm (green channel) 

or 600 nm (red channel), with 40 nm bandwidth. The measurements are shown as a 3D scatter plot 

using the cross section in each colour channel, called σB, σG and σR for blue, green, and red respectively, 

all on log scales. About 100 NPs in each well were selected for analysis. Circled areas are guide to the 

eyes to indicate different NP populations (see text). 

  

6.4 Correlative imaging 

With the aim to perform correlative light electron microscopy of AgNP dimers, we first 

developed a method to select single particles, likely to be dimers, by dark-field imaging. A 

single 40 nm diameter spherical AgNP has a sharp LSPR peak in the blue wavelength region 

(e.g. at 420 nm in water, see ‘control’ spectra in Figure. 6.2 and 6.3). Dimerisation and 

aggregation will cause a red-shift of the LSPR to various degrees (Section 1.3.1), depending 

on the inter-particle distance. We are interested in dimers with inter-particle distances between 

R/10 and R, with R being the NP radius (i.e. 2-20 nm, for R= 20 nm), which would result in a 

significant LSPR shift, as estimated by the ‘’plasmon ruler equation’’ (Yang et al. 2010), with a 

longitudinal mode shifting from 420 nm to about 600 nm in water. LSPR shifts within this 

wavelength range can easily be detected on the DF image taken by a colour camera, as 40 

nm AgNPs scatter light strongly at their LSPR. Owing to the large LSPR shifts of silver dimers, 
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one can simply change the polarisation angle of the incident light to observe colour changes 

going from the transverse to the longitudinal modes of the dimers “by eye”. An automated linear 

polariser was placed in the illumination of the Ti-U lamp, above the condenser. As discussed 

in Chapter 2, the detection optics and colour camera allow us to observe a relative large 

number of NPs in a wide field of view, while providing enough spatial resolution to distinguish 

NPs that are only a few micrometres apart on the DF image. Figure 6.13 shows a series of DF 

images of two AgNPs at polarisation angle from 0° to 165° in 12 incremental steps (15° increase 

for each step). The AgNP on the left always scatters blue light at various polarisation angles, 

whereas the AgNP on the right has a strong polarisation dependence. Two distinguishable 

plasmon modes were observed, one at 75° polarisation angle in the blue region of the spectrum 

(transverse mode), and the other at 165° in green region (longitudinal mode). Furthermore, at 

75°, the coloured dot on the right scattered much more strongly than the dot on the left, 

indicating that there was significant more silver material in the dot on the right within the focal 

volume. These polarisation resolved DF images suggest that the blue dot on the left contained 

an isolated single AgNP, whereas the dot on the right contained a dimer with a strong plasmon 

coupling effect. This simple and fast technique allowed us to identify dimer candidates with 2 

selection criteria i) they should appear to have a clear two-mode polarisation response; the 

transverse mode scatters blue light, the longitudinal mode should scatter green/red light with 

stronger intensity, and the two modes must be orthogonally polarised; ii) The transverse mode 

should be brighter (approximately twice) than the mode of a single NP on the DF image at the 

same polarisation angle. However, the TEM micrograph (Figure 6.14) provided by the 

manufacturer showed that the AgNP stock contains a number of NPs with significant 

asphericity. The egg-shaped and rod-shaped AgNPs might also satisfy our simple selection 

criteria. To make sure that AgNP dimers were picked, 12 to 15 candidates on each grid were 

selected for micro-spectroscopy. To select dimers with various separations, we selected 

candidates with various colours in the DF images, in order to study the distance dependent 

plasmon coupling effect. 
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Figure 6.13. Candidate dimer selection by polarisation resolved colour DF imaging (Section 2.2.3). 

AgNP-P1000DT was drop-casted onto a coverslip, and mounted in silicone oil (n = 1.52) for DF imaging. 

A series of DF images of the same field of view were taken by the Canon colour camera at different 

polarisation angles from 0° to 165° with 15° for each step.   
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Figure 6.14. TEM data of the sample batch from nanoComposix. 

