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Abstract

Silica-based nanomaterials are central to catalysis, coatings, and sustainable technolo-

gies, yet their rapid and reliable characterisation remains challenging. Traditional meth-

ods such as nuclear magnetic resonance (NMR) spectroscopy using the 29Si isotope

provide limited structural information, while scattering and microscopy techniques are

complex and unsuitable for routine or industrial use. This thesis addresses this gap by

developing a fluorescence-based nanometrology platform that combines advanced spec-

troscopy and microscopy with computational modelling, offering a scalable framework

for particle sizing and mechanistic insight.

Molecular dynamics (MD) simulations and density functional theory (DFT) calcu-

lations were used to investigate the interactions of Rhodamine 6G (R6G) with silica

nanoparticles (SNPs). Adsorption strength was found to depend on nanoparticle cur-

vature, crystallinity, and pH, with larger SNPs and hydroxyl-rich surfaces favouring

stable binding. Crucially, adsorption occurred even at the isoelectric point, highlight-

ing the role of van der Waals forces beyond electrostatics. Simulations also showed R6G

dimerisation, which quenches fluorescence, occurs primarily in solution rather than on

the silica surface due to structural constraints, providing a molecular-level explanation

for how adsorption and aggregation influence fluorescence.

Experimental validation used time-resolved fluorescence anisotropy and fluorescence

recovery after photobleaching (FRAP). Anisotropy-based methods yielded reliable hy-

drodynamic radii for sodium silicate systems, agreeing with small-angle X-ray scattering

(SAXS), and demonstrated the influence of dye flexibility on size determination. FRAP
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proved particularly powerful, resolving distinct particle populations in complex colloids

and detecting changes in viscosity, dye concentration, and aggregation. Larger SNPs

consistently exhibited stronger dye binding and more stable fluorescence, confirming

computational predictions.

This work unites modelling and experiment to create a multiscale fluorescence-based

nanometrology approach. Compared with dynamic light scattering (DLS), transmis-

sion electron microscopy (TEM), or SAXS, the platform offers rapid, non-invasive,

and sample-efficient characterisation. Its ability to probe both average and spatially

resolved particle sizes provides new insights into colloidal stability and structural evolu-

tion. Beyond advancing fluorescence imaging as a nanometrology tool, the results high-

light broader opportunities for integrating simulation and spectroscopy in the study of

soft matter and industrially relevant materials.
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line marks the 5 Å distance from the SNP surface. (b) 40cSNP7–R6G

complex with visualised dipole moments. . . . . . . . . . . . . . . . . . . 121

6.13 COM distance plots for 20qSNPs. a) Simplified COM distance plot for

two best adsorbing R6G molecules, R6G 1 (blue) and R6G 2 (red) for

20qSNP7; b) Simplified COM distance plot for two best adsorbing R6G

molecules, R6G 1 (blue) and R6G 2 (red) for 20qSNP12. The grey line
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Chapter 1

Introduction

Sodium silicates, or waterglass, have been known since at least the early Roman Empire,

with Pliny the Elder documenting the accidental discovery by Phoenician mariners who

observed transparent streams of liquid formed by combining sand and soda during meal

preparation [1, 2]. This substance, later recognised as sodium silicate, became more

widely understood through the work of alchemists and scholars during the 17th and

18th centuries, including Goethe [3]. However, it was Johann Nepomuk von Fuchs [4]

who coined the name “waterglass” and highlighted its industrial potential.

Since then, sodium silicates have grown into one of the most widely used indus-

trial chemicals, with applications spanning detergents [5], adhesives [6], sealants [7],

catalysts, and more. In 2022, the global sodium silicate market size was valued at

$11.25 billion, growing at a compound annual growth rate of 4.2% [8]. Other deriva-

tives, such as zeolites and precipitated silica, are anticipated to drive the demand even

further. Moreover, the ability of sodium silicate to transform into silica gel expands

its applications to such fields as catalysis [9], drug delivery [10], and final polishing of

silicon wafers used in the semiconductor industry [11,12].
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Figure 1.1: Pliny’s account of Phoenician mariners, often cited as the earliest descrip-
tion of sodium silicate (“water glass”) formation. Reproduced from [13] with permission
from Elsevier.

The widespread success and versatility of waterglass stem from several factors,

including its relatively low cost, abundance, alkalinity, buffering capacity, emulsifying

properties, non-toxicity, and ability to regulate viscosity [13,14]. Given the versatility of

sodium silicate applications, gaining insight into its properties is essential in achieving

better control over the production process and overall sustainability.

1.1 Unravelling the Chemistry of Sodium Silicates

Though widely used today, sodium silicates have long been a subject of scientific in-

trigue. Their complex chemistry, consisting of water, anionic silicate species, and

sodium cations in dynamic equilibrium, has sparked curiosity for centuries. Despite

their early discovery and use, the exact nature of silicate species in waterglass re-

mained speculative for years, with many dismissing their study as impractical [15]. As

methods advanced, however, a clearer picture emerged. Early pioneers, such as Lentz

in 1964 [16], challenged outdated theories and unveiled the true structure of silicate
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anions in alkaline solutions, revealing that they are not monomeric as once thought.

Raman spectroscopy further disproved prior assumptions, confirming that silicon

in these ions is coordinated with four oxygen atoms, not six [17]. Since the 1970s,

Nuclear Magnetic Resonance (NMR) spectroscopy has become the main tool used to

characterise sodium silicates, allowing the identification of many distinct silicate species

present [18–20]; however, it does not provide any quantitative data about the sizes of

the species. In 29Si NMR spectroscopy, each silicate species has assigned “Q-units”,

depending on their connectivity. This was first introduced by Engelhardt et al. [21],

where five main classes of NMR signals have been identified and labelled as Qn, where Q

represents the fourfold coordinated silicon atom and n indicates the number of neigh-

bouring silicon atoms linked through an oxygen atom. While NMR sounds like an

ideal method for sodium silicate analysis, it requires expensive and sophisticated labo-

ratory equipment with properly trained personnel. Furthermore, the experiments are

notoriously slow and require sample preparation, such as dilution and 29Si enrichment.

These factors, combined with the potential challenges in spectrum assignment, make

NMR less practical, particularly for industrial application. Nevertheless, over time, 29Si

NMR spectroscopy has identified more than fifty distinct silicate species, significantly

enriching our understanding of silicate chemistry [13].

1.2 From Monomers to Colloids: Speciation in Sodium

Silicate Solutions

The chemistry of sodium silicate is highly dependent on its composition, particularly the

SiO2:Na2O molar ratio, which dictates the size and complexity of the silicate species.

Sodium silicate solutions contain a dynamic mixture of monomeric, oligomeric, and

polymeric silicate species, held in equilibrium by sodium cations that balance the neg-

ative charges on the silicate anions. At low SiO2:Na2O ratios (below 1.6), the solutions

are dominated by small species such as monomers (Q0) and dimers (Q1). As the ratio

increases to between 2.0 and 3.0, larger cyclic and branched silicate structures (Q2 and

Q3) become more prominent, forming more complex oligomers and small clusters.
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When the SiO2:Na2O ratio exceeds 3.0, highly polymerised species (Q4) emerge,

forming dense colloidal particles and three-dimensional networks characteristic of silica

gels. This increasing polymerisation reflects the condensation of silicate species, where

silicon atoms become increasingly connected through bridging oxygen atoms. The

transition from small soluble species to colloidal particles is confirmed by small-angle

X-ray scattering (SAXS) and dynamic light scattering (DLS), which reveal that particle

sizes grow from a few nanometres at low ratios to over 100 nm at higher ratios [22,23].

Figure 1.2: 29Si NMR spectra of sodium silicate solutions with varying SiO2:Na2O
ratios, showing Qn species assignments. Reproduced from [24].

Spectroscopic techniques such as Raman and Fourier Transform Infrared Spec-

troscopy (FTIR) further support this trend, showing shifts in vibrational modes asso-

ciated with increasing Si–O–Si connectivity as the ratio rises [25–27]. However, sodium

cations play a crucial role in this process. By balancing the negative charges of sili-

cate anions, they influence the degree of polymerisation and the stability of the species

in solution. Lower sodium content promotes condensation and gelation, while higher

sodium concentrations stabilise smaller species and prevent aggregation [28]. This del-

icate balance underlies the complex behaviour of sodium silicate solutions and their

versatility in industrial applications.
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1.3 Beyond Conventional Characterisation of Sodium Sil-

icates

Still, despite decades of research, much of the chemistry, stability, and speciation of

sodium silicates remains unclear. The process of transforming waterglass into silica gel,

essential for a variety of industries, is similarly underexplored. Some even argue that

the preparation of silica gels has become more of an art than a science, guided more by

tradition than fundamental principles [29]. A deeper understanding of waterglass, from

its speciation to condensation and gelation mechanisms, is crucial for optimizing its use

in advanced applications. However, gaps in knowledge persist, and the limitations of

current methods hinder further progress. There remains a pressing need for more refined

techniques to fully unlock the potential of sodium silicates and bridge these knowledge

gaps. Therefore, an inexpensive, simple, and non-invasive technique to characterize

sodium silicates is urgently needed. Commonly used techniques such as transmission

electron microscopy (TEM) and DLS, while managing to capture the polydispersity

of the samples, require complex sample preparations which can potentially alter the

silicate speciation or are not sensitive to sizes below 10 nm [30, 31]. Other techniques,

such as SAXS, are completely inappropriate for industrial applications due to their high

running costs and complexity. Additionally, contaminants must be accounted for, as

metal ions tend to act as aggregation seeds, thus further impacting the size of individual

species [32].

Rhodamine 6G (R6G) has been successfully employed as a fluorescent label to

investigate silica colloids and to monitor sol–gel transitions in sodium silicate sys-

tems [33–35]. R6G, also known as Rhodamine 590, is a xanthene dye frequently used

in dye lasers and as a fluorescent tracer [36]. It exhibits exceptional photostability in

various solvents and a wide pH range while maintaining a high quantum yield [37]. Its

chemical structure, consisting of a xanthene core with three aromatic rings in a single

plane, its hydrophobicity, and cationic charge allow it to easily bind to a wide range

of compounds, such as silica nanoparticles [38], sodium silicates [39], gold nanoparti-
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cles [40,41], titanium dioxide nanocomposites [42], and graphene [43,44]. Additionally,

R6G can be used as a sensor for mercury (II) detection in water [45] and for the specific

and sensitive detection of nitrite [46]. The dye can be used to label silica nanoparticles

electrostatically [35], and then time-resolved anisotropy measurements can be used to

obtain the average particle size in sodium silicate, which showed perfect agreement

with SAXS-obtained results [39]. However, the demonstrated anisotropy approach is

incapable of assessing the size distribution and is limited to average size only.

Figure 1.3: Front cover image of Langmuir, July 29, 2025, Vol. 41, Issue 29. Artistic
representation of Rhodamine 6G adsorption onto a silica nanoparticle. Reproduced
with permission from ACS. © American Chemical Society.
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1.4 From Atoms to Clusters: Modelling Sodium Silicates

The complexity of sodium silicate solutions extends beyond what experimental tech-

niques alone can capture. Molecular modelling has become a powerful tool for under-

standing the complex behaviour of silicate-based systems at the molecular level [47–52].

Over the past three decades, computational studies have provided valuable insights into

the mechanisms driving silica polymerisation, complementing experimental data where

direct observation is challenging and often impossible. These models cover a broad

range of scales, from quantum mechanical (QM) methods at the atomic level to larger-

scale molecular dynamics (MD) and mesoscale models. However, the detail each model

can capture is often limited by the length and timescale it can handle, making it nec-

essary to choose the right approach for the system of interest carefully.

Silicate polymerisation, which is essential in forming higher order structures in high

ratio silicates and central to the sol–gel process, has been extensively studied using ab

initio methods [47,53–55]. These studies suggest an ionic two-step mechanism involving

penta-coordinated silicon intermediates. In the first step, a negatively charged silica

oxygen attacks the silicon atom of another monomer, forming a penta-coordinated

intermediate. In the second step, a water molecule is released, leading to condensation.

Trinh et al. [47] showed that the ionisation of silanol groups promotes condensation,

while White et al. [49] demonstrated that the Gibbs free energy of deprotonation and

dimerization reactions depends strongly on the pH of the solution.

MD simulations have provided further insights into the kinetics of polymerisation.

Trinh et al. and Pavlova et al. explored the early stages of condensation, showing

that energy barriers for silica polymerisation are significantly higher in water than

in the gas phase, highlighting the crucial role of the surrounding solvent [48, 56]. The

influence of sodium ions has also been investigated, with findings suggesting that sodium

disrupts hydrogen bonding between water molecules, inhibiting silica dimerization and

trimerization.

On a larger scale, MD simulations have tracked the formation and growth of sil-

icate clusters. Rao and Gelb simulated the polymerisation of hundreds of silicate
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monomers at high temperatures and observed the formation of elongated clusters, indi-

cating that more refined reactive potentials may be needed to accurately capture these

processes [57]. Kamińska et al. proposed a four-step mechanism involving the formation

of small species, growth into larger clusters, dissolution of intermediates, and eventual

stabilisation in equilibrium with smaller species [58].

Despite these advances, challenges remain. QM methods are limited to small sys-

tems, while MD simulations are constrained by computational cost, simulation time,

and the accuracy of the force fields used to describe silicate interactions. Developing

reliable force fields for silicate systems is particularly challenging due to the complex

nature of Si–O bonding and the influence of solvent and counterions [59]. While classi-

cal force fields can capture general trends, they often struggle to accurately reproduce

reaction barriers and local structural details, highlighting the need for more refined

models. Coarse-grained and kinetic Monte Carlo (kMC) models provide alternatives,

allowing the study of larger systems over longer timescales, but integrating these ap-

proaches with atomistic models remains a challenge. As computational power and

modelling techniques continue to improve, molecular modelling is expected to uncover

even deeper insights into the dynamics of silicate solutions.
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Figure 1.4: Schematic illustration of silicate species and sodium ions in a droplet of
sodium silicate solution. The grey sphere indicates a colloidal particle that may form
in concentrated solutions. Reproduced from [13] with permission from Elsevier.

1.5 From Photons to Particles: Fluorescence in Silicate

Characterisation

Understanding the influence of sodium ions and the dynamics of silicate clustering

naturally raises the question of how to characterise these processes, particularly the

size of silicate species. This is where fluorescence-based methods come into play. By

directly probing the motion and interaction of silicate species in solution, fluorescence

techniques can provide a direct measure of size distribution, complementing the struc-

tural insights gained from MD simulations. Fluorescence techniques predominantly

involve the emission of light by fluorescent molecules (or fluorophores) following their

absorption of light at shorter wavelengths. These techniques can be classified into

steady-state and time-resolved methods. Steady-state fluorescence techniques measure
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the time-averaged intensity of emitted light under continuous excitation, providing

insights into the concentration, environmental characteristics, and interactions of fluo-

rescent molecules. On the other hand, time-resolved techniques, such as time-resolved

fluorescence anisotropy and fluorescence correlation spectroscopy (FCS), analyse the

dynamics of fluorescence emission, providing insights into molecular motion, particle

size, and interaction kinetics. Due to their high sensitivity, these techniques can detect

subtle changes in molecular environments, making them ideal for studying complex

systems like silicate solutions.

Among these methods, Fluorescence Recovery After Photobleaching (FRAP) stands

out [60]. FRAP was first introduced by Daniel Axelrod in 1976 as the method used

to measure the diffusion of fluorescently labelled particles attached to the cell mem-

branes [60]. Since then, it has been widely used to study various biological systems

and the photobleaching properties of fluorescent molecules [61]. Since the rise of the

popularity of confocal laser scanning microscopes (CLSM), FRAP has become one of

the main tools for studying diffusion in cells and other biological systems, protein diffu-

sion and their interactions by labelling them with extrinsic fluorophores [62,63]. FRAP

is a technique used to measure the lateral mobility of fluorescently labelled molecules

within a specific region of interest. In a typical FRAP experiment, a defined area of a

sample is rapidly photobleached using a high-power laser, which irreversibly bleaches

the fluorophores in that region. The recovery of fluorescence is then monitored over

time as unbleached molecules from the surrounding area diffuse into the bleached re-

gion. By analysing the recovery curve, key parameters such as the diffusion coefficient,

mobile fraction, and binding interactions of the labelled molecules can be extracted,

providing valuable insights into the dynamic properties of the system under study.

The main advantages of FRAP are its non-invasiveness, high specificity, and relative

experimental simplicity. However, despite its advantages, there are some limitations.

The recovery of fluorescence in a region of interest is often assumed to follow simple

diffusion models, which may not always be accurate in more complex systems [64, 65].

For example, in systems with membrane microdomains or highly viscous environments,

diffusion may be hindered, leading to deviations from ideal recovery curves [64,66,67].
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Additionally, FRAP measurements can be influenced by factors such as bleaching effi-

ciency, fluorophore concentration, and the intensity of the laser, all of which need to be

carefully controlled to obtain reliable results [60, 68, 69]. Furthermore, while FRAP is

powerful, its interpretation often relies on assumptions of homogenous recovery, which

may not hold in all cases [70]. Despite these challenges, FRAP remains a widely used

and valuable tool for studying molecular dynamics in living cells [63, 64,71].

1.6 Towards a Fluorescence-Based Metrology of Silicates

This thesis aims to apply FRAP for measuring the size distribution of sodium sili-

cates, a key step towards developing an application in nanometrology. By leveraging

the principles of FRAP in the context of nanoparticle diffusion, this research aims to

contribute to the precision measurement of nanomaterials, which could have significant

implications for various fields, including materials science and nanotechnology.

When utilised for sodium silicate characterisation, fluorescence methods, particu-

larly FRAP, present notable advantages compared to traditional techniques. In contrast

to NMR, which is costly and time-consuming, FRAP is faster, straightforward to exe-

cute, and doesn’t necessitate intricate sample preparation. Additionally, FRAP can be

customized to observe the diffusion of labelled silica nanoparticles across various me-

dia, enabling the direct measurement of particle dynamics and size distribution in situ.

The technique’s capacity to monitor particle diffusion over time renders it especially

beneficial for characterising silicates at different processing stages, eliminating the need

for complicated sample handling. Furthermore, FRAP can be combined with other

fluorescence techniques, like fluorescence lifetime imaging (FLIM), to yield detailed in-

sights into the local environment of silicate particles, including their interactions with

solvents, surfactants, or other additives.

However, a key challenge in applying fluorescence-based methods to sodium silicates

is that silicate species are non-fluorescent. To address this, fluorescent dyes need to

be introduced to label the silicate particles. The success of this approach depends on

how the dye interacts with the silicate network, which could alter diffusion and size
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distribution. Therefore, exploring these interactions at the molecular level is crucial;

since this is impossible to study experimentally, computational methods must be used.

The first half of the results chapter of this thesis (Chapters 6 and 7) focuses on

MD and density functional theory (DFT) simulations to study the binding modes, sta-

bility, and structural effects of fluorescent dye R6G on silica nanoparticles. The second

half (Chapters 8, 9, and 10) applies this knowledge to guide fluorescence experiments,

developing a FRAP-based method to measure the size of silicate species.

• Chapter 2 outlines the theoretical foundation of MD and DFT simulations. It

describes the key principles behind MD, including force fields, potential energy

functions, and integration methods, and discusses how these simulations provide

atomic-level insight into molecular interactions.

• Chapter 3 introduces DFT as a complementary approach for refining interaction

parameters and understanding electronic structure.

• Chapter 4 outlines the theoretical background of fluorescence, covering the key

principles behind fluorescence emission, quenching, and the factors that influence

fluorescence behaviour in solution.

• Chapter 5 describes the fluorescence techniques used in this research, including

steady-state fluorescence measurements, time-correlated single photon counting

(TCSPC), anisotropy decay analysis, and FRAP.