 

  

 

Figure 6.15. 9 μL of AgNP-P1000DT reaction solution (1 in 2 dilution) was dropped onto an APTES 

functionalised SiO2 TEM grid and incubated in a humid environment for 15 mins. The DF image (Section 

2.2.3) (130 x 130 μm2) shows the settled NPs on the SiO2 films. 
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Details on the development of the correlative imaging technique are described in Chapter 2 

and 4. For Ag dimers, an AgNP solution (OD400nm = 0.2) was mixed with 0.4 mM P1000DT for 

10 mins, the reaction solution was then diluted and NPs in the solution were settled onto an 

APTES functionalised SiO2 TEM grid. Figure 6.15 shows that the settlement technique was 

able to produce a rather even distribution of NPs on the SiO2 surface, and that the immobilised 

NPs were stable after TEM imaging as well as after mounting the sample grid in anisole for 2 

or 3 imaging sections. 

 

Among the 32 NPs candidates selected for correlative imaging, using their colour in DF 

scattering as described above, all of the red-coloured candidates turned out to be small 

aggregates (3 or more NPs in close proximity within the focal volume), all of the yellow/orange 

candidates were dimers with very small gap size (<2nm), and all of the green and cyan 

candidates were elongated single AgNPs, rather than AgNP dimers with large gap size. The 

latter were found occasionally during random search (without tracking the field of view of TEM 

with the DF image, for fast searching) and captured on some of TEM micrographs (Figure 

6.17), but, due to low density, we were unable to find those dimers on the DF images. Figure 

6.16 shows correlative light TEM imaging for 2 single NPs and 3 dimers. Since the polarisation 

dependences of the NPs on the DF images were used as a guide for selecting all of the 

candidates, all of the spectra of the candidates shown here have 2 distinctive LSPR modes as 

expected. TEM micrograph shows that all of the single isolated AgNPs selected have some 

degree of asphericity. The optical properties of AgNP are highly sensitive to their size and 

shapes, and in turn also exhibit two LSPR modes as expected for an ellipsoid. The larger the 

NP is, the greater is the scattering peak amplitude (scaling as R6 in the dipole limit). The larger 

the aspect ratio, the more red-shifted is the longitudinal mode. Notably, some elongated single 

AgNPs have spectra close to a dimer (Figure 6.16 NP2). The peak amplitude of the transverse 

mode of the dimers (NP3 to NP5) were also not significantly stronger than that of a single AgNP 

in Figure 6.16, despite the fact that there were two particles in the focal volume here, possibly 

due to the different size/shapes of the NPs. This observation is not reported in the literature, 

as there were no quantitative measurements on the scattering cross-section spectra available 

previously for such comparisons. In (Yang et al. 2010), despite the fact that the candidates 

were selected under TEM, there were still a variety of sizes and shapes of the AgNP monomers 

selected for optical measurement. This might explain the poor agreement of their simulations 

that assume the AgNP monomer to be perfect spherical with the experimental data of dimers 
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with aspherical AgNP monomers. Therefore, the shape, size and the relative orientation of 

each AgNP monomer of the dimer must be taken into consideration for quantitative analysis 

and accurate modelling. 

  

NP1 

 

NP2 
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NP3 

 

NP4 

 

 

Figure 6.16 Correlative imaging results for AgNP-P1000DT dimers settled on the SiO2 TEM grid (APTES 

functionalised). Left Column Absolute absorption σabs and scattering σsca cross-section spectra of each 

imaged NP (surrounded by anisole as medium). The spectra were calculated according to Section 2.3.2. 

The parameters for the calculation were ξ =4.42, fBF = 0.137, fDF = 0.116 and ζ = 4.42 for a single AgNP 
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and ξ = 4.42, fBF = 0.148, fDF = 0.148, ζ = 5.63 for an AgNP dimer. Right Column upper panel: DF 

images, with the investigated NP indicated by a white arrow. Lower panel: TEM micrograph of the NP. 

For the single NPs, the length of the longest dimension of the single NP as well as the dimension 

perpendicular (red lines) were measured (black numbers). For the dimers, the longest axis of the dimer 

and the axis that is perpendicular to the longest axis were used as reference directions. The diameter 

(red lines) of each AgNP monomers on each axis was measured (black numbers). The interparticle 

distances on the longest axis of the dimer (yellow lines) were measured (yellow numbers). 

  

 

Figure 6.17. Dimers with various gap sizes were occasionally found on TEM micrographs of AgNP-

P1000DT dimers. 