• Chapter 6 explores the adsorption dynamics of R6G onto silica nanoparticles

(SNPs), examining the effects of crystal structure, particle size, and pH on adsorp-

tion stability. It discusses how molecular dynamics simulations provide insight

into the adsorption mechanisms, highlighting the role of electrostatic interactions,

van der Waals forces, and surface ionization in determining the stability and mo-

bility of the dye-SNP complex.

• Chapter 7 examines the dimerisation dynamics of R6G in the presence and

absence of SNPs, focusing on the role of π-π stacking interactions and the com-

petition between adsorption and dimer formation. Using a combination of steered
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molecular dynamics (SMD) and DFT calculations, the chapter explores the sta-

bility, binding energies, and molecular conformations of R6G dimers, highlighting

the influence of SNP size, surface charge, and solution pH on dimerisation be-

haviour.

• Chapter 8 presents a novel approach to nanoparticle metrology of sodium sili-

cates using time-resolved multiplexed dye fluorescence anisotropy, complemented

by SAXS. It explores the adsorption behaviour of R6G on silicate nanoparticles,

detailing the influence of dilution, temperature, viscosity, and dye aggregation on

fluorescence anisotropy measurements, while validating the results through SAXS

and molecular dynamics simulations presented in Chapter 6.

• Chapter 9 explores the use of FRAP to measure the size distribution of colloidal

SNPs in binary mixtures. It describes how LUDOX HS40 and AS40 colloids were

labelled with R6G and measured using FRAP under different mixture ratios and

dye concentrations. The chapter discusses the analysis of FRAP recovery curves

using different fitting models and how machine learning (ML) techniques were

used to improve the accuracy of size estimation. The results demonstrate that

FRAP can successfully distinguish between different nanoparticle sizes in mixed

systems, offering a simple and effective alternative to more complex methods like

SAXS or TEM.

• Chapter 10 applies the FRAP-based methods established in Chapter 8 to sodium

silicates, exploring whether particle sizes differ for silicates prepared from differ-

ent materials but with identical ratios. The chapter compares FRAP results

with industry-standard NMR measurements, evaluating the strengths of FRAP

in characterising complex silicate systems. The findings reveal variability in sili-

cate particle sizes and demonstrate FRAP’s potential as a reliable and insightful

alternative to NMR.

• Chapter 11 summarises the key findings of the study and outlines directions

for future research, including potential improvements to the FRAP methodology
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and its broader application to diverse silicate systems.

1.7 Research Hypothesis and Objectives

Hypothesis

The central hypothesis of this thesis is that FRAP can resolve particle size distribu-

tions in sodium silicate solutions that remain inaccessible to conventional techniques

such as NMR. Specifically, it is proposed that silicate solutions of identical molar ratios

may nevertheless display very different particle sizes, influenced not only by stoichiom-

etry but also by preparation route, impurities, and processing conditions. By directly

probing diffusion, FRAP provides a simple, non-invasive, and scalable approach to

nanometrology that complements or surpasses traditional methods.

A critical requirement for this approach is the ability to label silicate particles

with a fluorescent probe. In this work, R6G is used due to its straightforward elec-

trostatic adsorption onto silica surfaces, which avoids the need for complex covalent

functionalisation or chemical modification. The central assumption is that the adsorp-

tion behaviour of R6G governs the sensitivity and reliability of fluorescence-based size

measurements. To underpin this, MD and DFT simulations are employed to elucidate

the stability, orientation, and aggregation behaviour of R6G at silica interfaces and in

solution, ensuring that experimental fluorescence signals can be correctly interpreted.

Research Objectives

1. Molecular-scale modelling of dye–silica interactions

• Use MD simulations to investigate the adsorption of R6G on silica nanopar-

ticles under varying conditions (pH, surface chemistry, particle size).

• Explore R6G dimerisation with MD and DFT to quantify binding energies,

electronic structure changes, and potential fluorescence quenching pathways.

2. Photophysical characterisation of dye behaviour
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• Perform steady-state absorption and emission spectroscopy to establish base-

line behaviour of R6G in solution and in the presence of silica nanoparticles.

• Employ fluorescence anisotropy to measure nanoparticle size in model sys-

tems and benchmark against SAXS.

• Use time-resolved fluorescence to distinguish bound from unbound dye pop-

ulations and to probe microenvironmental effects.

3. Development and application of FRAP methodology (core objective)

• Establish and optimise a FRAP protocol for nanoparticle characterisation.

• Validate the method on model colloidal systems (LUDOX HS40 and AS40)

to test reproducibility and sensitivity.

• Apply FRAP to sodium silicate solutions to extract diffusion coefficients

and particle size distributions, with emphasis on distinguishing silicates of

identical molar ratio but different preparation histories.

4. Complementary validation approaches

• Benchmark FRAP-derived particle sizes and diffusion coefficients against

SAXS.

• Compare FRAP and NMR measurements, highlighting cases where FRAP

resolves differences undetectable by NMR.

5. Integration and evaluation

• Correlate molecular-level insights from simulations with experimental fluo-

rescence observables, establishing the mechanistic basis of FRAP sensitivity.

• Critically evaluate the advantages and limitations of fluorescence-based meth-

ods relative to established nanometrology techniques, positioning FRAP as

a candidate method for routine silicate characterisation.
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Chapter 2

Basics of Molecular Dynamics

“Today the computer is just as important a tool for chemists as the test tube. Simula-

tions are so realistic that they predict the outcome of traditional experiments.”

Nobel Prize in Chemistry 2013 Press Release

2.1 Introduction to Molecular Dynamics

The foundation of all science, including MD, lies in the use of models. In the field of

physics variety of models, such as point charges, simple harmonic oscillator (HO) or

planetary model of the atom are used to describe the most complex phenomena. In

the case of MD, the models are used to describe the physicochemical properties of the

particles, model interactions etc., therefore before discussing the principles outlined in

this chapter, it is important to introduce the concept of a physical model.

A physical model is a representation of a system or concept which is used to study,

explain or predict that system’s behaviour in real life. They are used to visualise com-

plex systems, test hypotheses, or communicate ideas. Good examples of physical models

are a wind tunnel model for aircraft aerodynamics testing or an anatomical model of

the human body for medical study. In terms of computer simulations, a model refers
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to a representation that is designed to mimic the characteristics and behaviours of a

real-world object or system through computational methods and is built upon physical

laws and mathematical equations that approximate the actual physical properties and

interactions. It is important to understand, that models use simplified representations

of real-world phenomena by focusing only on the most relevant variables and inter-

actions, making complex systems more manageable to study and understand. This

simplification allows to create a computerised version of systems that capture essential

behaviours without the overwhelming detail of full-scale reality, predict outcomes and

test potential solutions in a controlled environment. Therefore, the rapid progress of

physics over the last few centuries owes much to the reliability and validation of physical

models and concepts; without them, the field as we know it might never have emerged.

Moreover, without physics, the MD would certainly not exist, as in its core, it relies on

those simplest physical models.

MD is a powerful computational method that allows to simulate the physical move-

ment of atoms and molecules. The history of MD started in 1957 when Alder and Wain-

wright successfully used an IBM 704 computer to simulate the elastic collisions between

hard spheres [72]. The simulations were based on classical equations of motion, where

the evolution of the many-body system was solved numerically [73]. Typically, the

interactions in MD simulations are described using force fields (FF), which contain all

the needed parameters to evaluate the complex interactions of the various components

studied. Furthermore, with the advances in NMR spectroscopy [74], X-ray crystallog-

raphy [75] and the rise of machine learning models, such as ALPHAFOLD [76,77], more

molecular structures became available, hence MD simulations became a well-established

and irreplaceable tools for the investigation of biomolecules [78], lipids [79], and complex

inorganic nanocomposites [80]. With the recent addition of modern graphics processing

units (GPUs), such simulations became feasible on a rather long timescale at a modest

cost [81,82]. As a result, MD simulations can also be used to study complex interactions

of small biomolecules with inorganic structures on a large scale, providing atomic-level

resolution into these systems and significantly simplifying the interpretation of real-

world experiments [83]. Moreover, MD serves as a powerful tool to verify experimental
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hypotheses, bridging the gap between observation and theory. In this way, it not only

complements experimental work but also deepens our understanding of fundamental

processes, revealing the underlying principles that govern molecular behaviour.

2.2 Fundamentals of Molecular Dynamics

Standard classical molecular dynamics models utilising large numbers of atoms rely on

assumptions, such as the Born-Oppenheimer Approximation (BOA), which allows to

apply Newton’s equations of motion to the system of interacting particles [84,85]. BOA

states that because the atomic nuclei are much heavier than the electrons surrounding

them, their wave functions can be treated separately [86]. Furthermore, due to the

relatively large mass of the nucleus compared with the electron mass, the coordinates

of nuclei in a system are approximated as fixed. This approximation is widely used,

allowing to speed up calculations by multiple orders of magnitude in both classical MD

and DFT calculations. As a result, to a good approximation, atoms behave as classical

particles and the dynamical simulation can be performed by solving Newton’s second

equation of motion:

−dU
dr

= m
d2r

dt2
(2.1)

Here U is the potential energy at a position r, which is a vector containing the Cartesian

coordinates of all particles, i.e., it is a vector of length 3N, where N is the number of

atoms in the system. Having the position vector r and the velocity v, the resulting

acceleration a can be calculated, thus allowing to predict the position and velocity of

each point particle in future time steps. This results in a trajectory which contains

positions and velocities for all atoms present in the system as a function of time. The

most common method of implementing this integration is the Velocity Verlet algorithm

which utilises two 3rd order (forward and backwards) Taylor expansions which allow

to approximate the positions and dynamic behaviour of all atoms at a time t :

r (t+ ∆t) = r (t) + v (t) ∆t+
1

2
a (t) ∆t2 (2.2)
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The velocity is updated every t+ ∆t
2 step:

v

(
t+

∆t

2

)
= v (t) +

1

2
a (t) ∆t (2.3)

The resulting acceleration at a time t+ ∆t:

a (t+ ∆t) = −
(

1

mi

)
dU (r (t+ ∆t)) (2.4)

and the velocity at time t+ ∆t:

v (t+ ∆t) = v

(
∆t+

∆t

2

)
+

1

2
a (t+ ∆t) ∆t (2.5)

To obtain the final trajectory, the algorithm is repeated millions of times as directed

by timestep ∆t, until the position of all atoms are obtained for the desired simulation

time.

2.3 Molecular Mechanics (MM) Force Fields

In a typical MD simulation, the potential energy function is associated with a set of

forces, collectively called FF, which acts on the atom [87]. As a result, the poten-

tial energy depends solely on the particle’s position in space and represents the most

computationally demanding part of molecular dynamics simulations, primarily due to

the non-bonded interaction terms. Therefore, incorporating the forces into the FF

and the necessary parametrization is essential for the accurate evaluation of molecular

interactions in classical MD simulations.

A range of FF are used for molecular dynamics simulations, such as CHARMM

[88–91], AMBER [92], GROMOS [93], OPLS [94] etc. All of them share a common

trait - they use the same method of calculating the total potential energy of the system,

hence produce comparable results. From Newton’s 2nd law, the force can be calculated,
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which is the negative gradient of a scalar potential energy function:

F (r) = −∇U(r) (2.6)

The expression for the total potential energy of a system comprises of a sum of bonded

and non-bonded interactions:

Utotal(r) =
∑

Ubonded(r) +
∑

Unonbonded(r) (2.7)

The FF used throughout presented research work is CHARMM36 FF, which was de-

veloped by Martin Karplus, earning him a Nobel prize in Chemistry in 2012. The

CHARMM FF is an all-atom FF containing parameters for a wide variety of chemical

groups and compounds present in biological system. Furthermore, for the simulations

of inorganic structures, i.e., silica nanoparticles, INTERFACE FF is used [59, 95–97].

INTERFACE FF is the extension of the most commonly used harmonic force fields such

as CHARMM, AMBER or GROMOS, and it allows the simulation of inorganic-organic

and inorganic-biomolecular interfaces. This FF has been successfully used in MD stud-

ies involving organic compound interactions with various silica structures [98,99]. Both

of the FFs are additive and contain parameters for both bonded and non-bonded inter-

actions. The bonded interaction terms account for bond stretching, angle and dihedral

torsions, while the non-bonded term describes van der Waals (vdW) and Coulombic

interactions. As these interactions are treated differently due to their distinct physical

nature and mathematical formulations, they are discussed in detail in the following

sections, highlighting the specific models, equations, and parameterisation approaches

used to represent each type accurately. The following sections are based on the NAMD

User Guide, including the explanations, equations, and theoretical foundations pre-

sented [100].
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2.3.1 Bonded Potential Energy Terms

Bonded potential terms are those which involve 2-, 3- and 4-body interactions of atoms

sharing covalent bonds. Commonly, harmonic potential is used to model and describe

such interactions, which are treated as springs. As a result, the atomic bonds cannot

be broken or created without additional substantial computational overheads arising

from more sophisticated models, such as Morse potential [101].

The first term is the 2-body spring potential term which describes the vibrational

motion between a pair of covalently bound atoms. The potential energy term for the

2-body bond is as follows:

Ubond = kb(rij − r0)
2, (2.8)

where rij describes the distance between two covalently bound atoms, r0 is the equi-

librium distance and kb is the bond spring constant.

The next term is the 3-body bond potential, which describes the angular vibrational

motion between three covalently bound atoms (i, j, k):

Uangle = kθ(θ − θ0)
2 (2.9)

Here, the first term is comprised of θ, which is the angle between vectors rij and rkj ,

θ0 is the equilibrium angle, and kθ is the angle constant.

The last term accounts for the 4-body torsion (dihedral) angle and describes tor-

sional interactions between atoms which are separated by three covalent bonds, where

the central one is exposed to torsional deformations. The term can be split into two

components:

Utorsion =


k(1 + cos(nψ + ϕ)) if n > 0,

k(ψ − ϕ)2 if n < 0.

(2.10)

The top term is often called the proper dihedral (often simply called dihedral),

and the bottom one the improper dihedral (usually called improper). Proper dihedrals

describe rotational flexibility about a bond and determine the relative orientation of
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bonded groups, contributing to the molecule’s conformational energy landscape. Im-

proper dihedrals, in contrast, are used to enforce specific geometric constraints that

are not captured by bonds, angles, or proper dihedrals alone. They are defined over

four atoms, with one central atom typically bonded to the other three, and are usu-

ally applied as harmonic restraints around an equilibrium angle to maintain planarity

of peptide bonds or aromatic rings, preserve chirality at stereocentres, and prevent

unphysical out-of-plane distortions of sp2 centres [102]. Their inclusion ensures that

molecular geometries remain physically realistic during simulations, compensating for

the limitations of classical force fields.

The ψ is a dihedral angle between two planes – (i, j, k) and (j, k, l), ranging between

0 and 2π. For the case when n > 0 (proper dihedral), ϕ is the phase shift and k is

the multiplicative constant. For the n = 0 case (improper dihedral), ϕ acts as an

equilibrium angle. This splitting of the torsional potential into two terms allows for

complex variations of the potential, which is effectively a truncated Fourier series.

2.3.2 Non-bonded Potential Energy Terms

The second group of essential interactions that must be included in MM FF are the vdW

and electrostatic Coulomb interactions which are especially important when studying

processes such as adsorption or aggregation. The nonbonded terms involve all pairs

of atoms except those separated by exactly three bonds, which are accounted for in

the bonded potential term, thereby avoiding duplicate calculations. The nonbonded

interactions are computed based on a neighbour list and are the most computationally

demanding during each MD step evaluation.

The vdW interactions are short-range forces caused by the correlations in the fluc-

tuating polarisations of nearby particles, which is a consequence of quantum dynam-

ics [103], and consist of four components [104]:

• Attractive or repulsive electrostatic interactions, referred to as Keesom interac-

tions or Keesom forces [105];

• Polarisation effects, which are the attractive interactions between a permanent
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multipole on one molecule and an induced multipole on another, referred to as

the Debye force [106];

• London dispersion forces, which are attractive interactions between any pair of

molecules, including non-polar atoms, arising from the interactions of instanta-

neous multipoles [107];

• A repulsive component resulting from the Pauli exclusion principle [108,109].

Commonly, vdW interactions are described by Lennard-Jones (LJ) potential, which

accounts for the weak dipole attraction between distant atoms, and the repulsive term

as the distance between the atom pair decreases:

UvdW = −εi,j

[(
Rmin

rij

)12

− 2

(
Rmin

rij

)6
]

(2.11)

The rij defines the distance between the pair of atoms, εi,j is the potential well depth,

and Rmin is the radius at which the potential is at its minimum. In the LJ potential,

the first term describes the short-range repulsion, while the second term is responsible

for the long-ranged attractive interactions.
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Figure 2.1: Lennard-Jones potential energy curve decomposed into repulsive and at-
tractive components. The total potential energy is shown in black, with the repulsive
(∝ r−12) and attractive (∝ −r−6) contributions shown as red and blue dashed lines,
respectively.

The second term in the nonbonded potential energy terms is the electrostatic po-

tential, which is repulsive for atomic charges with the same sign and attractive for those

with opposite signs, and is expressed using Coulomb’s law:

Uelec =
1

4πε0

qiqj
εrrij

(2.12)

The first fraction in the expression represents the Coulomb constant, εr is the

dielectric constant, which is fixed for all electrostatic interactions, and rij is the sep-

aration distance of two atoms. The qi and qj are the atomic partial charges on the

respective atoms, and while they can be assigned using empirical rules, typically they

are assigned by fitting to the electrostatic potential calculated by electronic structure

methods [110]. For example, as hydrogen bonding is largely caused by the attraction
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between electron-deficient hydrogen and another electronegative atom, such as oxygen

or nitrogen, accurate assigning of partial charges allows for modelling such interactions.

As the nonbonded interactions are very computationally demanding and calculat-

ing those between all atoms is highly inefficient, they are typically truncated at a set

distance. As the vdW term falls off rapidly, generaly a cutoff radius is used to speed

calculations so that atom pairs which are greater than the cutoff, have vdW interac-

tion energies set to zero. On the other hand, the Coulomb potential falls off only as

r−1, hence the introduction of a cutoff introduces sharp discontinuities between the

atoms inside and outside the radius. To somewhat overcome this, switching or scalling

functions are introduced, which modulate the nonbonded interactions, by smoothing it

at the outer and inner cutoff radii. Nowadays Particle Mesh Ewald (PME) is used to

compute the full electrostatics of the system without the need for cutoff.

In general, the FF terms contribute to the total potential energy function as follows:

Ubonds > Uangles > Udihedrals > Uimpropers > Unon-bonded (2.13)

Typically, in systems near equilibrium, the strongest contribution to the total po-

tential energy comes from the bonded interactions, while the non-bonded electrostatic

Coulomb and vdW interactions have the smallest contributions. Nonetheless, impor-

tant interactions, such as π-π stacking, come from Unon-bonded, hence those terms cannot

be overlooked and additional care must be taken when parametrising molecules [111].

Strictly speaking, the majority of real-life processes are centred around non-bonded

interactions; therefore, those interactions cannot be simply ignored when the final goal

is performing accurate simulations.

2.4 Particle Mesh Ewald and Ewald Summation

The PME is a widely used method in MD simulations, which allows to compute long-

range interactions in a periodic system. In PME, the short-range interactions are

evaluated in real space, while the long-range interactions are calculated in a Fourier
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space by employing the Fast Fourier Transform (FFT) algorithm. Due to this, the

energy converges rapidly when compared with a direct summation, and is the de facto

standard method for calculating long-range interactions in periodic systems nowadays.

Due to the use of the Fourier sum, the system under study must be infinitely periodic

which is the case in MD simulations, as such simulations are normally accomplished

by creating a charge-neutral unit cell that can be infinitely reproduced, thus satisfying

the primary requirement of PME. A typical workflow of PME is shown in Figure 2.2.