  

6.5 Dimers in changing media 

During a random search of dimers on the grid, there were only very few dimers with gap size 

larger than 2 nm. Since those few dimers were found during TEM (i.e. they were not in the 

optically selected candidate dimer pool) they could not be correlated with DF images. The 

spectral features of the imaged AgNPs were significantly altered after electron irradiation 

(Figure 6.18). Therefore post TEM optical correlation was deemed not meaningful. It is 

surprising that we could not find a significant number of dimers with gap >2nm considering the 

polymer length of the P1000DT (see Table 6.5) and the dimer peak measured in solution at 

around 480-500 nm (see Figure 6.2) indicating an average inter-particle length of s ~7 nm. 

  

To understand this phenomenon, we investigated whether the immobilisation onto the TEM 

grid and the change of the surrounding medium from water (used in solution) to anisole (and 

eventually air and then vacuum for TEM) could be responsible for the change in inter-particle 

distance. It is well known that the LSPR peak of an AgNP red-shifts in media with higher 
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refractive index (Ghosh et al. 2004. Stewart et al. 2008). For example, comparing figure 6.2 

with figure 6.10, from water (n= 1.33) to silicone oil (n = 1.52), the LSPR peak of an average 

40 nm AgNP red shifted by 30 nm. Interestingly, when AgNP-P1000DT were settled, then 

washed with water and mounted in water without the drying step, there were a large number 

of NPs observed in DF imaging with a polarisation dependence and scattering in the green and 

cyan colour, whereas NPs scattering in the yellow and red colour were hardly found, suggesting 

that most dimers had >2nm inter-particle distances. When the same samples were 

subsequently de-mounted and dried in air, then re-mounted in anisole for DF imaging, the 

number of NPs scattering in the red and yellow did drastically increase (data not shown). This 

supports the hypothesis that the optical properties of the AgNP dimers are altered during the 

media exchange procedure, notably involving a drying step, following deposition onto the 

sample surface. 

 A)  

 

B)  
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Figure 6.18 TEM induced modification on the optical properties of a NP. A) DF image (mounted in 

anisole) of dimer g7i6p2 (white arrow) before (left) and after (mid) TEM imaging (accelerating voltage 

200 kV, beam current 101 μA, 50 to 150 pA/cm2) (right). B) Absolute absorption σabs and scattering σsca 

cross-section spectra of dimer g7i6p2 before (left) and after (right) TEM imaging. The spectra were 

calculated according to Section 2.3.2. The parameters for the calculation were: ξ = 4.42, fBF = 0.148, fDF 

= 0.148, ζ = 5.63 for AgNP dimers. 

 

The experiment shown in Figure 6.19 was designed to further investigate the effects of 

different mounting media as well as the mounting procedure on the optical properties of the 

immobilised dimers. The settlement technique and mounting procedure using a silicone isolator 

allowed us to image the same field of immobilised NPs in different mounting media. Figure 

6.20 exemplifies how all of the NPs scattering in the green and bright cyan/blue in step 1 are 

being red-shifted into yellow or red scattering NPs when transferred from water into anisole 

after drying in nitrogen in step 2. Notably, this red-shift in colour was not fully reversible after 

transferring the samples back into water again in step 4. In comparison, the weak blue NPs in 

step 1 only red-shifted into brighter blue or cyan NPs in step 2 and reversed back to the same 

colour in step 4. Statistical analysis of 120 NPs in the region confirmed this observation (Figure 

6.21): a red-shifted population was generated after first transfer from water to anisole, via a 

drying step; this red-shifted population remained stable when transferred into air and back into 

water. This suggests that the irreversible red-shift of the dimers/aggregates must be the result 

of an alteration of the dimer/aggregates inter-particle distances themselves following the media 

exchange procedure, rather than a change of the surrounding refractive index. 

  

 

Figure 6.19. Left) Photograph of the sample slide. A single large sample well was created by a silica 

isolator; the coverslip was marked with a glass cutter on the outer side, so that the same field of view 

could be found in each experimental steps. Right) schematic drawing of the experimental steps: a 

solution of AgNP-P1000DT was settled onto the inner side of an APTES functionalised coverslip. In step 
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1 the sample coverslip was washed in deionised water for 3 times; then, without drying, the immobilised 

NPs were imaged in water. In step 2, 3 and 4, the coverslip was de-mounted and completely dried under 

nitrogen gas, and the same region of the coverslip was imaged in anisole, air and water respectively. 

  

  

 

Figure 6.20 DF images of the same region on the sample coverslip were taken in the experimental 

steps shown in figure 6.19 (except DF image of step 3 which is not available as the scattered light 

from the NP in air was hardly observable). 