Figure 2.2: Visualisation of the PME method components for electrostatic interaction
calculations. (A) Real space direct interactions capture short-range potentials with
exponential decay. (B) Reciprocal space representation of long-range interactions shown
in Fourier space. (C) Charge interpolation onto a mesh grid, illustrating the distribution
of positive and negative charges with Gaussian spreading. (D) Combined real and
reciprocal space interactions produce a balanced and accurate electrostatic potential.
Colour bars indicate the scale of potentials or charge density in each panel.
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In the first step, the short-range interactions between particles are calculated di-

rectly in the real space. In this case, with the increasing interparticle distance, the

potential decreases rapidly, which is represented by a decaying field. Although real-

space interactions are very efficient at calculating long-range forces, calculating them

over long-range becomes a very computationally intensive task. As a result, long-range

interactions are calculated in Fourier space, as this allows PME to compute long-range

forces efficiently by smoothing interactions over a distance. This can be seen on the

second plot, which shows that in a Fourier space, the long-range contributions are

smooth, thus allowing to capture global interactions without extensive computational

overheads. The following step involves placing particle charges on a grid for efficient

FFT-based calculations. This way interpolated charges simplify the calculations as

each grid point represents a localised charge density, allowing to distribute the charge

information along a domain, creating a smoother representation which is more com-

putationally manageable. Finally, in the last step both short-range real-space and the

long-range Fourier-space interactions are combined to calculate the full electrostatic po-

tential. This results in a balanced interaction field that includes both local and global

effect efficiently. This allows for an accurate calculation of interactions by utilising the

strengths of both real and Fourier spaces for accurate electrostatic calculations. Lastly,

the whole process is repeated throughout the duration of the simulation.

2.5 Thermostats and Barostats

To successfully run MD simulations, two key parameters that directly affect the out-

come of the simulation must be specified: temperature and pressure. As a result, the

user selects an ensemble in which the simulation will be performed. Three common

ensembles are used for MD simulations [112]:

• Microcanonical ensemble (NVE): the number of atoms (N), system volume (V)

and total energy (E) is constant;

• Canonical ensemble (NVT): the number of atoms (N), system volume (V), and
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temperature (T) are constant;

• Isobaric-Isothermal ensemble (NPT): the number of atoms (N), system pressure

(P) and the temperature (T) are constant.

The choice of ensemble typically depends on the specific goals of each stage of the

simulation. During the energy minimisation step, the main goal is to relax the initial

structure, and since this isn’t a dynamic process but rather an optimisation algorithm

(typically steepest descent or conjugate gradient) and no time integration is involved,

usually, there are no ensemble constraints involved. During the equilibration step,

usually performed in NPT, the purpose is to reach a stable temperature, pressure

and density, adjusting from potentially artificial starting configuration resulting from

the energy minimisation. By performing equilibration in NPT ensemble, the system

volume can fluctuate, thus allowing it to reach the correct density and ensure proper

molecule packing. The production runs are typically performed in NVT ensemble to

ensure that the system remains stable during production runs, resulting in more reliable

and consistent results. Furthermore, NPT simulations require an additional barostat

to maintain constant pressure, thus introducing additional computational overhead.

On the other hand, NVT simulations are faster and cheaper since they only require

a thermostat to control the temperature. There are cases when production runs are

performed in different ensembles, e.g., membrane simulations; however, those are not

covered in this work since they are irrelevant.

To maintain a desired constant temperature, thermostats are used in MD simula-

tions, which adjust the velocity of the atoms, which directly affects the temperature,

i.e., the higher the velocity, the higher the temperature and vice-versa. The thermo-

stat controls the temperature by monitoring the target temperature and rescaling or

adjusting the velocities when needed, thus ensuring that the desired temperature is

maintained.

From the kinetic theory of gas, we know that the temperature is a function of

the momenta of all atoms. In a system containing N atoms, the temperature can be
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calculated from using the average kinetic energy of all atoms:

〈
1

2
miv

2
i

〉
=
N

2
kBT (2.14)

Where N is the number of degrees of freedom in a system and kB is the Boltzmann

constant. As MD simulations are dynamic and the atom velocities are changing during

the simulation, the temperature becomes a function of time:

T (t) =

N∑
i=1

miv
2
i (t)

NkB
(2.15)

A piston barostat must be used to maintain constant pressure in the system by allowing

the simulation cell to expand and contract when performing simulations in an NPT

ensemble.

Commonly used thermostats are Berendsen [113], Andersen [114], Nosé-Hoover [115,

116], Bussi [117], Heyes [118] and Langevin [119–121]. For the work presented in this

thesis, the Langevin thermostat was employed to control the system temperature by

adding a frictional term and a random (stochastic) force to Newton’s equations of

motion, representing the effect of particle collisions and thermal fluctuations.

2.6 Langevin Dynamics

Langevin dynamics allows study of the movement of the particles in a system where

they interact with the surroundings. This is achieved by adding random forces to

Newton’s equations of motion, thus mimicking the effect of collisions with surrounding

particles, similar to a viscous fluid. By combining deterministic forces with stochastic

and frictional terms, Langevin dynamics provide a great balance between accuracy and

computational efficiency. The main components of the Langevin equation are:

• Deterministic force −dU
dx which represents the forces that arise from the interac-

tions between particles;

• Damping force −mγ dx
dt which simulates the resistance due to the environment,
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thus slowing the particles;

• Stochastic Force R(t) which represents the random effects of surrounding particles

on a particle of interest. This random force is often sampled from a Gaussian

distribution and scaled according to the system’s temperature, ensuring that the

particles move in a way that aligns with the desired thermodynamic properties.

Thus, the final equation of motion for Langevin dynamics is of the following form:

m
d2x

dt2
= −∇U(x) −mγ

dx

dt
+ R(t) (2.16)

2.7 Water Model

Water plays a central role in most molecular dynamics simulations, and its accurate

representation is essential for reproducing structural, dynamical, and thermodynamic

properties of solvated systems. Over the years, a variety of models have been devel-

oped to balance accuracy with computational efficiency. Simple rigid models such as

SPC, SPC/E, and TIP3P [122] are widely used due to their efficiency, while more ad-

vanced models such as TIP4P, TIP5P, and polarizable water models aim to improve

the description of hydrogen-bonding networks, dielectric properties, and diffusion be-

haviour [123]. Each of these models has particular strengths and limitations, and the

choice is generally dictated by the system studied and the properties of interest.

In this work, the TIP3P (Transferable Intermolecular Potential with 3 Points) model

was employed. TIP3P is one of the most widely adopted water models, primarily due to

its computational efficiency and its compatibility with major biomolecular force fields

such as AMBER and CHARMM. It represents water as a rigid three-site molecule

with partial charges assigned to the oxygen and hydrogen atoms and a Lennard–Jones

interaction centred on the oxygen. This simple representation allows efficient compu-

tation while reproducing key bulk properties of liquid water, including density, radial

distribution functions, and diffusion coefficients under ambient conditions.

The rigidity of the TIP3P geometry is maintained during simulations using con-
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straint algorithms such as SHAKE, RATTLE [124], or LINCS [125], which fix the O–H

bond lengths (≈ 0.9572 Å) and the H–O–H angle (≈ 104.5◦). By enforcing these con-

straints, water molecules retain their geometry throughout the simulation, enabling the

use of larger integration timesteps and ensuring stable hydrogen-bonding interactions

with solutes.

Despite its practical advantages, TIP3P has known limitations [126]. It lacks explicit

polarizability and tends to overestimate water mobility, which can lead to discrepancies

in properties such as viscosity or dielectric response. Nevertheless, its balance of speed,

robustness, and force field compatibility makes TIP3P a reliable choice for large-scale

simulations where computational efficiency is a priority.

2.8 Periodic Boundary Conditions

In typical MD simulations, there is a finite number of atoms within a simulation box,

however in real-life systems, the environment is virtually infinite when compared with

molecular dimensions. To overcome this problem, and introduce this concept of infinite

system into MD simulations, Periodic Boundary Conditions (PBC) are used. PBCs

are a crucial concept in MD simulations as they help to model an infinite system by

repeating a finite simulation box in all directions, thus mimicking the behaviour of an

infinite system. Furthermore, in simulations without PBCs, particles at the edges of

the box have fewer neighbours when compared with particles further from the edge,

resulting in artificial edge effects, while with PBCs in place, the box is essentially

“wrapped” around itself in all directions. When a particle exits the box from one side,

it re-enters the box on the opposite side with the same velocity, giving the illusion

of continuity. However, care must be taken when setting up PBCs, especially when

estimating the size of the primary simulation cell box. The simulation box must be

large enough to avoid “self-interactions”, where a particle interacts with its image due

to periodicity. It should also be larger than twice the cutoff distance, which is typically

used for van der Waals interactions in non-bonding calculations.
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Figure 2.3: Illustration of PBC used in simulations to model infinite systems. The
central simulation box (shaded in blue) is surrounded by replicated images in all direc-
tions, ensuring particles exiting one side re-enter from the opposite side. This approach
minimises edge effects and mimics bulk behaviour by creating a seamless, repeating en-
vironment.

2.9 Enhanced Sampling Methods

Traditional MD is often limited by “timescale barriers” as the system gets trapped in

a local energy minimum and cannot cross the energy barriers due to the slow atomic

movements. Furthermore, many biomolecular processes, such as protein folding, con-

formational changes, adsorption and desorption of molecules etc., occur on much larger

timescales that standard MD simulations can reach due to large energy barriers of the

aforementioned processes. As a result, enhanced sampling methods are used to sample

these slow events more frequently, achieve better convergence in energy calculations or
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study complex conformational changes and transitions in macromolecules. One such

method is SMD in which an external harmonic force is applied to a specific atom or

group along a chosen reaction coordinate at a constant velocity or force. Thus, the ex-

ternal force is effectively “steering” the system in a desired direction, allowing to study

protein unfolding, dimer dissociation or receptor-ligand binding. Furthermore, SMD

has demonstrated excellent agreement with experimental techniques, such as MP-SPR

and AFM [127–129]. In constant velocity pulling, the specified SMD atom is attached

to a dummy atom through a virtual spring which acts as a handle to exert the external

force. In contrast, in constant force pulling, a predefined external force is applied di-

rectly to the SMD atom, without relying on a velocity-controlled movement. However,

constant force pulling is not used in this work, as the focus is on velocity-controlled

perturbations.

To obtain information about the magnitude of energy at different transitions during

SMD simulation, a modified equation for the potential energy of the spring can be used:

dE =
1

2
k d(x2) (2.17)

The force exerted by the spring is

dF = −k dx (2.18)

Solving for dx = −dF
k and substituting into the energy expression gives

dE =
(dF )2

2k
(2.19)

Finally, if the spring is already under an initial force F0, the incremental energy

change becomes

dE =

(
F0 +

dF

2

)
dF

k
(2.20)

where F0 is the force at the end of the transition, dF is the force difference, and k

is the spring constant. Typically, to estimate the binding energies, a force as a function
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of the simulation time plot is created. From this plot, it is possible to estimate dF and,

using the equation 2.20, calculate the interaction energies.

Other enhanced sampling methods exist such as Replica Exchange MD (REMD)

[130], Umbrella sampling [131] or metadynamics [132], however, those will not be dis-

cussed here as they are not relevant to this work.

2.10 Limitations

While classical MD simulations are a widely used computational approach and have

become an indispensable tool in studying molecular systems, it has several limitations

that affect the accuracy and applicability of the results:

• While FFs are based on empirical data and high-level ab initio calculations, the

latter are limited to small model compounds. As a result, the empirical parametri-

sation may not be accurate for all types of systems. Furthermore, as the FFs are

often parametrized for specific classes of molecules, their accuracy is limited in

diverse systems. Since most FFs assume fixed bond structures, it is computation-

ally demanding to simulate chemical reactions where bond formation or breaking

is essential, such as catalytic reactions.

• Since FFs do not account for quantum mechanical effects like charge transfer, and

all charges defined during the system preparation cannot change, systems, where

these effects are important (e.g., transition metal complexes), may be misrepre-

sented. Additionally, traditional FFs assume that atomic charges are fixed and

do not respond to changes in environment, therefore the polarization effects can-

not be properly described, which might lead to inaccuracies in situations where

electronic redistribution is significant, e.g., in ionic binding or in the presence of

strong electric fields.

• Due to the limitation of computational resources, MD simulations typically apply

a cutoff distance for non-bonded interactions. However, electrostatic interactions

are long-range, and truncating them at a set distance might lead to discrepancies
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in systems where electrostatics are important, such as electrolyte solutions or

large charged biomolecules.

• Water is a crucial component of most simulations, yet traditional models such as

SPC or TIP3P are far from ideal and often are limited in their ability to capture

the full complexity of water behaviour. Additionally, FFs’ performance varies

depending on environment, hence applying the same FF for different environments

(e.g., liquid, solid) may lead to inaccurate results.

Despite these limitations, FF MD simulations still remain a powerful tool which is

constantly improving as new FF and other methods are being developed which allow

to account for electronic and reactive behaviour. For scenarios, that exceed these

limitations, other advanced methods such as QM/MM or machine-learning-based FF

such as MACE [133,134] are being explored as a potential solution.
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Introduction To Density Functional

Theory

3.1 Introduction

DFT is a computational quantum mechanical modelling method used to investigate the

electronic structure in atoms, molecules and condensed matter systems. While the roots

of DFT start with the Thomas-Fermi model for the electronic structure of materials,

the basis for the contemporary DFT is the proof by Walter Kohn and Pierre Hohenberg,

stating that the ground state properties of a many-electron system can be determined

solely from the electron density, rather than requiring detailed knowledge of the wave-

function [135]. The computational breakthrough in DFT happened in 1965 when W.

Kohn and L. J. Sham introduced orbitals into the picture [136]. This transformed

a very complex many-electron problem into a more manageable framework, where in-

stead of solving for the exact wave function of a system with many interacting electrons,

they suggested mapping the real system onto a virtual system of non-interacting in-

dependent electrons, which produces the same electron density as the real interacting

system. Using this approach, the most complex interactions, which are a fraction of
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the whole energy are condensed into an exchange-correlation functional, where even

a rough approximation will provide a reasonably accurate result. Conceptually, DFT

is very similar to Hartree – Fock (HF) theory, however it provides significantly better

results, therefore becoming one of the most popular electronic structure methods to

this day.

3.2 The Schrödinger Equation

A hundred years ago, Schrödinger formulated the fundamental equation of quantum

mechanics which laid the foundation for the integral part of the field – the wave me-

chanics [137]. By solving it, any observable physical quantity of the system can be

determined, since all the information about given systems is contained in its wave

function. Therefore, the goal of an ab initio (first principles) study is to solve the

many-particle Schrödinger equation for a system of interest, for example, a rhodamine

6G dimer. The time-independent, non-relativistic, many-particle Schrödinger equation

(TISE) has to following form:

HΨ(R, r) = EΨ(R, r) (3.1)

where R are the nuclear and r the electron coordinates. The many-particle Hamiltonian

consists of the following five terms:

H = Te + Tn + Ven + Vee + Vnn (3.2)

The first two terms describe the kinetic electronic and nuclear energies, Ven describes

the electronic-nuclear potential energy, and the last two terms describe electron-electron

and nuclear-nuclear interactions. The main problem is that the motions of electrons

in atoms correlate because of the strong Coulomb repulsion between them, therefore

the electron-nuclear many-particle problem is one of the most complex problems of

quantum mechanics. As a result, the TISE can be solved analytically only in the

simplest cases, as the computational resources required to solve it scale exponentially
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with both the number of electronic coordinates 3n and number of nuclear coordinates

3N in the system. If we would assume that a single gram of any substance contains

1023 electrons, then solving TISE for this system using modern HPC would require

approximately 1, 000, 000, 000, 000 terabytes of computing space to represent the 3n

coordinates of each electron [138]. Luckily, from the electronic point of view, the nuclei

are stationary; therefore, to a good approximation, the movement of nuclei and electrons

can be separated, which is the previously discussed BOA. Although this approximation

substantially simplifies the calculations, an even more efficient approach for handling

electronic structure, DFT, will be discussed in detail in the next section.

3.3 The Hartree - Fock method

Before discussing DFT, it is important to briefly mention the first practically useful

method of solving many-particle problem, which is the HF, or self-consistent field (SCF)

method [139, 140]. Here, the many-particle wave function is approximated by a single

Slater determinant, which ensures that the wave function is antisymmetric with respect

to the exchange of any two electrons, thus satisfying the Pauli exclusion principle.

Furthermore, instead of treating electron-electron interactions explicitly, in HF it is

assumed that each electron moves in a mean-field created by all the other electrons,

effectively reducing the problem to solving one-electron equations iteratively.

Despite its foundational role, the HF method has several notable weaknesses:

1. The most critical weakness is the inability to capture electron correlation, specifi-

cally the interactions between the electrons beyond the mean-field approximation,

such as the dynamic correlation which describes the instantaneous repulsion be-

tween electrons as they avoid each other in real-time. As a consequence, the total

electronic energy is overestimated leading to poor accuracy for properties that

depend on the electron correlation.

2. It completely fails to describe dispersion interactions, which arise from correlated

fluctuations in electron density. These forces are essential for non-covalent inter-
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actions (e.g., π stacking), therefore HF cannot accurately predict binding energies

or molecular geometries in systems where dispersion is critical, such as aromatic

dimers, e.g., R6G dimer.

3. The results are highly dependent on the basis set, with small basis sets leading to

substantial errors, while larger basis sets significantly increase the computational

costs. Nonetheless, even with large basis sets, it fails to predict accurate energy

values due to the inherent lack of electron correlation.

To overcome these limitations, DFT, particularly through the Kohn-Sham formalism,

offers a more accurate and efficient framework by incorporating electron correlation

effects into the electronic structure calculations.

3.4 The Kohn-Sham Equation

The entire DFT field is based on the framework introduced by Kohn and Hohenberg,

along with the set of equations derived by Kohn and Sham in 1965, which state that the

ground state energy from Schrödinger’s equation is a unique functional of the electron

density. A crucial task is to understand the meaning of the term “functional”. As the

name suggests, functional is a closely related term to the familiar concept of a function.

A function takes a value of a variable and defines a single number. A functional has a

similar concept, but it takes a function as an input and defines a single number from

it. Hence, we can say that the ground state energy E, can be written as a functional

E[n(r)], where n(r) is the electron density. Furthermore, the electron density n(r)

can be written in terms of the individual electron wavefunctions by summing over all

individual electron wavefunctions that are occupied by electrons:

n (r) = 2
∑
i

ψ∗
i (r)ψi (r) (3.3)

The factor of two comes from the concept of electron spin and the Pauli exclusion

principle, stating that an individual electron wavefunction can be occupied by two

separate electrons with opposite spins.

39



Chapter 3. Introduction To Density Functional Theory

Now, it is useful to express the functional defined by Kohn and Hohenberg in terms

of single electron wavefunctions, which as mentioned previously, define the electron

density. Let’s split the functional into two terms, the first Eknown [{ψi}], which can be

written down in an analytical form, and EXC [{ψi}]:

E [{ψi}] = Eknown [{ψi}] + EXC [{ψi}] (3.4)

The term Eknown [{ψi}] can be written as a sum of four terms (in order): the electron

kinetic energies, the Coulomb interactions between the electron and the nuclei, the

Coulomb interactions between pairs of electrons, and the Coulomb interactions between

pairs of nuclei:

Eknown [{ψi}] = − ℏ2

2m

∑
i

∫
ψ∗
i∇2ψi d

3r +

∫
V (r)n (r) d3r

+
e2

2

∫∫
n (r)n (r′)

|r − r′|
d3r d3r′ + Eion (3.5)

The other term, needed to describe all quantum mechanical effects that are not included

in the Eknown [{ψi}], is the exchange-correlation (XC) functional. Assuming that we can

accurately determine the EXC [{ψi}], there is no guarantee that solving this expression

will not be a Sisyphean task. Thankfully, this problem was solved by Kohn and Sham

(KS) who showed that finding the right electron density can be as simple as solving a

set of equations in which each equation only involves a single electron, each having the

following form:

[
− ℏ2

2m
∇2 + V (r) + VH (r) + VXC (r)

]
ψi (r) = ϵiψi (r) (3.6)

At a first glance, the KS equation is virtually identical to the Schrödinger equation, and

this is indeed the case. This is because the solution to this equation are single-electron

wavefunctions, each depending on three spatial variables ψi(r). On the left-hand side,

three potential energy terms appear, V (r), VH(r), and VXC(r). The first term appeared

in the Eknown [{ψi}] and it defines the interaction between an electron and the collection
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of atomic nuclei. The next term is the Hartree potential, which is simply the classical

Coulombic repulsion of an electron density with itself:

VH (r) = e2
∫

n (r′)

|r − r′|
d3r′ (3.7)

The last term is the infamous exchange-correlation term, which can be formally defined

as a “functional derivative” of the exchange-correlation energy:

VXC (r) =
δEXC (r)

δn (r)
(3.8)

In theory, the approach of starting from a tentative set of KS orbitals using the density

constructed from the initial guess and solving the KS equation to get new eigenfunc-

tions over and over again should produce the exact ground-state energy and density.

However, things are not as simple as they might seem due to the small but vital ap-

proximated contribution – the exchange-correlation energy EXC. The biggest challenge

of DFT is the description of this term, which is directly correlated with the accuracy

and the quality of the results and will be discussed next.

3.5 The Exchange-Correlation Functionals

In all wave function-based electronic structure methods, the quality of these methods

and how the electron correlation is included can be typically assessed in a very straight-

forward way. Commonly, this can be characterised using an ordering parameter, such

as the level of excitation, e.g., CCS (Coupled Cluster Singles), CCSD (Coupled Cluster

Singles and Doubles), and CCSD(T) (CCSD with perturbative Triples), or the order of

perturbation, such as MP2, MP3, MP4 (Møller–Plesset perturbation theory of second,

third, and fourth order, respectively). While there are no such ordering parameters for

DFT, the functionals can be classified into rungs which depend on the level of approx-

imation, commonly referred to as the Jacob’s ladder [141]. The simplest of functionals

being in the first rung, and dangerously close to outdated HF methods, often referred

to as Hartree “hell”, while on the last rung, we have very computationally demand-
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ing double-hybrid functionals, that are the pinnacle of chemical accuracy (typically

±1 kcal/mol ) and approach the precision of the gold standard of quantum chemistry

– CCSD(T).

3.5.1 Local Density Approximation

The simplest and the oldest approach, the mother of all DFT approximations is the

local density approximation (LDA). In LDA, it is assumed that the local density can be

approximated as a homogeneous electron gas, or in simple terms that the density is a

slow varying function. This is a single system for which the form of exchange-correlation

energy is precisely known. To generalize this approximation for an inhomogeneous sys-

tem, it is assumed that the exchange-correlation energy at each point in space depends

on a locally constant electron density. Although LDA is the simplest, and least accu-

rate of the approximations, it has shown to predict accurate results for systems which

resemble a uniform electron gas, such as those that exhibit strong metallic, ionic or

covalent bonding, while for molecules it is far less useful [142]. Additionally, it tends

to overestimate binding energies and underestimate the bond lengths.

3.5.2 Generalized Gradient Approximation

The next rung in the Jacob’s ladder contains functionals from a family based on gener-

alized gradient approximation (GGA), where in addition to the local electron density,

the first derivative (∇) of the density is included [143]. The inclusion of the first

derivative allows for accurate capture of the asymptotic behaviour of the energy den-

sity, thus reducing the error in exchange energy by almost two orders of magnitude

when compared with the simple LDA. Due to this, GGA functionals, such as Perdew-

Burke-Ernzhof (PBE) [144], have become a standard tool for plane-wave DFT involving

periodic systems.
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3.5.3 meta-GGA Methods

A logical extension to GGA functionals is including higher-order derivatives of the

electron density, with the Laplacian (∇2ρ) being a second-order term, resulting in

functionals that are also dependent on the kinetic energy density. In general, they

are more accurate than LDA and GGA, especially when predicting properties like

reaction barriers or phase transitions. Furthermore, they remain computationally less

demanding than hybrid functionals discussed next, hence they remain a favourable

choice for large systems. A popular functional from this family is TPSS (Tao-Perdew-

Starovero-Scuseria) [145].

3.5.4 Hybrid Functionals

The fourth rung of Jacob’s ladder is reserved for the hybrid functionals. Hybrid func-

tionals are a type of exchange-correlation functionals, which incorporate a mixture of

traditional DFT and exact (HF) exchange [146]. This approach helps to overcome

some limitations of the pure DFT, especially for the systems where electron-electron

interactions cannot be fully captured by local and semi-local approximations. To bet-

ter understand the concept of hybrid functionals, it is useful to split them into their

components:

• Pure DFT functionals, mentioned previously, rely on approximations that de-

scribe the exchange-correlation energy based on the electron density and some-

times its gradient.

• HF theory is capable of providing the exact exchange from the wavefunction,

allowing for accurate capture of the electron repulsion effects; however, it tends

to overestimate the correlation energy.

Now, by combining the two theories and including a fraction of the exact HF exchange

with the DFT exchange-correlation function a vast improvement to many chemical and

material properties can be achieved. In general, the exchange-correlation energy of a
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hybrid functional can be represented as:

Ehybrid
XC = aEHF

X + (1 − a)EDFT
X + EDFT

C (3.9)

where EHF
X is the exact exchange energy obtained from the HF theory, EDFT

X is the DFT

exchange, and EDFT
C is the DFT correlation. a is the mixing parameter obtained from

fitting to the experimental data and is often between 0.2 and 0.25. Due to this empirical

parametrisation, hybrid DFT calculations cannot be formally called ab initio as they

require prior knowledge from experiments. Unfortunately, with the improved accuracy,

the computational cost increases substantially as HF exchange calculations scale as

N4, where N is the measure of the system size, resulting in a significant bottleneck

when running hybrid DFT calculations. Nonetheless, these functionals offer a perfect

middle ground between accuracy and efficiency, especially for small to medium-sized

systems, without the need for more sophisticated approaches. One of the most widely

used hybrid functionals is B3LYP (Becke (3 parameter) – Lee – Yang – Parr), which

includes 20% of exact HF exchange [147–149].

A sub-group of hybrid functionals are the so-called range-separated hybrid (RSH)

functionals, which partition the electron-electron interaction into short-range and long-

range components by applying HF exchange in one part of the range and DFT exchange

in the other [150]. They offer a further increased accuracy for systems with significant

charge-transfer character, predict significantly better band gaps for semiconductors and

insulators, and are especially accurate for systems that are held by relatively weak vdW

interactions. An example of such a functional is ωB97X-D [151,152].

3.5.5 Double-Hybrid Functionals

On the final rung of Jacob’s ladder, we have Double Hybrid functionals, which go further

beyond hybrids and combine DFT exchange-correlation with exact HF exchange and

a portion of second-order perturbative correlation (MP2) [153, 154]. This approach

brings them close in accuracy to the wave-function-based methods; however, due to

MP2 scalability as N5, they are very computationally demanding, thus limiting their
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application to medium-sized systems at most. The most widely recognised double-

hybrid functional, B2PLYP, was introduced in 2007 by Stefan Grimme and Frank

Neese [154].

3.6 Basis Sets

All ab initio methods try to solve the Schrödinger equation without fitting the param-

eters to experimental data. One of the approximations essential to all ab initio and

DFT methods is the introduction of the basis set, being either plane-wave, wavelet or

atomic orbital (AO) type, with the choice of basis set depending on the nature of the

problem at hand. An introduction of a basis set allows to expand an unknown func-

tion, such as a molecular orbital, and obtain a tractable solution to the Schrödinger

equation by limiting the calculation to a finite set of known functions. However, this

method introduces its own problems as to expand an orbital in a complete basis set,

one would have to use an infinite number of functions, making it a computationally

impossible task. For the work presented in this Thesis, only AO basis sets were used,

so the following discussion will be focused on that particular type of basis set.

There are two main types of AO, namely Slater Type Orbitals (STO) and Gaussian

Type Orbitals (GTO). While STO tend to mimic the behaviour of an actual atomic

orbital and exhibit the correct exponential near the nucleus, they are not commonly

used in DFT due to the complexity of integrals involving STO. On the other hand, GTO

fails to describe the correct behaviour near the nucleus and requires multiple functions

to be used per orbital. However, as they decay quickly with the distance from the

nucleus, they are very efficient for molecular calculations, making them particularly

popular in molecular quantum chemistry. As a result, the increased number of GTO

basis functions is easily compensated by the ease with which the required integrals can

be calculated.

It is important to discuss the hierarchy of Gaussian Basis Sets, as the most im-

portant factor here is the number of basis functions to be used. The smallest possible

number of functions is called a minimal basis set, with only enough functions employed
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to contain all the electrons of the neutral atoms [155]. While this type of basis set is

very cheap computationally, the obtained results are far from accurate, hence this type

of basis set should be avoided at all costs. A set-up from a minimal basis set, is the

so-called Split-Valence Basis Sets [156], which use multiple functions for valence elec-

trons, thus increasing the flexibility and accuracy. An example is TZV [157], a valence

triple-zeta basis set, which means that it contains three times as many functions as

the minimum basis set. It is important to note, that with increasing basis set size, the

calculation time increases drastically as well which is represented in Table 3.1.

Basis Set Number of basis functions SCF time [s] Energy [Eh]

def2-SVP 246 10.974 -538.852
def2-TZVP 494 30.377 -539.429
def2-QZVP 1098 123.866 -539.464

Table 3.1: Comparison of SCF time and total energy for single-point calculations on
the anthracene dimer using the B3LYP functional with different basis sets. While
absolute DFT energies are not physically meaningful, differences between them can
provide useful insights into basis set convergence.

However, as mentioned previously, due to the computational restraints and the finite

size of the basis set, a few important limitations must be considered. First, the Basis

Set Superposition Error (BSSE) must be accounted for. If the basis set is too small and

the molecule of interest consists of two fragments, e.g., in a weakly interacting complex,

they might use each other’s basis functions, resulting in overestimated binding energies.

The magnitude of the BSSE correction when using different basis sets is shown in Table

3.2. Next, as the basis set increases and more functions are added, the calculations

approach “the basis set limit”, where increasing the basis set size further provides

minimal improvement in accuracy.
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Basis Set ∆E [kcal/mol] ∆EBSSE [kcal/mol]

def2-SVP 11.56 -3.18
def2-TZVP 10.18 -0.69
def2-QZVP 9.89 -0.23

Table 3.2: Binding energy (∆E) and magnitude of BSSE correction (∆EBSSE) in
kcal/mol for the anthracene dimer calculated with the B3LYP functional and vari-
ous basis sets. The values highlight the BSSE and its reduction with increasing basis
set quality.

In summary, while the basis set plays a crucial role in accuracy, efficiency and

feasibility for electronic structure calculations, the choice of basis set is often determined

by the computational resources;, hence achieving a balance between basis set size and

computational cost is essential, especially for larger systems.

3.7 Solvent Model in DFT Calculations

In quantum-chemical calculations, it is often necessary to account for the effect of

the surrounding solvent, as solvation plays a key role in stabilising polar and charged

species. Solvent models can generally be divided into two categories: explicit models,

where individual solvent molecules are included in the calculation, and implicit mod-

els, where the solvent is represented as a homogeneous polarizable medium. Explicit

approaches provide a detailed description of solute–solvent interactions but are compu-

tationally expensive at the DFT level, since each additional water molecule contributes

a large number of electrons, increasing the basis set size and the cost of self-consistent-

field calculations. Moreover, adequate sampling of solvent configurations would require

many snapshots, making explicit solvation practically infeasible in DFT studies.

To overcome this, continuum solvent models such as PCM (Polarizable Contin-

uum Model) [158], COSMO (COnductor-like Screening MOdel) [159], and CPCM

(Conductor-like PCM) [160] are widely used. In these models, the solute is placed

inside a cavity defined by overlapping atomic spheres, and the polarisation of the sur-

rounding dielectric medium is computed self-consistently with the electronic density

of the solute. This provides a computationally efficient way to capture macroscopic
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solvent effects while avoiding the need to model individual solvent molecules.

In the present work, the CPCM model was employed with water as the dielectric

medium (ε ≈ 78.4). CPCM stabilises polar and charged species and effectively repro-

duces the macroscopic electrostatic response of water on orbital energies, excitation

energies, and binding affinities. While it does not capture explicit hydrogen bond-

ing, ion pairing, or dynamic solvent fluctuations, it provides a physically reasonable

approximation of solvation at the quantum-chemical level.

A useful parallel can be drawn between CPCM in DFT and the TIP3P model

employed in MD simulations. Both approaches account for solvent polarity and sta-

bilisation of charged or polar species, albeit at different levels of detail. TIP3P cap-

tures microscopic solute–solvent interactions, including hydrogen bonding, diffusion,

and local structuring, whereas CPCM provides macroscopic dielectric screening with-

out atomic resolution. Despite these differences, CPCM often reproduces overall stabil-

isation trends that are consistent with the average electrostatic environment observed

in TIP3P simulations. In practice, the use of CPCM in DFT, alongside TIP3P in MD,

provides a complementary picture of solvation, where the continuum model captures

the bulk dielectric response and the explicit MD model resolves local, dynamic solvent

interactions.

3.8 DFT and ab initio Calculations for Molecular Parametri-

sation

DFT and ab initio calculations are irreplaceable when parametrising new molecules

for FF-based simulations. The calculations typically involve deriving parameters such

as bond lengths, angles, charges and torsions, which will allow accurate description of

the energetics and geometry of molecules in classical MD simulations. Typically, this

involves multiple steps:

• Performing geometry optimization to obtain bond lengths, angles, and the overall

structure of the molecule;
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• Vibrational frequency calculation, which allows the extraction of harmonic fre-

quencies to refine bond and angle force constants;

• Torsional potential scans to calculate energy as a function of torsion angle to

derive torsion parameters;

• Charge calculations to derive atomic charges, which will allow the reproduction

of the electrostatic potential of a molecule;

• Finally, the obtained data has to be validated by comparing the force field form

with high-level quantum mechanical/experimental results.

Typically, DFT methods are used for all bonded interactions, while MP2 is used for non-

bonded interaction energies and for systems where electron correlation is significant.

Once all of the parameters are obtained, they are fitted to a specific form used by

the target FF. This involves fitting bond lengths, angles and torsion energies to the

functional form of the chosen FF.

3.9 Atomic Partial Charges

In quantum mechanical calculations, the predominant methods for determining atomic

charges include Mulliken Population Analysis, Natural Population Analysis (NPA), and

RESP (Restrained Electrostatic Potential) fitting.

Mulliken Population Analysis computes atomic charges by assessing the overlap of

atomic orbitals within the molecular wavefunction [161]. Although it is simple and

popular, its accuracy can be impacted by the choice of basis set, leading to inconsistent

charge distributions.

NPA employs the wavefunction and natural orbitals to derive atomic charges [162].

It is typically regarded as more reliable than Mulliken analysis, offering a more accurate

and physically meaningful charge distribution.

Nevertheless, RESP fitting has emerged as the most widely used method, especially

for force field development and molecular simulations [163]. RESP calculates atomic

charges by aligning the electrostatic potential created by the molecular system with a
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set of point charges. This approach is favoured as it delivers a more precise depiction

of the electrostatic environment surrounding atoms, which is essential for applications

like molecular dynamics simulations that require accurate charge distributions.

3.10 DFT Problems and Limitations

While DFT is considered a robust theory, and failures in the form of completely er-

roneous results are relatively rare, even when applied to complex molecules or exotic

systems, there are still some areas where the current functionals are known to perform

poorly:

• The weak interactions, such as dispersion forces, arising from electron corre-

lation in wavefunction methods are the biggest shortcoming of standard DFT

methods [164]. The majority of the functionals display a fully repulsive inter-

action between rare gas atoms, and those that predict a weak stabilising inter-

action, underestimate the effect and fail to have the correct R−6 long-distance

behaviour [165,166]. S. Grimme has proposed to include dispersion by adding an

empirical attraction term, which generally improves the performance, but is an ad

hoc repair [167]. The earliest models included simply an R−6 energy term for each

atom pair, with an atom-dependent C6 parameter. Nowadays, the method has

been refined to include higher-order terms and better describe the medium-range

dispersion. Furthermore, Becke and Johnson have proposed a physics-inspired

dispersion mode, where the C6 parameter is written as a function of the atomic

polarizabilities, thus introducing an explicit dependence on the actual electronic

structure of the system [166]. As a result, the dispersion forces are no longer a

significant weakness of the theory.

• For chemically bonded systems, similar to H2, often results in incorrect and un-

derestimated dissociation energies with an error of around 200 kJ/mol [168,169].

This is usually a problem for functionals which do not include exact exchange,

however, since HF theory overestimates activation barriers, hybrid methods typ-
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ically give reasonable results.

• The main drawback of DFT is the fact that it is applied to a static system. To

perform chemically accurate dynamic simulations, we would have to resort to

ab initio MD simulations, where instead of FF, the interactions between system

components are calculated on the fly, often using DFT [170, 171]. Consequently,

the high computational cost of these simulations restricts them to timescales on

the order of picoseconds (ps).

The concepts presented in this chapter were used throughout this thesis to obtain

atomic-level insight into the invisible processes and interactions happening between sil-

ica nanostructures and R6G. Since the nanoparticles of interest are beyond what can be

resolved using optical microscope, the only way was to resort to computer simulations.

In general, MD allowed to gain insight into the R6G-NP interactions which confirmed

the experimental observations. Nonetheless, since R6G is a non-standard molecule in

all FFs, its parameters had to be custom-made. Therefore, DFT calculations at various

levels of theory were used to cross-validate the obtained MD results. While ab initio

MD has massive potential in this field due to much more accurate DFT calculations

involved, classical force-field driven MD simulations were able to successfully identify

the required dye-NP interactions.
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Chapter 4

Basic Photophysics

“I am almost inclined to coin a word, and call the appearance fluorescence, from fluor-

spar [i.e., fluorite], as the analogous term opalescence is derived from the name of a

mineral.”

By Sir George Gabriel Stokes, from the “On the Change of Refrangibility of Light”

(1852)

4.1 Origins of Fluorescence

Spectroscopy is the study of the interaction between matter and electromagnetic radi-

ation. When light or other forms of radiation are absorbed or emitted by molecules,

they provide valuable information about the molecular structure and behaviour. One of

the key phenomena explored in spectroscopy is fluorescence, where a molecule absorbs

light at one wavelength and then, in the case of a single-photon process, re-emits it at

a longer wavelength, usually after undergoing internal relaxation processes.

Fluorescence, in particular, occurs when molecules absorb photons of specific wave-

lengths, exciting electrons to a higher energy state. The excess energy is then released

through various processes, including non-radiative and radiative pathways. A Jablon-
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ski diagram commonly represents these relaxation processes, which provides a visual

overview of the different states involved in fluorescence emission.

Figure 4.1: Illustration of the Jablonski diagram showing the possible radiative and
non-radiative transitions.

When an electron absorbs a photon with energy matching the gap between the

ground state (S0) and an excited electronic state (S1 or S2), it first relaxes vibra-

tionally within the excited state, then undergoes internal conversion to the lowest

vibrational level of the first excited state (S1). Vibrational relaxation is a rapid non-

radiative process in which the molecule loses excess energy to the surrounding solvent or

medium, causing the molecule to transition to the lowest vibrational level of the excited

state [172]. From this point, the electron can either emit a photon and return to the

ground state, resulting in fluorescence, undergo a non-radiative internal conversion, or

transition to a triplet state via intersystem crossing. From the triplet state, it may relax

back to the ground state through either phosphorescence or further non-radiative decay.

In contrast to fluorescence, phosphorescence involves spin-forbidden transitions, such
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as from a triplet excited state to the singlet ground state, resulting in much longer-lived

excited states and extended emission lifetimes. However, triplet states can also deac-

tivate non-radiatively, through processes such as vibrational relaxation or collisional

quenching, which may compete with or even suppress phosphorescence depending on

the environment.