  

Step 1                                                                         Step 2 
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Step 3                                                                         Step 4 

 

  

Figure 6.21. Extinction images were taken during experimental step 1 to 4 in figure 6.19 by a PCO 

camera with bandpass filter 450 nm (blue channel), 550 nm (green channel) or 600 nm (red channel). 

120 NPs on each extinction image were selected for analysis by Extinction-Suite. The results are shown 

in terms of the quantified cross section in each colour channel, called σB, σG and σR, on each axis of a 

3D scatter plot, all on log scales. 

  

Figure 6.22 shows the micro-spectroscopy data of the same single AgNP in different mounting 

media. The LSPR peak of this AgNP shifted from 430 nm to 450 nm when transferred from 

water to anisole. This red-shift was completely reversed when the AgNP was transferred back 

into water, as well as the peak amplitude and position on both σsca and σabs spectra after all the 

experimental steps. This indicates that anisole as well as the mounting procedure had no 

effects on optical properties of the immobilised single AgNP. In contrast, Figure 6.23 shows 

the polarisation resolved micro-spectroscopy data in different mounting media of a NP 

scattering in the green and with a polarisation dependence (thus likely to be a dimer). The 

longitudinal mode of the NP has peak at λlong. This peak red-shifted more than the resonance 

peak (at λtrans) of the NP’s transverse mode did when the NP was transferred from water to 

anisole (Δλanisole > Δλwater with Δλ = λlong - λtrans). The Δλ further increased when the NP was 

imaged in air (Δλair > Δλanisole > Δλwater). When transferred back to water, the Δλ decreased, but 

did not reverse back to its original value. Since we have demonstrated that the experimental 
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procedure and the mounting media had no chemical effect on the individual NPs (Figure 6.22), 

the changes in Δλ were likely due to the changes in the gap-size of the NP dimer. 

 

 

 

Figure 6.22 On the sample coverslip, a single NP scattering with blue colour without strong polarisation 

response was identified on the DF image in step 1. Microspectroscopy data of this NP are plotted, as 

indicated. They were collected in different experimental steps as shown in Figure 6.19. The spectra 

were calculated according to Section 2.3.2. The parameters for the calculation were ξ =4.42, fBF = 0.137, 

fDF = 0.116 and ζ = 4.42 (for spherical NPs). 
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Figure 6.23. On the sample coverslip, a NP scattering with bright green colour and with strong 

polarisation response was identified on the DF image in step 1. Polarisation resolved microspectroscopy 

data of this NP are plotted as indicated. They were collected in different experimental steps as shown in 

figure 6.19. The spectra were calculated according to Section 2.3.2. The parameters for the calculation 

were: ξ = 4.42, fBF = 0.148, fDF = 0.148, ζ = 5.63 for AgNP dimers.  

  

A possible explanation for these observations is related to the behaviour of the polymer 

P1000DT in different media. PEG molecules, in general, are known to have ‘infinite’ solubility 

in water thanks to the large number of ethylene glycol units on the backbone (–CH2–CH2–O–

). The nonbonding electron pairs on the oxygen atoms of the ether group allow each unit to 

form hydrogen bonding with a range of molecules. NMR studies and dynamic stimulations 

(Lusse and Arnold 1996. Tasaki 1996) show that, in aqueous solution, PEG (15 ethylene oxide 

units) molecules prefers trans-gauche-trans over all trans conformation, which allows one 

water molecule to form a hydrogen bonding bridge between two adjacent ether groups on the 
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backbone of the PEG, and the whole PEG molecule prefers a helix structure. An extended 

network of PEG-water and water-water hydrogen bonds were found inside the helix that 

enhances the stability of the secondary structure. PEG with a longer chain will start to coil up. 