The transition from a ground state to an excited electronic state occurs on the

timescale of femtoseconds (10−15 s), which is virtually instantaneous when compared

with the motion of atomic nuclei. This rapid electronic transition is governed by the

Franck–Condon principle, which describes the intensity distribution of vibrionic tran-

sitions—transitions that involve both electronic and vibrational states. According to

this principle, electronic transitions are assumed to occur without a significant change

in the positions of the nuclei, since the nuclei cannot respond quickly enough to the

fast electronic transition.

This idea is rooted in the BOA, which separates electronic and nuclear motions

due to the large difference in their masses. As a result, the electronic transition is

represented as a vertical line on a potential energy diagram, with no change in nuclear

coordinates during the transition. The probability of a transition between different

vibrational states is determined by the Franck-Condon factor, which quantifies the

overlap between the vibrational wavefunctions of the initial and final electronic states.

This factor is mathematically defined as:

Fi,f = |⟨ψf |ψi⟩|2 (4.1)

where ψi and ψf are the vibrational wavefunctions of the initial and final states,

respectively. A larger overlap between these wavefunctions corresponds to a higher

Franck–Condon factor, resulting in a more intense transition. In practice, the most in-

tense vibrionic transition usually occurs from the vibrational ground state of the lower

electronic state to the vibrational state of the excited electronic state that is vertically

above it on the potential energy surface.

After excitation, the molecule typically relaxes to the lowest vibrational level of the
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excited electronic state via vibrational relaxation (a non-radiative decay process). Upon

returning to the ground state through fluorescence, phosphorescence, or non-radiative

decay, the transition typically follows a similar vertical path, but from the lowest vibra-

tional state of the excited state. This results in a redshifted emission spectrum relative

to the absorption spectrum, a phenomenon known as the Stokes shift. According to

the Kasha rule, the radiative transition typically occurs from the lowest vibrational

level of the first excited electronic state (S1) to the ground state (S0), regardless of

the higher excited state (Sn, with n ≥ 2) initially populated [173]. Nevertheless, there

are known exceptions to this rule, referred to as anti-Kasha behaviour, where emission

occurs from higher excited states rather than the lowest singlet excited state [174].

If the potential energy curves of the ground and excited states are similar in shape,

the absorption and emission spectra often appear as approximate mirror images of each

other, a phenomenon known as the mirror image rule [175]. This is due to the similar

spacing of vibrational levels in the ground and excited states.

The redshift in emission is primarily a result of non-radiative energy loss in the

excited state, leading to fluorescence photons that have lower energy than the incident

excitation photons. When a fluorophore is part of a larger molecule, its dipole mo-

ment changes upon excitation to an excited electronic state. The surrounding solvent

molecules, however, cannot adjust rapidly, and this adjustment happens only after vi-

brational relaxation because solvent molecules need to adjust to the new dipole moment

of the excited molecule [175]. This reorganisation contributes not only to the Stokes

shift but can also influence the fluorescence lifetime.

4.2 Quantum Yield

Fluorescence quantum yield (Q) is a quantity describing the ratio of photons emitted

by the fluorophore to the number of absorbed photons and mathematically is described

using the following expression:

Q =
kr

kr + knr
(4.2)
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where kr is the radiative decay rate and knr is the non-radiative decay rate. In the case

when the radiative decay rate is significantly larger than the non-radiative rate, the

quantum yield Q can approach unity; however, it can never exceed one due to energy

losses in the system.

4.3 Fluorescence Lifetime

The fluorescence lifetime is a parameter describing the average time the fluorophore

stays in an excited energy state before emitting a photon and returning to the ground

state. The average time must be taken, as the emission of a photon is a stochastic

process and the time that the individual molecules stay in the excited state may vary.

Mathematically, fluorescence lifetime can be described as an inverse sum of the non-

radiative and radiative decay rates [176]:

τf =
1

kr + knr
(4.3)

In the system, where only the radiative decays are present and the non-radiative

decay rate is 0, then the quantum yield will be equal to unity. This quantity is called

the natural fluorescence lifetime and is described using the following mathematical

expression:

τn =
1

kr
(4.4)

When a population of fluorophores is excited using a δ-function at t = 0, then some

molecules [M∗], will be promoted to the S1 excited state. The decay of this population

from the excited to the ground state due to the fluorescence emission is described using

the following rate equation [176]:

d[M∗]

dt
= −(kr + knr)[M

∗] = − [M∗]

τ
(4.5)

A general solution for this differential equation is in a form of simple exponential decay
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function:

[M∗](t) = [M∗](0) exp

(
− t

τ

)
(4.6)

Since fluorescence intensity is proportional to the number of excited molecules, the

equation can be re-written in the following form:

I(t) = I(0) exp

(
− t

τ

)
(4.7)

In the case where multiple non-interacting fluorophores are present, the expression can

be expanded by linearly summing over all species, where each component represents a

separate excited state:

I(t) =
n∑

i=1

Ii(0) exp

(
− t

τi

)
(4.8)

In practice, however, a δ-pulse excitation is not possible as there is a delay arising

from the instrumental response time needed to detect the fluorescence decays, which

is often comparable with the measured lifetimes. Consequently, the experimentally

observed decay curves represent a convolution of the ideal exponential decay with the

instrumental response function (IRF), encompassing contributions from the laser pulse

profile, detector response, and associated electronic timing effects. A measurement of

both of these and extraction of the undistorted decay function will be described in

Chapter 5.

4.4 Fluorescence Quenching

Quenching is a process which reduces the fluorescence quantum yield of a fluorophore,

thus reducing the overall intensity. Fluorescence quenching can be divided into two

large subcategories, both involving close interactions between the fluorophore and an

external molecule, referred to as quencher: static quenching and dynamic quenching.

In static quenching, which does not depend on diffusion or molecular collisions, the

intensity reduction is often caused due to the fluorophore in the ground state forming

nonfluorescent complexes with the quencher. As the static quenching involves the
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interaction of external molecules with the fluorophore in the ground state, the excited

state is unaffected and so is the resulting fluorescence lifetime.

The second type of quenching is dynamic quenching, often referred to as colli-

sional quenching, which occurs when a fluorophore in the excited state collides with a

quencher. As a result of this collision, the energy carried by the fluorophore is trans-

ferred to the quencher and released as excess heat to the environment [177]. The fluo-

rescence lifetime decreases in the presence of dynamic quenching, as the excited-state

population is depleted more rapidly due to collisional encounters with quenchers.

4.5 Fluorescence Anisotropy

The principle of fluorescence anisotropy is based on a condition, which states that for

light absorption, the electric component, or a vector of the electromagnetic wave, must

be parallel or close to parallel to the transition moment of the molecule [175]. When in

solution, the orientations of the aforementioned transition dipoles are completely ran-

dom. Therefore, if such a system is excited using, for example, linearly polarised light,

only the molecules whose transition dipole moments are oriented similarly to the direc-

tion of polarisation will be excited. This will result in a highly anisotropic distribution

of molecules, which is often called photoselection and is the underlying principle of flu-

orescence anisotropy. Following this, the excited fluorophore population will fluoresce,

while Brownian motion disrupts the original arrangement of these molecules. The rate

of fluorophore rotation in the solution impacts the degree of polarisation of the emitted

fluorescence relative to the excitation source. When rotational diffusion is slower, a

greater portion of the emitted light maintains its initial polarisation. Conversely, when

rotational diffusion is faster, the emitted light becomes increasingly depolarised.

In a typical anisotropy measurement, a polarizer is placed in both emission and

excitation arms, and the polarization of the emitted fluorescence is recorded. Typically,

the excitation light is polarized along the vertical axis, and the emission light is collected

in both vertical and horizontal axes. Both decays IV V (t) and IV H(t) are then combined
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to form the fluorescence anisotropy function R(t), defined as:

R(t) =
IV V (t) − IV H(t)

IV V (t) + 2IV H(t)
(4.9)

In the simplest case of spherical and freely rotating fluorophores, the anisotropy decay

follows a simple exponential model:

R(t) = R0 exp

(
− t

ϕR

)
(4.10)

Where ϕR is the characteristic decay constant, usually called rotational correlation

time, and R0 is the initial anisotropy, which has a maximum theoretical value of 0.4 for

a single-photon excitation. A value of 0.4 can be obtained when both excitation and

emission dipoles are parallel according to the following expression:

R0 =
2

5

(
3 cos2 β − 1

2

)
(4.11)

where β is the angle between the excitation and emission dipoles.

The rotational correlation time, ϕR, connects to the average molecular rotational

diffusion coefficient, D. In the simplest scenario involving a spherical particle, it also

relates to the hydrodynamic volume of the fluorophore, V , and the local viscosity, η.

This relationship can be expressed through the following equation:

ϕR =
1

6D
=

V η

TkB
(4.12)

where T is the temperature and kB is the Boltzmann constant. Time-resolved flu-

orescence anisotropy is widely utilised to study molecular rotation, offering insights

into molecular size and interactions in solution. It is especially valuable for exam-

ining protein-ligand binding, membrane dynamics, and conformational changes in

biomolecules [178]. Furthermore, it acts as a potent tool in nanoparticle metrology,

facilitating the estimation of particle size based on rotational diffusion rates [35,39].
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4.6 Rhodamine Dyes: Monomers and Dimers

Rhodamine dyes such as R6G and RB owe their strong fluorescence to the rigid, con-

jugated xanthene core that dominates their electronic structure. This consists of three

fused aromatic rings with alternating single and double bonds, which creates an ex-

tended π-electron system capable of efficient π–π transitions in the visible range. Be-

cause these properties underpin their use throughout this thesis as the primary flu-

orophores for probing interactions in silicate solutions, it is essential to consider the

molecular origin of their strong fluorescence first.

4.6.1 HOMO-LUMO Transitions and Orbital Basis of Fluorescence

At the molecular orbital level, the fluorescence of R6G and RB originates from the

lowest electronic transition between the highest occupied molecular orbital (HOMO)

and the lowest unoccupied molecular orbital (LUMO). Both orbitals are localised on

the xanthene chromophore and the amino substituents, ensuring strong orbital overlap

and a large transition dipole moment [179]. This spatial arrangement explains the high

intensity of the S0 → S1 transition and the strong fluorescence efficiency observed for

the monomers.

Figure 4.2: The HOMO (a) and LUMO (b) of R6G involved in the S0 → S1 transition.
Reproduced from [179] with permission from the American Chemical Society.

Theoretical studies support this picture [179]. Using the BP86 functional, the lowest
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excitation energy of R6G was calculated to be 2.62 eV (474 nm) with an oscillator

strength of 0.6, corresponding to the HOMO–LUMO transition [179]. Experimentally,

R6G in aqueous solution absorbs most strongly at 530 nm (2.33 eV), with a vibronic

shoulder around 470 nm. The difference between theory and experiment (≈ 0.3 eV)

can largely be attributed to solvent effects. When solvent screening was included via

the COSMO model, the calculated excitation energy shifted to 2.44 eV (508 nm), in

much better agreement with experiment. Importantly, the HOMO and LUMO were

both found to be localised on the xanthene core and ethylamino substituents, consistent

with the high fluorescence quantum yield, as the strong orbital overlap ensures a large

transition dipole moment.

R6G and RB fluoresce in their monomeric forms because their structures contain a

rigid, conjugated xanthene core. Optical excitation promotes an electron from a bond-

ing π orbital (HOMO) to an antibonding π∗ orbital (LUMO), i.e. a π–π∗ transition, and

the extended conjugation lowers the HOMO–LUMO gap into the visible region, giving

the dyes their bright colours. Fluorescence is efficient because the transition carries a

large dipole moment, the Franck–Condon overlap between ground- and excited-state

vibrational wavefunctions is good, and spin–orbit coupling is weak in these light-atom

organic molecules, minimising intersystem crossing to triplet states. Together, these

factors explain why monomeric Rhodamine dyes absorb and emit strongly in the visible

range.

4.6.2 Dimer Formation and Types of Aggregates

While R6G and RB fluoresce strongly in their monomeric forms due to efficient π–π∗

transitions within the conjugated xanthene core, their behaviour changes when the dyes

come into close contact at high concentration or under conditions that favour aggre-

gation. In these situations, the molecules can associate into two principal geometries.

H-type dimers arise from a face-to-face, parallel stacking of the chromophores, which

produces a characteristic blue-shifted absorption band relative to the monomer. J-type

dimers, by contrast, form through a head-to-tail alignment of transition dipoles, giving

rise to red-shifted absorption and emission features. Although both configurations are
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theoretically possible, J-aggregates are energetically less stable in solution and gener-

ally require stabilisation by an external potential, for example intercalation into layered

hosts or confinement within ordered channels [180]. As no such conditions are present

in the current system, only H-type aggregates are observed.

4.6.3 Influence of Silicate Solutions on Dimerisation

The likelihood of dimer formation also depends on the chemical form of the dye. R6G

remains cationic under alkaline conditions and is repelled by the negatively charged

silica surfaces. This electrostatic exclusion enhances dye–dye contacts between the

hydrophobic aromatic cores, promoting π–π stacking and stabilising H-type dimers.

RB, on the other hand, contains a carboxyl substituent and can adopt several protolytic

forms [181]. At high pH it tends to exist in a zwitterionic lactone structure that is

more neutral and hydrophilic, reducing the hydrophobic driving force for π–π stacking.

Consequently, under silicate conditions at pH 11–12, R6G readily forms dimers, whereas

RB remains predominantly monomeric.

4.6.4 Non-Fluorescence of H-Type Dimers

Because R6G readily forms H-type aggregates under alkaline silicate conditions, it is

important to consider the photophysical consequences of such aggregation, in particular,

why these dimers, despite their strong absorption, fail to fluoresce.

The absence of fluorescence from H-type dimers can be understood by considering

how the excited states of two closely stacked chromophores interact. In an isolated

monomer, excitation promotes the molecule from the ground state (S0) to the first ex-

cited state (S1), which possesses a finite transition dipole and therefore allows radiative

decay. When two identical chromophores are brought into close contact, their excited

states couple and the excitation becomes delocalised across both molecules. This de-

localisation produces two exciton states through Davydov splitting: a symmetric (E+)

and an antisymmetric (E−) combination of the monomer excitations [182].

62



Chapter 4. Basic Photophysics

Figure 4.3: Energy-level diagram comparing radiative and non-radiative pathways in
Rhodamine monomers and H-type dimers. Exciton splitting in the dimer produces al-
lowed (E+) and forbidden (E−) states, with relaxation channels leading predominantly
to non-fluorescent outcomes.

The E+ state carries strong oscillator strength because the transition dipoles add

constructively, giving rise to the intense blue-shifted absorption characteristic of H-

aggregates. The E− state, by contrast, has transition dipoles that cancel, making it

optically forbidden. Following Kasha’s rule, excitation energy absorbed into E+ relaxes

rapidly and non-radiatively into the lower-lying E− state.

In addition, the close π–π stacking permits orbital overlap between monomers,

which can generate intermolecular charge-transfer (CT) states [183]. These CT states

have weak electronic dipoles due to poor orbital overlap and also unfavourable vibra-

tional overlap with the ground state, leading to negligible Franck–Condon factors. Both

the dark exciton (E−) and CT states therefore lack efficient radiative pathways.

The combined effect is that excitation energy in H-type aggregates is funnelled into

states from which radiative decay is strongly suppressed. Instead, relaxation proceeds

predominantly by non-radiative channels, explaining why H-type dimers, despite their

strong absorption, are essentially non-fluorescent.
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Experimental Procedures

Fluorescence is a multi-parameter phenomenon that can be described using several pa-

rameters, such as emission and excitation wavelengths, lifetime, polarisation, and quan-

tum yield, among others. The objective is to recover as many of these parameters as

possible. However, in practice, it is not a straightforward task, as multiple instruments

are needed to measure different fluorescence parameters. In general, the measurements

can be classified into two categories: steady-state and time-resolved. This Chapter

discusses the basic fluorescence measurements and a variety of techniques presented in

this thesis.

5.1 Absorbance

The first measurement that is performed when starting a series of fluorescence mea-

surements is the acquisition of the absorbance spectrum. Strictly speaking, absorbance

is not a fluorescence measurement, but a critical complement to any fluorescence mea-

surements, as it allows identification of absorption bands for the most efficient exci-

tation [184]. This can be done by comparing the intensity of light passing through

the sample, with a reference sample. The ratio of the two intensities is referred to as
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transmittance:

T (λ) =
I(λ)

I0(λ)
(5.1)

Now, the transmittance can be used to calculate the absorbance at each wavelength:

A(λ) = log
I0(λ)

I(λ)
= − log T (λ) (5.2)

Knowing the value for absorbance, the concentration of the measured substance can be

calculated using the Beer-Lambert law:

A(λ) = ε(λ) × l × c (5.3)

Here ε(λ) is the molar extinction coefficient, l is the path length, and c is the concen-

tration of the measured substance.

A schematic of a typical dual-compartment absorption spectrometer is shown in

Figure 5.1. The spectrometer employed in this study is the Lambda 25 UV-Vis spec-

trometer manufactured by Perkin Elmer. This instrument is fitted with two lamps: a

deuterium lamp (D) for UV excitation (190 – 330 nm) and a halogen lamp (H) (330

– 1100 nm), allowing for full coverage of the spectrometer’s operational range. By

utilising a set of mirrors (M) and a monochromator (Mono), the samples are gradually

exposed to a range of wavelengths until the specified range has been fully covered. The

reference signal (R) is measured alongside the sample (S) to adjust the measured signal

for solvent and cuvette absorption. Finally, the resultant absorbance is determined as

the difference between the signals recorded by the two detectors.
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Figure 5.1: Schematic of a Perkin Elmer Lambda 25 spectrometer. The radiation
generated by deuterium (D) (190 – 330 nm) and halogen (H) (330 – 1100 nm) lamps
is guided by mirrors (M) to the monochromator (Mono) and then through the beam
splitter (B) to reference (R) and measured (S) samples and finally to corresponding
detectors (D1, D2).

5.2 Steady-State Measurements

In steady-state measurements, samples are illuminated by a continuous beam of light,

thus allowing to measure the specimen’s emission and excitation spectra. A spectrom-

eter used for the work presented in this thesis is Fluorolog3 by HORIBA-IBH, with its

schematic shown in Figure 5.2. Typically, a source of this continuous illumination is a

Xenon arc lamp, due to its wide and almost linear spectrum ranging from ultraviolet

to near-infrared [172, 175]. Next, the arc lamp-produced beam of light passes through

the excitation monochromator, which allows for the filtering and selection of specific

wavelengths to reach the sample.

66



Chapter 5. Experimental Procedures

Figure 5.2: Schematic of a typical Steady-State Spectrometer.

To monitor the variations in the xenon lamp output and compensate for those if

needed, a small fraction of the excitation light is diverted to the reference silicon pho-

todiode. The emission from the sample is collected at a 90◦ angle to the excitation

beam to minimize the detection of the excitation light and reflected light. Next, the

emitted light passes through the second monochromator located in the emission arm,

which selectively transmits the signal to the photomultiplier, which converts the pho-

tons to electrons via the principle of the photoelectric effect, which are then multiplied

to provide a measurable electric current at the output.

To obtain the emission spectrum of the sample, the excitation monochromator is set

to a wavelength which matches the absorption band identified during the UV-Vis mea-

surements and using the monochromator in the emission arm, the fluorescence intensity

is measured as a function of the emission wavelength. In the excitation, the emission

wavelength is fixed, typically to cover the whole range of the emission wavelengths, and

then the fluorescence intensity is measured as a function of the excitation wavelength.
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In most cases, the excitation spectrum will be identical to the UV-Vis absorption, as

long as the fluorophores obey Kasha’s rule [173].