In a good solvent such as water, each PEG molecule forms expanded coils; the size of coil is 

measured as Flory radius, which can be calculated knowing its size (a) and number of the 

ethylene oxide unit (N) (Elbert and Hubbell 1996. Polymer Handbook 1966): 

RF = aN3/5       (6.1) 

P1000DT has N=21 and each ethylene oxide unit has size a = 0.35 nm, therefore, P1000DT 

has RF = 2.17 nm in aqueous solutions. The morphology of the grafted PEG molecules on the 

surface of AgNPs also depends on the PEG grafting density (Su et al. 1997). At lower grafting 

density, when the distance (D) between grafting terminals of the PEG chain is larger than the 

Flory radius of the polymer (D > RF), the surface polymers will be predominantly in their 

mushroom conformations, so the coating of the AgNP is relatively thin with its thickness close 

to RF. On the other hand, at higher grafting density (D < RF), the surface polymers will be 

predominantly in their brush conformations, and the coating thickness is greater than 2*RF 

(4.34 nm for P1000DT) (Damodaran et al. 2010). In our reaction solution, 420 μL of 40 nm 

AgNP with OD400nm = 0.2, should contain 0.45 x 1010 particles/mL, which have 2.3 x 1013 nm2 

total surface area. 0.4 mM P1000DT in 420 μL should contain 10.12 x 1016 P1000DT 

molecules, thus, there were plenty of polymers in solution to fully cover the AgNP surface with 

maximum possible density. It is well known that thiol has high affinity toward silver and gold 

surfaces, and each P1000DT has 2 thiol groups. Furthermore, the polymers were adsorbed 

onto the surface of AgNPs soon after mixing (see the small red shift in the spectra of the 

reaction solution in Figure 6.3). Therefore, the grafted P1000DT is very likely to have Rf > D, 

and the polymers should adopt the brush conformation with the coating thickness (L) larger 

than 2*RF (4.34 nm) and up to the contour length of 7.35 nm (see Table 6.5). This determines 

the possible range of interparticle distances in aqueous solution, and is consistent with the fact 

that the spectrum of a dimer in water had a relatively small Δλwater (Figure 6.23). This predicted 

range is also consistent with the observations reported in the literature: as described in Chapter 

1, the ‘’plasmon ruler equation’’ (eq 1.6) in (Yang et al. 2010) is a reasonable fitting of their 

measured spectroscopy data. According to this equation, the dimer with fractional shift 

Δλwater/λmonomer= 0.089 (Figure 6.23) should have an interparticle distance of about 8 nm. 
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Conversely, PEG molecules have very limited solubility in anisole. In a poor solvent, PEG 

molecules form collapsed coils, which have a reduced Flory radius (Elbert and Hubbell 1996. 

Polymer Handbook 1966): 

  R’F = aN1/3      (6.2) 

P1000DT has R’F = 0.98 nm in anisole, which explains the TEM data in Figure 6.16, where the 

average gap size from all the dimers with small gap-size is about 1.4 nm. The small number of 

dimers with larger gaps found on the TEM micrograph might not be linked by P1000DT, but 

the result of monomers being close to each other randomly during the immobilisation steps. 

On the other hand, the conformational change of the grafted polymer in different media alone 

might not be sufficient to explain our results, especially considering that we observed 

irreversible changes. We believe that the shortening of interparticle distance was initiated 

during evaporation of water on the grid after step 1 (Figure 6.19), as we always observed a 

large number of NPs scattering in the red/yellow colour on the DF images when dimer samples 

were prepared after drying (data not showed). This is because the PEG coated NPs are 

immobilised on an APTES functionalised surface via a network of hydrogen bonding (Scheme 

6.8 C) between the APTES on the substrate and the expanded PEG backbones, which were 

easily disrupted during evaporation. As the hydrogen bonds in the dry area started to break, 

new hydrogen bonds started to form in the wet area. The AgNP-P1000DT dimers only have a 

few nanometre gap-size (< 7.35 nm), and the PEG molecules in general have high affinity 

toward to water molecules, therefore, the water droplets were likely to be trapped around each 

dimers in the later stage of complete evaporation. Thereby the capillary action accompanied 

with the shifting hydrogen bonding network was able to pull the NPs closer to each other. After 

drying, the position of the NPs was stable on the grid when the NPs were imaged in different 

media as well as under the electron beam. The interaction between the NPs and the substrate 

in anisole and air might have changed from water mediated hydrogen network to a more stable, 

water free, hydrogen bonding between the ether groups of P1000DT and the amine group of 

APTES (Scheme 6.8D) as well as a strong amine-Ag bonding (the coating was reduced to 

about 1 nm). Notably, Figure 6.23 shows that after the drying in step 1, Δλ of the same dimer 

in each media were different (Δλair > Δλanisole > Δλwater), which might at first suggest that the gap 

size of the dimer is different in each media. However, the ‘’plasmon ruler equation’’ is 

insufficient for dimers with small gap-size: when the interparticle distance decreases below 2 

nm, the λlong does not further red-shift, instead, it becomes broadly distributed (Yang et al. 