5.3 Time-Resolved Fluorescence Measurements

Time-resolved measurements allow for monitoring the emission of a sample as a function

of time [175]. Broadly speaking, time-resolved techniques can be divided into two main

groups: frequency-domain and time-domain. Frequency-domain, also known as phase-

modulated measurements, are based on the harmonic modulation of excitation light at

high frequency [175]. As this type of measurement is beyond the scope of this work, it

will not be discussed further.

Time-domain measurements are performed by illuminating the sample with a pulse

of light whose duration is significantly shorter than the sample’s decay time. However,

it is important to emphasise that the measured fluorescence decay does not represent

the true decay of the sample as in practice the excitation pulse is significantly broader

than the theoretical δ-function and the detector response is relatively slow. As a result,

the recorded fluorescence intensity decay curve is convolved with the instrumental re-

sponse function (IRF), and to recover the decay parameters a re-convolution must be

performed:

F (t) = L(t) ⊗ Fc(t) =

∫ t

0
L(t− t′)Fc(t

′) dt′ (5.4)

In practice, the IRF L(t) is obtained by measuring the scattering of the excitation

beam. Once L(t) is measured, it is re-convoluted with the assumed fluorescence impulse

response Fc(t) and compared with the measured decay function F (t). Often the analysis

of such data is performed using a nonlinear least-squares method and assessed using a

statistical goodness of fit criterion, e.g. χ2 test. The main difficulty of such analysis

lies in the fact that it is highly dependent on the model used and is notoriously easy

to over-parametrise the model. Typically, the simplest model satisfying the goodness

of fit criterion is assumed as the correct model.
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5.3.1 Time-Correlated Single Photon Counting

The commonly used technique for performing time-domain measurements is time-

correlated single photon counting (TCSPC). To perform such measurements, a few

components are needed:

1. A short pulse excitation source with optical pulses as short as 100 ps with a

repetition rate ranging from 10 kHz to 1 MHz;

2. Typical components, found in all conventional spectrometers, such as monochro-

mators, polarisers and focusing optics;

3. Timing electronics, such as time-to-amplitude converter (TAC);

4. A single-photon detector.

In a typical forward-mode working TCSPC spectrometer, the pulsed excitation source is

used to excite the sample and simultaneously acts as a start signal in the measurement

cycle. The fluorescence emission of the sample is filtered using a monochromator and

detected at a 90◦ angle to separate it from the excitation beam. The excitation source’s

flash generates an electronic signal, serving as the start impulse for the TAC. When

the TAC receives the start signal, it begins charging a capacitor until it gets the stop

pulse from the detector or reaches the end of its cycle. The capacitor then discharges,

producing an analogue output pulse whose amplitude corresponds to the time between

the start and stop signals. This pulse is digitized and sent to a multichannel analyser

(MCA), which records multiple signals to create a histogram of photon counts over

time. A schematic of such setup is shown in Figure 5.3.
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Figure 5.3: Schematic of a typical TCSPC setup working in reverse mode.

One unavoidable artefact present in all detectors, including TCSPC measurements,

is photon pile-up [185, 186]. The pile-up effect occurs because a TCSPC device can

detect only one photon per signal period. At high photon detection rates, only the

first detected photon is recorded, while subsequent photons in the same cycle are ig-

nored, leading to artificially shortened fluorescence lifetimes. Additionally, detectors

have a “dead time” during which they recover from a previous detection, causing any

photon arriving in this period to be lost. This effect distorts the histogram and shifts

fluorescence decays to shorter times. To minimize pile-up, the photon count rate is

typically kept below 1–2% of the laser repetition rate. Modern systems can detect

multiple photons per cycle, but if the detection probability is too high, the TAC may

continuously reset, leading to data loss. This issue can be mitigated by operating the
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TAC in reverse mode, where the fluorescence photon generates the START signal, and

the next excitation pulse serves as the STOP signal.

5.3.2 Fluorescence Decay Analysis

The TCSPC-obtained histograms, which are the measured fluorescence decays, can be

used to perform reconvolution of equation 4.8. Reconvolution is an iterative process,

in which the chosen exponential model is convolved with the pre-recorded IRF and

compared to the experimental data. This process repeats until the model best fits the

data, minimizing the difference between the measured and calculated parameters, such

as lifetime and pre-exponential factors [175,185].

Various methods exist for analysing time-resolved decays, each offering unique ad-

vantages. For instance, the maximum entropy method excels in representing decay

without imposing a specific model [187]. Alternatively, the lifetime distribution ap-

proach simplifies decay analysis by reducing required parameters [188], while the maxi-

mum likelihood model effectively handles data noise through Poisson statistics [189]. In

this thesis, a multi-exponential least-squares model is used, known for its simplicity and

robustness, with demonstrated exceptional performance over time [190–192]. Further-

more, for fluorescent dyes exhibiting fluorescence intensity decays following a simple

mono-exponential model, each recovered component corresponds to a fluorophore ex-

posed to a different environment [193]. Strictly speaking, n-exponential decay times

describes n excited states, however, even if this is not appropriate to the kinetics, multi-

exponentials can still be used to describe a decay. Typically, the multi-exponential

model is fitted to the measured fluorescence decays, and has the following expression:

F (t) = A+

n∑
i=1

Bi exp

(
− t

τi

)
(5.5)

whereA is the background offset, index i denotes the individual exponential components

in the model, Bi are the pre-exponential factors which denote the intensity contribution

of the given lifetime component, and τi are fluorescence lifetimes.

The nonlinear least squares method (NLLS) is the most used approach to evaluate
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the quality of fit [175]. It quantifies the mismatch between the experimental data Y (t)

and the fitted function F (t) using the chi-square (χ2) value, which can be calculated

using the following expression [194]:

χ2 =

N∑
i=1

(
Y (i) − F (i)

σ(i)

)2

(5.6)

Here N is the number of data channels selected for the analysis, Y (i) is the fluorescence

decay data, F (i) is the fitted function, and σ(i) is the expected deviation from statistical

consideration. A key advantage of TCSPC is that the data follows a known Poisson

statistical distribution, making it easy to determine the standard deviation as

σ(i) =
√
Y (i) (5.7)

In photon counting experiments, σ(i) represents the expected deviation based on

statistical considerations and is typically estimated directly from the data. As the

number of collected counts increases, σ becomes less significant, leading to improved

precision. The χ2 is minimized by adjusting the parameters of the fitting function,

with the minimum reached when the actual deviation between Y (i) and F (i) matches

the expected deviation σ(i). For a perfect fit, the value of χ2 should be close to 1.

However, the value of the χ2 is not the only indicator of the quality of the fit.

72



Chapter 5. Experimental Procedures

Figure 5.4: R6G decay with a corresponding mono-exponential fit, 10 µM sample,
λex = 494 nm, λem = 548 nm.

Another critical indicator of fit quality is the distribution of residuals, defined as

the difference between the measured and fitted intensities at each time point. Ideally,

residuals should fluctuate randomly around zero without any systematic patterns. Such

behaviour indicates that the chosen model captures the essential decay dynamics of the

system. In the case of Rhodamine 6G, shown in Figure 5.4, the fluorescence intensity

decay was fitted to a mono-exponential model. The residuals appear randomly dis-

tributed and centred around zero, supporting the conclusion that a single-exponential

decay function adequately describes the fluorescence decay kinetics in this case. Struc-

tured or non-random residuals, on the other hand, would suggest that a more complex

model (e.g., multi-exponential) may be required.
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5.4 Time-Resolved Anisotropy Decays

5.4.1 Measurements

In time-resolved fluorescence anisotropy experiments, the rotational dynamics of

molecules are investigated by analysing the polarisation of the emitted light. When

a sample is excited with vertically polarised light, the fluorescence emission can be

detected in two polarisation directions: vertically (VV) and horizontally (VH). By

measuring these two components over time, the anisotropy decay, R(t), can be con-

structed, which provides insight into how the molecule’s orientation changes as it moves

or rotates. Fluorescence anisotropy experiments work because linearly polarised light

preferentially excites molecules whose absorption dipoles are aligned with the excitation

field, a process known as photoselection. The emitted fluorescence retains some degree

of polarisation depending on the molecule’s rotation during the excited-state lifetime.

However, in practical experiments, the detectors used to measure the emission light

may not be perfectly balanced. The detector measuring the VV emission might have a

slightly different efficiency or response compared to the one measuring the VH emission.

This mismatch can distort the measured anisotropy and lead to inaccurate results.

The G-factor is a correction factor used to account for this imbalance between the

detectors. It compensates for any differences in sensitivity or efficiency between the

detectors, ensuring that the measurements of the vertically and horizontally polarised

light are comparable. The G-factor adjusts the anisotropy data so that the true molec-

ular dynamics are reflected rather than any systematic biases caused by the detector

setup.

Mathematically, the anisotropy decay, R(t), is calculated from the intensities IVV(t)

and IVH(t), but the G-factor is introduced to normalise the VH measurement relative

to the VV measurement. Therefore, the corrected anisotropy decay is given by:

R(t) =
IVV(t) −G · IVH(t)

IVV(t) + 2 ·G · IVH(t)
(5.8)

Here, G adjusts the contribution of the VH emission to account for the detector im-
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balance, ensuring that the observed decay accurately represents the molecular rotation

or dynamics. Without it, the anisotropy decay data could be skewed, leading to mis-

leading conclusions about the molecular behaviour. The factor of 2 in the denominator

arises because, in an isotropic sample, the total fluorescence intensity is composed of

one component parallel to the excitation and two equivalent perpendicular components,

ensuring proper normalisation of the emission intensity in three-dimensional space.

Experimentally, the G-factor is obtained from the ratio of the perpendicular (HV)

and parallel (HH) polarised emission components when the excitation light is horizon-

tally polarised:

G =

∫
IHV(t) dt∫
IHH(t) dt

(5.9)

Since most of the excitation light is blocked due to the polariser being placed in the

horizontal position, measuring the G-factor can potentially be very time-consuming.

The G-factor is simply a numerical value used to correct for any imbalance between the

detectors. It adjusts the relationship between the VV and horizontally VH emissions to

ensure accurate anisotropy measurements. While the G-factor is crucial for correcting

any detector imbalance, it is a constant value in a given experiment and does not

require frequent recalibration. It can be measured once and then reused, provided

that the same experimental parameters are applied to the same instrument and the

optical components are not replaced. Typical values depend on the detection system:

for filter-based setups, G is usually close to 1, whereas for systems using an emission

monochromator, G is often around 0.5, though this can vary with wavelength and

grating settings.

For the anisotropy measurements, the peak counts from the IHV(t) and IHH(t) sig-

nals are sufficient when they reach around 1000 counts. In practice, the IVV(t) and

IVH(t) measurements are acquired by keeping the excitation polarizer in the vertical

position throughout the experiment. Meanwhile, the emission polarizer is toggled be-

tween vertical and horizontal orientations, with each position being held for a specified

dwell time, typically 60 seconds or more. This process continues until a peak difference

of 10,000 counts is achieved, ensuring that the measurements are accurate and stable
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before proceeding with the anisotropy decay analysis.

A subtle but important point is that photoselection is not absolute. Although

linearly polarised light excites molecules aligned with the field most efficiently, the

probability of excitation follows a cos2 θ distribution, where θ is the angle between

the transition dipole and the excitation polarisation [175]. Even molecules misaligned

to some degree are still excited, leading to a partially oriented ensemble of excited

molecules. This incomplete orientation limits the maximum initial anisotropy R(0)

to 0.4 in the ideal case of one-photon absorption in an isotropic medium (See Chap-

ter 4). In practice, measured R(0) values are often lower due to ultrafast depolarisation

processes such as solvent relaxation, local probe flexibility, or energy transfer [175].

5.4.2 Data Analysis

In time-resolved anisotropy experiments, the data analysis typically starts with the

calculation of the sum and difference curves from the measured intensities. These

curves are crucial for extracting the anisotropy decay and understanding molecular

dynamics.

The sum and difference of the measured intensities in the VV and VH are calculated

as follows:

S(t) = IVV(t) + 2 ·G · IVH(t) (5.10)

D(t) = IVV(t) −G · IVH(t) (5.11)

Here, S(t) represents the total fluorescence intensity, combining both the VV and VH

components, while D(t) reflects the polarisation dependence of the emission, which is

linked to the molecular anisotropy.

Once the sum and difference curves are obtained, a reconvolution analysis is applied

to the total fluorescence intensity S(t), as described in section 5.3.2. This analysis is

designed to fit the experimental data to a decay model which represents the overall

fluorescence dynamics, yielding parameters, such as the fluorescence lifetime or decay

constants. Once a suitable fit is found for the sum data, a second reconvolution is
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performed on the difference data D(t), which provides the anisotropy decay, R(t):

D(t) = S(t) ⊗R(t) (5.12)

Here, the convolution operation accounts for the relationship between the sum and

difference curves, allowing the recovery of the anisotropy decay R(t).

The model used for the anisotropy decay, R(t), in the reconvolution analysis software

assumes that the fluorophore behaves as a simple spherical object with a maximum of

two rotational correlation times. Theoretically, more exponential components could be

used to describe R(t); however, this is generally not beneficial because many different

models and parameter combinations would fit the data equally well, making the results

ambiguous. Therefore, the mathematical expression for R(t) is:

R(t) = b1e
−t/τ1 + b2e

−t/τ2 + r∞ (5.13)

Here, b1 and b2 represent the fractional contributions of the two rotational correlation

times τ1 and τ2. r∞ is the residual anisotropy, which accounts for the small anisotropy

that remains at long times, reflecting any restricted angular motion of the fluorophore.

A value greater than zero suggests that the molecule is experiencing some constraints

on its rotational freedom (e.g., due to interactions with its environment or surrounding

macromolecules). The initial anisotropy R0, which represents the anisotropy value at

time zero, can be calculated from b1 and b2 as:

R0 = b1 + b2 (5.14)

This reflects the total anisotropy at the moment of excitation and indicates how the

molecule’s orientation is initially distributed.
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5.5 Fluorescence Recovery After Photobleaching

FRAP, introduced by Daniel Axelrod in 1976, is a widely used technique to study the

lateral mobility of fluorescently labelled molecules [60]. It involves photobleaching a

defined region and monitoring fluorescence recovery as unbleached molecules diffuse

back into the area, allowing extraction of parameters such as diffusion coefficients and

mobile fractions. While powerful and non-invasive, FRAP relies on assumptions like

homogeneous diffusion, which may not hold in complex environments. In this thesis,

FRAP is applied to study the diffusion of industrial sodium silicates, supporting the

development of a nanometrology method for silica-based nanoparticles.

5.5.1 Photobleaching in FRAP

In FRAP, photobleaching refers to the deliberate, localised, and irreversible loss of flu-

orescence caused by intense laser irradiation. Excited fluorophores, such as R6G or

RB, undergo chemical changes that prevent them from emitting light. Once bleached,

these molecules leave a non-fluorescent region, and the subsequent recovery of fluores-

cence reflects the diffusion of unbleached molecules into this area. Photobleaching is

therefore not merely a limitation but the central mechanism that enables quantitative

FRAP analysis of molecular diffusion and mobility.

Photobleaching can occur through several pathways. One common mechanism in-

volves the triplet excited state of the fluorophore, which can react with molecular

oxygen to form reactive species that permanently damage the fluorophore [195]. An-

other mechanism is photooxidation, where these reactive species modify the fluorophore

or nearby molecules, leading to loss of fluorescence, although this is less significant for

some dyes such as Cy5 or ATTO 647N [196]. Fluorophores can also undergo direct pho-

tochemical reactions, producing non-fluorescent products without involving the triplet

state, as seen with methylene blue [197].

Understanding these mechanisms helps in selecting fluorophores and optimising

experimental conditions to control photobleaching, ensuring accurate measurement of
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diffusion and molecular mobility in FRAP experiments. This also naturally leads to

the importance of choosing suitable fluorophores, which is discussed in the following

subsection.

5.5.2 Fluorescence probes for FRAP

The fundamental property that is exploited during FRAP is, of course, fluorescence,

hence, the selection of the fluorophores is the keystone of a successful FRAP experiment

[198]. The decision of what type of fluorophore to use will directly depend on whether

the fluorophore itself is used for the FRAP experiment or is coupled to the molecule of

interest, e.g., by labelling in the case of labelled nanoparticle. In the latter, one needs

to ensure that the attached fluorophore does not significantly affect the mobility of the

molecules of interest. Lastly, the fluorophore should be readily bleachable during the

initial photobleaching phase, yet sufficiently stable to resist significant photobleaching

during the subsequent image acquisition, despite the prolonged illumination required

for monitoring fluorescence recovery.

The most commonly used fluorophores for FRAP are fluorescein and green fluo-

rescent protein (GFP) [199]. Nonetheless, both fluorophores mentioned above have

significant drawbacks, with fluorescein being very prone to photobleaching, hence it

might be problematic when used for prolonged experiments, while the GFP has been

shown to exhibit reversible photobleaching, thus complicating the analysis of the recov-

ery [200, 201]. In addition to fluorescein and GFP, other fluorophores may be selected

depending on the specific application and system under study [202]. For example, dyes

such as rhodamine or Alexa Fluor dyes are often chosen for their superior photostabil-

ity and fluorescence intensity, making them ideal for experiments requiring prolonged

imaging [203, 204]. Quantum dots have also gained popularity in FRAP applications,

especially for studying nanoparticles or for applications in nanometrology [205–207].

These probes provide narrow tuneable emission spectra, exhibit high photostability,

and feature a large surface area for functionalization [208–210]. This is especially ad-

vantageous for investigating the diffusion of particles, such as nanoparticles in suspen-

sion. Additionally, the fluorophore’s spectral properties, especially its absorption and
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emission wavelengths, must match the laser excitation sources and the detection filters

utilised in the imaging system. Lastly, the functionalization process mustn’t influ-

ence the particles’ diffusion behaviour when labelling nanoparticles with fluorophores,

especially in nanometrology contexts. This is essential to ensure that the measured

diffusion coefficient truly reflects the particles’ behaviour in solution, rather than being

influenced by the labelling method.

5.5.3 Performing the Experiment

The typical FRAP experiment consists of three stages:

1. Initially, a sequence of frames is acquired to act as a reference for the initial

intensity, called the pre-bleach phase.

2. The next step is the bleaching phase. During this step, a rapid and powerful laser

pulse is applied to the region of interest (ROI), and the fluorophores in the ROI

are irreversibly photobleached. The laser power must be high enough to cause a

drop in intensity to at least approximately 75% of the pre-bleach value, but also

low enough to avoid excessive photodamage that could perturb the system or

cause mobile molecules to become immobile. The latter is particularly important

when studying cells [211]. Additionally, the laser pulse must be short enough to

minimise molecular diffusion during bleaching. Ideally, the bleaching duration

should be less than one-tenth of the recovery half-time [211].

3. The final phase is the actual data acquisition phase, called the post-bleaching

phase. During this phase, recovery images are collected using either a CLSM or

a widefield microscope with a camera. This phase should typically continue until

the recovery reaches a plateau, although this depends on the specific experiment.

A key consideration here is the time interval between frames. For slow diffusion,

a varying timestep may be used, starting with the smallest possible interval im-

mediately after bleaching, then gradually increasing over time. For fast diffusion,

a constant interval simplifies data analysis, but can result in very large datasets

requiring significant computational resources to process.
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When it comes to experimental settings, such as laser power, bleach duration and

imaging step, a universal approach does not exist. Settings and parameters need to

undergo thorough testing and refinement over several trials, as they are closely linked to

the specific system being examined. Proper calibration is vital to achieving an optimal

experimental setup. After identifying the best parameters, it’s advisable to create

pre-set configurations to ensure uniformity across various experiments. Even minor

changes in the experimental conditions can greatly influence the recovered parameters

of interest, highlighting the necessity for precision and consistency in the experimental

design.

5.5.4 Data Analysis

Contrary to the simplicity of the experiment, the FRAP data analysis is not straight-

forward. A variety of models exist that can be used to analyse the experimental data,

and different to e.g., TCSPC experiments, where multi-exponential model is often used

for variety of systems, here the model selection depends strongly on the system that

is studied. The choice of model can vary based on the characteristics of the molecules

under investigation, such as whether they exhibit simple or anomalous diffusion, or if

there are immobile components involved.

Despite the model that will be used to obtain the actual parameters of interest,

the main workflow of FRAP data analysis will be more or less identical. An image

processing software that can measure the intensity in defined regions is needed to extract

the necessary parameters from the obtained image stack. A good choice is ImageJ

[212–214], as it is freely accessible and rather intuitive in its usage. Furthermore, due

to the large number of available plugins, the analysis can be easily optimised by utilising

those plugins.

Multiple ROIs

Typically, the intensity of multiple ROIs must be measured to generate the final FRAP

recovery curve. These ROIs are selected in such a way that they capture both the
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bleached region (ROI1) and areas that represent the non-bleached surrounding regions

(ROI2). The following steps are usually performed to ensure accurate intensity mea-

surements:

1. Pre-bleach ROI Measurement: Before photobleaching, the fluorescence in-

tensity of the ROI is measured over several frames to capture the baseline fluo-

rescence level, I0.

2. Post-bleach ROI Measurement: After photobleaching, the fluorescence in-

tensity in the same ROI is monitored over time as the recovery proceeds. This is

essential for capturing the temporal dynamics of fluorescence recovery.

3. Control ROIs: Additional ROIs, often selected from regions of the sample out-

side of the bleaching zone, are used to measure background fluorescence and

correct for any potential fluctuations or drift in illumination over time. These

control ROIs help to normalize the data and reduce errors arising from factors

unrelated to molecular diffusion, such as shifts in the microscope’s focus or slight

variations in light intensity.

It is important that the same ROIs are consistently measured across frames to

maintain uniformity in the analysis. ImageJ allows the user to track and select ROIs

across the image stack, making it easy to monitor intensity changes in real-time.

Data Pre-Processing

Once the fluorescence intensities for each ROI have been measured, the data must be

processed to correct for the residual bleaching and other potential sources of error:

1. Background Subtraction: This is the most important data preprocessing step,

as it accounts for any inherent fluorescence or bleaching due to prolonged imaging,

both of which are not related to the diffusion process. This can be simply done

by dividing the bleached ROI by the control ROI (shown in Figure 5.5).

2. Intensity Normalisation: To ensure that a direct comparison between different

experiments or experimental conditions is possible, a standard practice is to nor-
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malise the data. Typically, this is achieved by dividing the fluorescence intensity

at each frame by the pre-bleach intensity I0, resulting in a recovery curve where

the maximum intensity is set to 1.

3. Time Point Interpolation: In some cases, due to errors in image capturing,

there might be data points missing. Interpolation techniques can be used to

estimate the missing values by fitting the data to a curve or by averaging neigh-

bouring points. This can be especially helpful in experiments with irregular frame

capture rates.

Figure 5.5: FRAP analysis showing intensity changes over time. The red curve repre-
sents the photobleaching correction signal, the blue curve shows the raw FRAP intensity
in the bleached region, and the green curve displays the corrected FRAP recovery curve
after normalisation. Data are normalised to pre-bleach intensity levels and corrected
for acquisition bleaching.

Fitting the Recovery Curve

Once the intensity data has been obtained, corrected and normalised the next step is to

fit the FRAP recovery curve to a model that best describes the diffusion of the system
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under study. Several models can be used, depending on the complexity of the diffusion

and sample under study.

For systems exhibiting simple diffusion, e.g., large nanoparticles in viscous solution,

or free R6G in glycerol, a simple mono-exponential model is often used:

I(t) = I∞

(
1 − e−t/τ

)
(5.15)

where I(t) is the intensity at time t, I∞ is the final intensity at the recovery plateau,

and τ is the recovery time constant, which is directly related to the diffusion coefficient.

When prior knowledge of their binary nature exists, the bi-exponential model can

provide an excellent balance between accuracy, simplicity, and reliability, as will be

shown in Chapter 9. Lastly, the tri-exponential model, in which each component cor-

responds to a distinct sample fraction, such as free dye and two types of nanoparticles

of varying sizes, can differentiate all three components with a single measurement,

thereby offering a size distribution. However, this model is only reliable in relatively

high-viscosity environments, as it tends to underperform at low viscosities, leading to

size overestimation and over-parameterisation; therefore, it should only be applied af-

ter careful validation. Consequently, the general form of the exponential model is the

following:

I(t) = A+

n∑
i=1

I∞,i

(
1 − e−t/τi

)
(5.16)

This model serves as the primary focus of this thesis and is the subject of this discussion.

Models like the Two-Phase model, which includes mobile and immobile components

such as membrane-bound or aggregated molecules, and anomalous diffusion models

for systems exhibiting non-standard diffusion behaviours (e.g., confined diffusion), are

irrelevant to this thesis and will not be examined in depth [62,215].

Extracting Key Parameters

From the fitted recovery curve, several key parameters can be extracted:

1. Mobile fraction (Mf): Mobile fraction represents the proportion of the
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molecules in the bleached ROI, which can diffuse. This is obtained directly from

the fitted model by taking the difference of I0 and I∞. A high Mf indicates that

a large portion of molecules in the bleached ROI are mobile, while a low value

indicates that a substantial portion of the molecules are immobile or bound.

2. Recovery time constant (τ): The time constant τ represents how quickly the

fluorescence intensity recovers to its steady-state value. It is inversely propor-

tional to the diffusion coefficient and can be used to estimate the rate of diffusion.

A shorter τ corresponds to faster diffusion and vice-versa.

It is important to note, that recovery half-time (t1/2) is usually used instead of

τ . While both of those parameters are closely related, they represent different

aspects of the FRAP recovery process. The recovery time constant τ defines the

time it takes for the system to reach approximately 63% of its total recovery,

since 1 − e−1 ≈ 0.63. In contrast, the recovery half-time (t1/2) is defined as the

time required for the fluorescence intensity to reach 50% of its final steady-state

value. To derive the recovery half-time, we set:

I(t1/2) =
I∞
2

(5.17)

which results in:

1

2
= 1 − e−t1/2/τ (5.18)

Rearranging and solving for t1/2 gives:

t1/2 = τ ln 2 ≈ 0.693τ (5.19)

Consequently, the recovery half-time is proportional to the recovery time con-

stant, with t1/2 approximately equal to 0.693τ . Thus, while the recovery time

constant is directly related to diffusion, the recovery half-time offers a more in-

tuitive measure, indicating the duration needed for recovery to reach its halfway

85



Chapter 5. Experimental Procedures

point. Additionally, it can be applied in calculating the diffusion coefficient (D),

especially when considering a circular bleached region of radius w, where the

diffusion coefficient can be estimated using the expression:

D ≈ w2

4t1/2
(5.20)

As a result, the recovery half-time is typically preferred over the recovery time

constant for estimating the diffusion coefficient because it provides a more stable

and reproducible parameter in most experimental setups.

Statistical Analysis and Validation

Lastly, statistical analysis should be conducted to ensure the reliability of the results:

1. Goodness of fit: The fit’s quality should be evaluated using metrics like R2

or reduced chi-squared to determine how accurately the model represents the

experimental data.

2. Error Estimation: The uncertainty in diffusion parameters must be assessed by

calculating confidence intervals or standard deviations from several repetitions.

3. Reproducibility: To confirm that the results are consistent and not artefacts

of the experiment, it is important to conduct multiple trials.

5.5.5 Experimental Setup

In this section, the custom-built FRAP widefield microscope developed and used in this

thesis will be described in detail. The system combines high-resolution widefield fluores-

cence imaging with a dedicated FRAP scanner, allowing for precise photobleaching and

recovery measurements. The setup includes a modular microscope platform, motorised

sample stage, high-performance objective, advanced illumination and laser systems,

and a sensitive detection unit. The following subsections will provide a comprehensive

overview of each component and its role in the FRAP experiment. A schematic of the

FRAP setup is shown in Figure 5.6.
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Figure 5.6: Schematic of a custom FRAP setup based on Cairn Research OpenFrame
platform.

Microscope Base and Structure

The whole optical setup is based on a modular OpenFrame platform by Cairn Research,

which serves as the structural foundation of the system. The platform is designed in

a way, which allows it to accommodate multiple optical and mechanical components

while providing stability and flexibility for future modifications due to the modular

design. The OpenFrame includes a focusing/objective layer, equipped with a motorised

focus, allowing for precise control of the objective position in the Z-direction, which

is critical for maintaining consistent focus during both widefield imaging and FRAP

experiments. An XY-stage adapter plate is integrated into the platform, allowing the

addition of sample stages. A single objective holder and adapters for the Z stage are

included, ensuring compatibility with different objective configurations.

Sample Stage and Positioning

The system includes a motorised XY microscope stage with a travel range of 100 mm

× 120 mm, providing large-scale movement, while still maintaining high positional ac-

curacy. A universal insert allows to accommodate different sample holders, making

the system adaptable for a variety of experiments. A programmable 3-axis joystick al-

lows real-time manual control of the stage, giving the user the ability to adjust sample
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positioning during the experiment.

Objective Lens

The system is equipped with an Olympus 100× high-performance oil immersion objec-

tive with a numerical aperture of 1.45 and a working distance of 0.13 mm, providing

excellent resolution and light-gathering ability. The objective is optimised for fluores-

cence imaging, making it ideal for high-resolution FRAP experiments. Furthermore, it

features a 0.17 mm cover glass correction, thus allowing compensation for variations in

sample thickness, ensuring sharp, high-contrast imaging across the field of view.

Illumination System

The widefield illumination system includes a pair of high-stability LED light sources

for fluorescence excitation. A stabilised OptoLED power supply is used to control the

intensity and modulation of the two LED channels at 470 nm and 530 nm. The power

supply features full front panel control with feedback circuitry to maintain consistent

output intensity during long imaging sessions. A TwinLED coupling unit is used to

combine and direct the LED into the optical path. The light path is directed towards

the sample via a direct epi-illuminator and a motorised bypass cube, allowing switching

between different illumination modes.

FRAP Scanner

A dedicated ASI fibre-coupled laser FRAP scanner provides the FRAP capability. The

scanner features a micro-mirror scan head with a diffraction-limited scan lens of 39 mm

focal length and a 2.4 mm MEMS mirror for rapid and precise targeting of the photo-

bleaching region.

Laser Bleaching and Control

The laser system is based on a Cairn TriLine Laser Launch configured with three

continuous wave (CW) laser lines at 488 nm, 532 nm, and 640 nm, which are specifically
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used for photobleaching during FRAP experiments. The lasers are delivered via a high-

power, single-mode, polarisation-maintaining fibre, ensuring stable and precise laser

delivery. The lasers at 488 nm and 532 nm provide 150 mW of power, while the laser at

640 nm provides 100 mW of power. The laser beams are combined and directed to the

sample using a set of steering mirrors and dichroics mounted in a TriLine laser mounting

module. The system includes an electro-mechanical shutter for rapid switching of the

laser output, which is essential for precisely controlling the bleaching phase in FRAP.

The availability of multiple laser lines enables flexible targeting of different fluorophores

for photobleaching, making the system highly adaptable for potential multi-channel

FRAP experiments.

Emission Path and Detection

Fluorescence emission from the sample is collected through the objective and directed

towards the detection system using a series of mirrors. The system includes a dual

infinity slider compatible with Olympus U-MF2 cubes, allowing flexible separation of

excitation and emission paths. A silver-coated right-angled mirror directs the light

to the camera. The detection optics are optimised for high NA objectives, ensuring

maximum signal collection and minimal distortion.

Filter Sets and Microscope Cubes

The system is equipped with Chroma sputter-coated filters for precise spectral separa-

tion of fluorescence signals. The filters include excitation filters for 470 nm and 530 nm

LEDs, as well as bandpass filters for 488 nm and 532 nm lasers. The microscope is fitted

with Olympus-compatible filter cubes, allowing rapid switching between fluorescence

channels. The combination of high-quality filters and dichroics ensures that the system

can capture clean, high-contrast fluorescence signals with minimal background noise.
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Camera

The detection system includes a high-sensitivity CellCam Kikker camera manufactured

by Cairn Research, with an 11.6 MP sensor and a pixel size of 4.63 × 4.63 µm, and

low read noise of 1.5–1.6 electrons. It supports a frame rate of 35 fps at full resolution,

using a USB 3.0 interface for fast data transfer. The camera’s high sensitivity and low

noise make it ideal for detecting weak fluorescence signals during FRAP recovery.

In conclusion, the custom FRAP widefield microscope outlined above is a highly

integrated and multifunctional system tailored for high-resolution fluorescence imag-

ing as well as accurate FRAP measurements. Its stable OpenFrame platform, high-

performance objectives, advanced illumination and laser bleaching capabilities, coupled

with a sensitive detection unit, ensure precise and reproducible analysis of molecular

diffusion and dynamics. The modular design and compatibility with diverse optical

components render this system exceptionally adaptable to various experimental condi-

tions, making it an invaluable tool for exploring complex biological systems.
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Chapter 6

Dynamics of Xanthene Dyes in the

Presence of Silica Nanoparticles:

Influence of crystal structure, size and

pH

Adapted from articles published under CC-BY license in:

• Doveiko, D., Kubiak-Ossowska, K., & Chen, Y. (2024). Impact of the crystal

structure of silica nanoparticles on Rhodamine 6G adsorption: a molecular dy-

namics study. ACS Omega, 9(3), 4123–4136. https: // doi. org/ 10. 1021/

acsomega. 3c06657

• Doveiko D, Martin A.R.G., Vyshemirsky V, Stebbing S, Kubiak-Ossowska K,

Rolinski O, Birch D.J.S., Chen Y. Nanoparticle Metrology of Silicates Using

Time-Resolved Multiplexed Dye Fluorescence Anisotropy, Small Angle X-ray Scat-

tering, and Molecular Dynamics Simulations. Materials, 2024; 17(7):1686.

https: // doi. org/ 10. 3390/ ma17071686

• Doveiko, D., Asciak, L., Stebbing, S., Shu, W., Kubiak-Ossowska, K., Birch, D.
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Influence of crystal structure, size and pH

J. S., & Chen, Y. (2025). Quantitative nanometrology of binary particle sys-

tems using fluorescence recovery after photobleaching: application to colloidal

silica. Langmuir, 41(29), 19173–19182. https: // doi. org/ 10. 1021/ acs.

langmuir. 5c01287

• Doveiko D, Kubiak-Ossowska K, Chen Y. Nanoparticles as adsorbents for hy-

drophobic molecules: Exploring size, pH, and structural dependencies. J Chem

Phys. 2025; 163(2):024708. https: // doi. org/ 10. 1063/ 5. 0274630

6.1 Introduction

The development of nanotechnology in the 21st century can be compared to 20th cen-

tury breakthroughs, such as semiconductor technology or molecular biology [216]. At

the nanoscale, materials exhibit unique physicochemical properties that differ from

their bulk counterparts [217]. Many nanomaterials have strong size-dependent prop-

erties; e.g., gold NPs have different colours depending on their size due to quantum

effects [218]. Furthermore, the size of NPs influences their interactions with biologi-

cal systems, with smaller NPs penetrating cells and tissues differently, thereby affecting

their safety and effectiveness [219]. This highlights the importance of accurate size mea-

surement methods for nanoparticles such as silica, which are widely used in industrial

and research settings.

In the early 2000s, a new approach for nanoparticle metrology was proposed, utiliz-

ing the relationship between particle size and its rotational diffusion rate, as measured

by time-resolved fluorescence anisotropy of fluorescent dyes [33, 220–222]. One major

limitation of this method lies in the fact that SNPs do not exhibit strong intrinsic

fluorescence. Moreover, the origin of their weak fluorescence remains poorly under-

stood [223]. As a result, SNPs must be externally labelled with fluorescent dyes, mean-

ing that the measured size corresponds to the SNP-dye complex, not the nanoparticle

itself. A further complication arises from the dye’s unknown orientation and binding

configuration on the SNP surface. Since this cannot be determined experimentally, the

extent to which the dye contributes to the apparent hydrodynamic or rotational size
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remains unclear [224]. This uncertainty fundamentally limits the accuracy of size de-

terminations using fluorescence-based techniques. Therefore, understanding how dyes

interact with SNPs is essential for achieving the most accurate possible estimates of

nanoparticle size. Without this knowledge, the interpretation of FRAP and time-

resolved anisotropy results may be skewed by unaccounted-for dye-particle interactions.

As mentioned in Chapter 1, one of the most promising dyes for labelling SNPs

is R6G, a member of the xanthene dye class. Xanthene dyes are a popular class of

organic dyes that can be used successfully for labelling purposes. They are widely used

in biological imaging [225], fluorescence microscopy [226], dye lasers [227], and chemical

sensors [228] due to their bright fluorescence, suitable lifetime, and high photostability,

even at high pH [37,193].

The interaction mechanism between dyes and SNPs can be effectively investigated

using computational methods, such as MD. These methods provide a detailed under-

standing of processes occurring at the atomic level. In this chapter, MD simulations

were conducted to explore the interactions of xanthene dyes with anionic SNPs struc-

tured in α-quartz and α-cristobalite forms, focusing on nanoparticles of varying sizes.

While both are crystalline polymorphs of silica (SiO2), α-quartz has a trigonal crystal

structure and is more densely packed, whereas α-cristobalite has a tetragonal structure,

resulting in a slightly lower atomic density and distinct surface characteristics. These

structural differences can influence dye adsorption behaviour and NP–dye interactions

observed in the simulations.

Figure 6.1: Chemical structures of aromatic molecules used in the MD simulations.

The cationic xanthene dyes, R6G and RB, were simulated to analyse their ad-

93



Chapter 6. Dynamics of Xanthene Dyes in the Presence of Silica Nanoparticles:
Influence of crystal structure, size and pH

sorption behaviours within these systems (Figure 6.1). Additionally, anthracene was

included as a simplified model compound due to its extended conjugated π-system and

planar aromatic structure, which closely align with the key features of xanthene dyes.

Although it does not possess the charged functional groups found in R6G and RB,

anthracene offers an efficient means to simulate π–π stacking and surface interactions

while avoiding the complexities of side chains and ionic effects. Together, these studies

provide a comprehensive overview of how aromatic dyes interact with silica nanopar-

ticles across various physicochemical conditions. Additionally, it is crucial to note

that computational studies have shown that the surfaces of α-cristobalite can possess

silanol group densities comparable to those of amorphous silica [229]. This similarity

makes α-cristobalite a suitable model for investigating amorphous silica surfaces with-

out requiring complex modelling techniques. Furthermore, the studies were designed to

explore the effect of solute pH by ionising the surface of the SNPs and substituting Si–

O–H with Si–O–Na+. This deprotonation directly influences the overall charge of the

nanoparticle, with more deprotonated groups leading to a greater net negative surface

charge. Beyond characterising the impact of crystal structure on adsorption, the results

are broadly applicable to any system involving dye–NP interactions. Additionally, the

general molecular interactions observed between R6G and SNPs may be extrapolated

to other dye–NP systems, making this work applicable beyond the immediate case of

R6G.

6.2 Methods

For all simulations described in this chapter, the standard procedure of constructing

systems using structures from the Protein Data Bank (PDB) is not applicable. This

is primarily because NAMD [230, 231] is not inherently designed for simulations in-

volving inorganic materials, and the widely used CHARMM [88,89,91] force field lacks

parameters for silica-based systems. To overcome this limitation, the Interface FF was

employed [96], as it is specifically developed for hybrid organic–inorganic interfaces.

Additionally, both R6G and RB are non-standard molecules within the CHARMM36
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force field, necessitating the generation of custom parameters for each dye.

Interface FF acts as an extension of more commonly used harmonic force fields such

as CHARMM [88], AMBER [92], and GROMACS [93] and by employing the same rules,

it allows to simulate inorganic–organic and inorganic–biomolecular interfaces. In this

particular case, it allows the creation of silica structures from different bulk materials

at different degrees of surface ionisation which correspond to different pH levels [96].