2010). Moreover, the effects of the surrounding environment on Δλ of a dimer immobilised onto 
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a surface have not yet been studied in the literature. Therefore, we need to confirm 

experimentally whether the gap-size of a dimer after immobilisation on the surface in our 

samples is stable or not in anisole and air. One simple way for such test will be to carry out the 

experiment in figure 6.19 and repeat the step 2 and 3 for a number of times and compare the 

spectra of the dimer in each repeat; Δλ should be the same if the gap-size is stable. Work is 

also ongoing to simulate the experimental spectra, for example in Fig 6.16, with numerical 

models taking into account the dimer geometry from the TEM images. These simulations might 

confirm if the gap distances observed in air in TEM are indeed consistent with those deduced 

from the measured spectra in anisole. 

  

As concluding remark, the spectroscopy results for the AgNP dimers in the reaction solution 

(Figure 6.2 and 6.6) have shown the potential to use PxDT for fabricating dimers with various 

gap size in aqueous solutions. However, since HR-TEM strictly require dried sample, our 

methodology described above is not suitable for fabricating dimers with large gap-size for 

correlative studies. From the discussion above, we believe this is mainly because the drying 

procedure irreversibly disrupts the NPs-substrate interaction and shortens the gap size. A 

possible solution is to immobilise NPs with stronger bonding. (Yang et al. 2010) functionalised 

the substrate with BSA-Biotin, and the NPs with Neutravidin. TEM images showed that the NPs 

position and gap-size were unchanged before and after optical measurements. To achieve that 

in our case, the amine group on APTES can be conjugated with the thiol group on P1000DT 

via succinimidyl trans-4-(maleimidylmethyl) cyclohexane -1 - carboxylate (SMCC).  

 

A numerical simulation (FEM method) with COMSOL is currently being developed in the group 

(Dr Attilio Zilli and Dr. Samir Vartabi Kashanian) to better understand the correlative data 

obtained and the optical properties of the AgNP dimers. 
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Conclusion 

 

The focus of this thesis was to investigate the optical properties of individual metallic 

nanoparticles of non-trivial shape (i.e. beyond quasi-spherical), which in turn have the potential 

to be exploited in innovative bioimaging and biosensing platforms. A significant effort was 

devoted both to fabricate novel particles, as well as to develop a quantitative correlative 

optical/TEM imaging method to study individual nanoparticles, for an in-depth understanding 

of how the morphology of a nanoparticle affects its optical properties.  

  

In this thesis Ag bipyramids, tetrahedra, bi-tetrahedra, decahedra were fabricated by plasmon 

mediated photochemistry (Chapter 5), as well as Ag nanodimers from monomers using 

polymer mediated self-assembly (Chapter 6). For quantitative optical micro-spectroscopy, a 

method developed in our lab (Dr. Zilli PhD thesis and his unpublished work) was implemented 

which allows to measure the absolute optical cross-sections (absorption and scattering) of 

individual NPs on a solid substrate (Chapter 2). A correlative optical/TEM imaging method  was  

developed for investigating the optical properties of AgNPs with different shapes and structure 

(Chapter 3), including commercially-available Ag-cubes (Chapter 4), as well as the in-house 

fabricated AgNPs of various shapes mentioned above. Importantly, the developed correlative 

imaging technique allow to directly compare the quantitative experimental measurements with 

EM simulations of the optical properties of AgNPs of a given shape/size using numerical 

modelling tools. 

 

The NP settlement technique (Section 3.1.3) is essential for our correlative work. It not only 

produces a “clean” sample (without concentrating solutes onto the NP and substrate) but also 

evenly distributes NPs onto a glass substrate with surface density control. It has been 

demonstrated here that polymer-coated (PEG or PVP molecules) or sodium citrate coated 

AgNPs were immobilised onto APTES functionalised substrate via amine mediated hydrogen 

bonding (Scheme 6.8). This NP-substrate interaction was capable holding AgNPs in position 

after repetitive mounting of the sample in different media (both polar and non-polar solvents) 

and TEM imaging with large angle tilting (± 50°). Primary amine is one of the most commonly 

used functional groups in organic chemistry and biochemistry due to its reactivity in aqueous 

solution; this provides the possibilities of chemical modification of the substrate surface for 

different samples requirements. Amine group itself also have strong affinity toward gold and 
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silver surfaces (Kumar et al. 2003. Poblete et al. 2017). Furthermore, various organosilicon 

compounds such as (3-Mercaptopropyl) trimethoxysilane are commercially available, which 

can be easily incorporated into our substrate modification protocol to suit different samples.  

 

As shown in this thesis, the optical properties of MNPs can be significantly affected by TEM 

(Figure 1.2 and Figure 6.18), thus for correlative studies the optical measurements should 

always be carried out before TEM, and the exposure during TEM should be minimised to image 

an unaltered NP shape. In this work, It has been proven that anisole is an excellent mounting 

medium for this purpose: it is chemical inert to silver, it is miscible with commonly used organic 

solvent (allows phase transfer) and it evaporates completely in a short time. Furthermore, 

anisole has a refractive index close to that of glass and silicon oil, meaning that the optical 

cross section of NP can be measured in an index-matched environment. Moreover, our sample 

mounting technique allows us to carry out optical measurements of the same sample in various 

media and, in turn, to study the NP response to different dielectric environments.  

 

As proof of concept, the correlative optical/TEM studies were carried out on commercially 

available Ag-nanocubes. By combining our sample mounting techniques with our quantitative 

microspectroscopy data analysis, there were good agreements between the measured spectra 

and spectra calculated through numerical simulations (with COMSOL) using the size/shape 

information from TEM data of the same NP. 

 

A plasmon mediated photochemistry method were developed, which was used to fabricate 

AgNPs with different shapes and sizes. TEM micrographs showed that the purified product 

solution from irradiation with a 447 nm LED contains Ag tetrahedra (14 %), bi-tetrahedra (6%), 

decahedra (75%) and irregular shapes (8%) with different sizes. Because our focus is on single 

NP studies, the polydispersity of the product solution came to our advantage, and correlative 

studies of those various AgNPs on the same sample grid was carried out. The experimental 

data here show how the size and edge rounding of the decahedra and bi-tetrahedra affect their 

LSPR peak position and amplitudes. The next steps in this work will be to use our wide field 

extinction analysis (Payne et al. 2018) to study the crystal evolution pathways during irradiation. 

The ensemble statistics from wide field extinction will allow us to track how the optical 

properties of the various seeds population change with irradiation time. This type of kinetics 

studies on a solid phase are possible, thanks to the settlement technique (clear sample and 
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short preparation time). Combined with our quantitative micro-spectroscopy and correlative 

imaging methods, these future experiments will enable us to elucidate complex kinetic 

problems in colloid chemistry. 

 

Polymer linkers (PxDT) were used to fabricate dimers with various interparticle distances. It 

was demonstrated that the linkers are able to induce self-assembly of AgNPs in aqueous 

solution, and this reaction can be quenched via a thiol capping agent. By using low 

concentration of AgNP (in pM) and high concentration of polymer linker (mM), the self-

assembly process can be slowed down. Thanks to the short preparation time of the NP 

settlement techniques (5 to 10 mins), a large number of dimers in the reaction solution during 

the early stage of the self-assembly process were immobilised onto the substrate. The UV-Vis 

spectroscopy data of the reaction solution showed that the interparticle distance of the dimers 

can be controlled by using polymer linkers with different contour lengths. However, ensemble 

statistical wide field extinction analysis of samples settled on the substrate from different stages 

of our dimer preparation protocol showed that the interparticle distances of the dimers 

shortened irreversibly following a drying step. This was further corroborated by quantitative 

micro-spectroscopy of the same nanoparticle under different media, where the medium 

exchange involved a drying step. We believe, this is mainly due to the fact that the small (<8nm) 

interparticle gaps (filled with soft and hydrophilic polymers) are good sites for trapping water 

during the later stage of the evaporation. Therefore, the hydrogen bonding are disrupted 

unevenly as the water on the outer surface of the dimer dries out before doing so in the gap; 

this helps the capillary action to pull both AgNPs toward to the gap centre. Further chemical 

modification of the substrate and the AgNP surfaces are required to overcome the capillary 

action, which will be investigated in future studies.  

 

Overall we believe this work has laid the foundation toward fabricating and charactering novel 

Ag nanoparticles with a much better understanding of the link between their morphology and 

optical properties, which could be a great use for future applications of these nanoparticles as 

novel optical bio-labels and/or bio-sensors.  
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