As the system contains inorganic SNPs and organic fluorescent dyes, CHARMM-

GUI had to be used to set up the simulation of the systems. CHARMM-GUI is a web-

based graphical user interface which allows building systems for the MD simulations

interactively and, if necessary, even generates the final input files for the simulations

[232]. All of the simulations in all configurations are prepared using the method, which

will be discussed further.

6.2.1 Rhodamine 6G Parametrization

The initial R6G structure was taken from 2v3l.pdb [233]. To make it compatible

with the CHARMM-GUI pipeline, the structure is submitted to the “PDB Reader”

extension, which converts a .pdb file from RCSB PDB into a CHARMM-readable

format [234,235]. Additionally, it generates topology and parameter files for R6G using

CGenFF, which can be used to build the system and prepare for the simulations [88].
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Figure 6.2: R6G structure from 2v3l.pdb (left) and the structure after modification
(right), which corresponds to the form most commonly used in experiments and is
therefore used in all MD simulations. Modified parts are circled in red.

It is important to note that the PDB structure is an amino alkyl-coupled R6G and

not the classical R6G structure [233]. This must be modified for these studies to ensure

that it matches the structure used in experiments (see Figure 6.2). The modification

must be performed using CHARMM-GUI to ensure compatibility with the rest of the

system and to avoid errors during the simulation setup. This has been done in the

following steps:

1. In the “Select Model/Chain” part, “hetero” needs to be ticked before moving to

the “Manipulate PDB” part.

2. Under the “PDB Manipulation Options” at the “Reading HETERO Chain

Residues,” “CSML Search” is clicked, which will open a new pop-up window.

Since the residue “R6G” does not exist in any CHARMM topology or parameter

files, it must be parametrised here.

3. First, “Click if you want to customise your ligand structure using sketch pad”
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needs to be selected. In a new window, the structure of the molecule will be

shown and can be easily manipulated.

4. By using the “Delete” option, the unnecessary atoms and chains can be removed;

in this case, the aminoalkyl functionalisation must be removed.

5. Once everything is removed, the H± icon should be double-clicked to add hydrogen

atoms to the free carbons where atoms were removed.

6. The next step is to modify the organic groups to match the standard R6G struc-

ture. To do this, “Chain” should be clicked, and then the atoms that will be

converted into the CH3 group need to be selected.

7. At this stage, a final modification is required. The presence of an O–H–CH3

configuration is incorrect, as the hydrogen atom in this arrangement would exhibit

two covalent bonds. Consequently, the hydrogen atom must be replaced with a

carbon atom. This is achieved by selecting the carbon atom in the right panel,

followed by selecting the corresponding hydrogen atom to effect the substitution.

The structure is thus adjusted to conform to the correct chemical configuration.

8. Finally, “Use PDB for ligand FF parametrization” should be clicked, followed

by “Generate PDB.” The .pdb, .psf, .crd, .rtf, and .prm files for the dye

structure will be generated by CHARMM-GUI.

While CHARMM-GUI can accurately parametrise molecules in a geometrical sense,

it does not perform quantum chemical calculations to determine the partial charges

of the atoms. Therefore, to determine partial charges, RESP charges derived from

accurate DFT B3LYP/6-31G** calculations by P. Chuichay et al. were used [236]. The

theoretical background and justification for using RESP charges are discussed in detail

in Chapter 2, Section 3.9. The charges in the CHARMM-GUI-generated topology files

were manually corrected to match the literature charges, and the generated parameter

files were then compared with the values acquired by AC Vaiana et al. using automated

frequency matching for cross-validation [237].
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6.2.2 Rhodamine B Parametrization

A similar approach was used to obtain RB parameters. Specifically, the initial structure

was taken from the PDB entry 4glj.pdb [238] and uploaded into the PDB Reader of

CHARMM-GUI. Since the structures of both R6G and RB are virtually identical, their

parameters will also be almost identical, with the main difference being the presence

of a carboxyl group in the side chain. Therefore, values used for R6G can also be

used here, after ensuring that the penalty values in the CHARMM-GUI generated

parameters are low. In this context, a “penalty” refers to a numerical score indicating

how closely the newly assigned parameters match existing parameters in the force

field. Penalties lower than 10 suggest a fair analogy, penalties between 10 and 50

indicate that some basic validation is recommended, and penalties above 50 signify

poor analogy, requiring extensive validation or optimization. High penalty scores often

arise when the molecular structure under study differs significantly from those in the

force field’s training set, potentially leading to less accurate simulations. While the

difference in the parameters is virtually non-existent due to small structural differences,

the partial charges must be recalculated since they are not available in the literature.

To do this, the RB .pdb file was converted to .xyz file using the OpenBabel online

server [239]. Next, the structure was optimised using ORCA 6.0.1 in a multi-step

method [240–242]. First, at the ωB97X-D4/SVP level of theory, followed by another

geometry optimization run with a larger basis set (def2-TZVP) [151,152,167,243,244].

Next, the geometry optimization was re-run in a conductor-like polarizable continuum

solvation model (CPCM, water) [160] since all of the MD simulations are typically

performed in water. Finally, the atomic charges were calculated using a CHELPG

(charges from electrostatic potentials using a grid-based method) scheme developed by

Breneman and Wiberg [245]. During the DFT calculations, RB charge and multiplicity

were both set to 1. R6G and RB are structurally similar cationic dyes, sharing the same

core molecular framework and overall shape, with only minor differences in their side

chains. This close resemblance results in similar physical and photophysical properties,

such as strong fluorescence, nearly identical absorption and emission characteristics,
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and a comparable charge distribution, as shown in Figure 6.3.

Figure 6.3: Left: R6G; Right: RB, coloured according to charges: white – neutral, red
– negative, blue – positive

6.2.3 Silica Nanoparticle

To build a nanoparticle, a different extension of CHARMM-GUI called “Nanomaterial

Modeler” was used [246]. For the nanomaterial type, either α-cristobalite or α-quartz

in spherical shape was used. Nanoparticles of various sizes were employed, tailored to

the specific objectives of the investigation, with the details of each system presented

in the corresponding results section. It is important to note that due to the small size

of the SNPs and the effects of crystal structure, the measured diameter between heavy

atoms, such as O, or Si, might slightly differ from the nominal value.

The specific pH value is achieved by modifying the surface of the SNP by ionizing

(deprotonating) a fraction of surface silanol groups. The degree of surface ionization

indicates, in percentages, how many Si–OH groups are converted into Si–O−–Na+. For

pH 3, which is the isoelectric point of the SNPs, all surface silanol groups are fully

protonated, while for pH 7 the degree of surface ionisation is 13.3%, and 30.0% for

pH 12.
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6.2.4 System Creation in Multicomponent Assembler

Next, the dye and NP system must be assembled. To do this, the “Multicomponent

Assembler” extension in CHARMM-GUI is used [247]. To be able to specify the number

of components and manipulate the system parameters, one must upload the .psf and

.crd files of specific structures. Additionally, if specific structures are using custom

topologies and parameters, those must be uploaded as well. The uploaded files for

R6G/RB (1–5) were the same in all cases, while the files for the NPs depended on the

NP structure used in the specific simulation:

1. r6g.prm

2. r6g.rtf (with adjusted partial charges)

3. step1 pdbreader.psf

4. step1 pdbreader.crd

5. step1 nanomaterial.psf

6. step1 nanomaterial.crd

Independent of the pH or SNP size, the system is built in a vacuum with no ions as it

will be prepared for the simulation further using VMD.

6.2.5 Preparing the System in VMD

Finally, the system building was completed using VMD, a graphical software designed

for the display, analysis, and final set-up of molecular systems [248]. Typically, VMD

allows full system construction from scratch, provided that all necessary parameters

are included in standard topology and parameter files. In the present case, however,

the initial geometries of the dye and silica components had to be prepared externally

via a graphical interface, as they were not available in standard sources like the PDB.

Therefore, VMD was used only for solvation, ionisation, and final system setup in this

case. Solvation involves adding solvent molecules, typically water, around the system
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of interest. The solvent provides a realistic environment that influences the dynamics of

the system, such as stabilising electrostatic interactions [249], controlling temperature

and pressure [113], and allowing for the proper exploration of conformational space [73].

It also helps in mimicking hydration effects, particularly in biological systems, where

water (usually via hydrogen bonds) plays a crucial role in stabilising and influencing the

function of macromolecules [250,251]. By default in NAMD, this is done using a TIP3P

water model, which is a three-site model with three interaction points corresponding to

the atoms of the water molecule [122]. This is accomplished using the “Add Solvation

Box” extension in VMD. The important parameter here is the box padding, which is set

to a value greater than 12 Å to avoid any potential interactions with the periodic image

(e.g., itself). However, the actual value has to be determined empirically, since the aim

is to achieve a comparable number of atoms in the system containing SNPs of com-

parable sizes, to ensure that the dye concentration in all simulations is approximately

identical. After the solvation, two new files are created:

• system S.psf

• system S.pdb

Next, the system is neutralized, which is done using the “Add Ions” extension. In

all systems, one chloride ion was added per xanthene dye molecule (R6G or RB) to

neutralise its +1 charge, while all sodium ions originated from the ionisation of the

silica nanoparticle surface. As a result, two new files with solvated and ionized systems

were created:

• system SI.psf

• system SI.pdb

Lastly, the water box must be centred to obtain accurate measurements of the primary

simulation cell, and non-water atoms have to be fixed in their positions for the water-

only minimisation step. This is done using two scripts developed by Dr. Karina Kubiak-

Ossowska:
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• ctrbox.tcl

• fix protein.tcl

After executing the scripts, the final structure files needed for the simulation are created:

• system SC.psf

• system SC.pdb

• system FIX.pdb

Such a method of system preparation was used for all systems involving SNP-dye

interaction studies. The details of each system will be discussed within the designated

results section since the system setup varies depending on the studied interactions.

6.2.6 Molecular Dynamics Protocol

All simulations were performed using NAMD3 CUDA [230, 231] version with the

CHARMM36 [89] force field and VMD [248] was used to visualise and analyse the

simulations. Initially, each simulated system underwent a 1000-step water-only min-

imisation using the steepest descent method with all non-solvent molecules restrained,

followed by 100 ps equilibration at 300 K and 1 bar maintained via the Langevin baro-

stat and thermostat (NPT ensemble). The obtained system was subjected to 10,000

minimisation steps with no constraints applied, followed by 30 ps of heating to 300 K

and 270 ps equilibration with a 1 fs time step. The production runs were performed in

the NVT ensemble, where a Langevin thermostat with a damping coefficient of 5 ps−1

was used to control the temperature with a 1 fs time step integrator. The 100 ns

production run at 300 K was repeated four times for each system to ensure that the

system was not trapped in a saddle point and to improve statistical reliability. In all

cases, PME with 1.0 Å grid spacing was used for the fast evaluation of electrostatic

interactions, while the cutoff for the van der Waals interactions was set to 12 Å.
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6.2.7 Data Analysis

Most of the analysis has been done using VMD software and combined with results

obtained from a custom TCL script (See Appendix 11.3), which allowed for the ex-

traction of the centre of mass x, y, and z ((COM)xyz) coordinates of the specified part

of the system. The COM distance plots for each SNP–R6G pair were created using

MATLAB [252] or Python.

To decide whether the particle is adsorbed or just experiences electrostatic interac-

tions, a range of conditions had to be met:

1. The decision about whether the particle is adsorbed cannot be made solely based

on the COM distance between the two entities. A crucial factor is the orientation

of the dye on the nanoparticle’s surface. R6G, a xanthene dye, features a xan-

thene core, which is composed of three interconnected aromatic rings. For the

dye to adsorb, the xanthene core must lie relatively flat against the NP’s surface.

Therefore, each potential adsorption event is checked using VMD to ensure the

correct orientation. Suppose a dye molecule approaches the NP closely, but the

xanthene core does not align flat. In that case, this interaction is regarded as

an electrostatic interaction and is not included in the adsorption analysis. Con-

versely, if the dye molecule is oriented correctly at any point, this interaction

is classified as adsorption, and any subsequent movement of the dye is consid-

ered relocation. This classification applies to the entire trajectory when the dye

remains near the NP.

2. It is well known that R6G tends to form aggregates, primarily due to stacking

interactions and its hydrophobic nature [253]. The simulations showed that these

aggregates do not adsorb easily to silica NPs; however, there is a noticeable

competition between aggregation and adsorption. The aggregate can get very

close to the NP until one of the dyes adsorbs and then the second component

of the aggregate diffuses away, resulting in one adsorbed dye and one free dye.

A detailed discussion of such interactions is presented in Chapter 7. Due to the
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complexity of this mechanism, all interactions of such nature were ignored as the

aggregates are non-fluorescent, and they do not affect the experiment outcome in

any way.

3. As the simulations have implied PBCs, the possibility of dye interacting with

the periodic image must be considered. As a result, when analysing the dye-NP

interactions, all interactions due to PBCs were analysed as well.

Next, a method of analysis must be established to ensure that in all cases the trajec-

tories are analysed objectively. As in previous cases, there were a few requirements

established:

1. Each MD system is treated as a whole, regardless of the number of NP present.

When multiple NPs are included, they are considered collectively as a single en-

tity. While the overall system structure remains consistent within each specific

type of simulation to ensure comparability, such as keeping the number of dye

molecules fixed, some variation exists between the systems described in the in-

dividual subsections of this chapter. These differences reflect the distinct aims

of each simulation set, which target specific factors influencing dye adsorption.

Treating each NP separately would lead to variations in adsorption conditions,

making direct comparisons between different systems less reliable.

2. If multiple dye molecules adsorb onto the same NP at the same time, only the

first event is counted. The analysis tracks how long an NP remains occupied

by any dye. Once adsorption occurs, the NP is considered occupied for the

duration of that event, and any additional simultaneous adsorptions are ignored

to avoid NP. Although such simultaneous adsorption events were not observed in

the simulations, this approach was adopted as a precaution to ensure consistency

in the analysis and to avoid potential ambiguity in occupancy tracking.

The classification of adsorption events (state A), R6G reorientation near the SNP sur-

face (state R), and transient electrostatic interactions resembling adsorption (state T)

was determined based on the COM distance and molecular orientation. Specifically, an
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adsorption event (state A) was identified when the COM distance between R6G and

the SNP was ≤ 5 Å, with the xanthene core of R6G aligned parallel to the surface.

If R6G approached the SNP but never achieved parallel orientation, the interaction

was attributed to strong electrostatic forces temporarily trapping the molecule in an

“adsorption-like” state (state T). Such events were typically short-lived, rarely exceed-

ing 2 ns, with the majority lasting under 1 ns. Finally, if the R6G xanthene core was

parallel but undergoing repositioning on the SNP surface, this process was classified

as reorientation and simultaneously considered part of state A, hereafter referred to as

R/A.

To distinguish between systems easily, a simplified naming scheme was introduced,

where the first number gives the particle diameter in Å, symbol c or q stands for

α-quartz or α-cristobalite, and the last number 3, 7 or 12 indicates the pH.

6.3 Results and Discussion

6.3.1 Structural Differences of α-Quartz and α-Cristobalite SNPs

To be able to fully understand the impact of the crystal structure on the simulation

outcome and R6G interactions with SNPs in particular, it is crucial to understand the

structural differences between qSNPs and cSNPs and how those might affect the adsorp-

tion. The composition of the SNP surface was analysed using 20 Å and 40 Å diameter

SNPs to investigate how the concentration of ionised silanol groups influences solute

ion dynamics and, consequently, the system’s electric field. The number of surface

silanol groups was estimated by first generating SNP structures with different degrees

of ionisation using CHARMM-GUI. The volume of each SNP was then calculated, and

the number of silanol groups per unit area (Å2) was obtained. Finally, the values were

normalised to 20 Å and 40 Å diameters to allow direct comparison between different

SNP sizes and crystal structures.
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Figure 6.4: Silanol groups on SNP surface. (a) Estimated number of surface silanol
groups per unit area (Å2); (b) Number of ionized silanol groups per Å2 at different pH
values.

Figure 6.4 indicates that the number of ionized groups per Å2 is always much

higher in the case of α-cristobalite, which has more surface silanol groups per Å2 when

compared with α-quartz of the same size. This comes from the fact that α-cristobalite

has a lower atomic packing fraction in the unit cell and molar density, hence, there

are more silanol groups on the NP surface, which undergo ionisation with growing

pH [254]. A higher number of silanol groups with negative partial charges might indicate

that there are more candidates to interact via electrostatic forces with the potential

adsorbate; nevertheless, as is shown below, the entire picture is not as simple as it may

seem at first glance.

At pH 3, which corresponds to the isoelectric point of silica NPs, the situation is

fundamentally different. With no net surface charge, the system’s electrostatics are

greatly simplified. As a result, adsorption is driven primarily by vdW interactions.

While this leads to more stable binding once the dye is adsorbed, the initial adsorption

is delayed due to the absence of electrostatic attraction pulling the dye towards the

nanoparticle. Due to these simplifications, systems at pH 3 cannot be effectively used

to model real-life conditions, where electrostatic interactions play a crucial role in the

adsorption process. Therefore, a detailed comparison of both structures is based on

simulations performed at pH 7 and pH 12.

Results presented in Figure 6.4 suggest that the strongest and most stable R6G
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adsorption occurs on 40cSNP, while the weakest adsorption is observed on 20qSNP at

both pH values, with this effect being more pronounced at pH 7. Adsorption stability

appears to be comparable for 40qSNP and 20cSNP at both pH values. However, this

simple analysis does not entirely align with the simulations, which account for a more

complex interplay of factors beyond just the number of ionised groups on the SNP

surface. The simulation system must be (i) neutral and (ii) exist in a buffer to reflect

the experimental conditions; therefore, Na+ and Cl− ions were added to the simulation

cell. As Figure 6.4b indicates, the number of Na+ ions per Å2 required to neutralize the

SNPs strongly depends on pH, while the dependence on SNP diameter is substantial in

the case of α-Cristobalite but relatively minor in the case of α-Quartz structure. The

40cSNP, which is characterised by the largest number of silanol groups, requires the

most Na+ to be introduced; the 20qSNP is on the opposite end, while 40qSNP and

20cSNP are in the middle and very similar. The presence of Na+ ions influences the

accessibility of silanol groups to the adsorbate as well as the electrostatic field created

by SNPs. These counterions form a labile layer around the negatively charged silanol

groups, partially screening the SNP dipole and moderating the electric field experienced

by R6G. This layer is dynamic, allowing ions to move and redistribute in response to

the adsorbate approach, and therefore plays a critical role in determining adsorption

behaviour.

Dipole moments were measured using the built-in VMD “Dipole Moment Watcher”

tool; however, due to precise measurement between well-defined moieties, it might not

be possible to directly compare the obtained values with the experimental ones. The

measured dipole moments are very large for molecular systems, on the order of hun-

dreds of Debye, which might seem unusual at first glance. Although the absolute values

reported by VMD are significantly overestimated compared to experimental expecta-

tions, the relative differences between nanoparticles are preserved, allowing meaningful

comparison of trends across systems. This is physically reasonable because the nanopar-

ticles contain many thousands of atoms and hundreds of ionised surface silanol groups

whose vector sum produces a large net dipole. The magnitude also scales with nanopar-

ticle size and surface asymmetry, especially at high pH, where more silanol groups are
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deprotonated. Expressing these values in e·Å units (1 D ≈ 0.208 e·Å) provides an

intuitive measure of the dipole: for example, 925 D corresponds to approximately 193

e·Å.

At pH 7, the dipole moment for 20cSNP is 625 D (≈ 130 e·Å) while for 40qSNP, it

is 925 D (≈ 193 e·Å, approximately 50% difference). Similarly, at pH 12, it is 500 D

(≈ 104 e·Å) and 900 D (≈ 187 e·Å, approximately 80% difference). For the 20qSNP,

the dipole moment is 125 D (≈ 26 e·Å) at pH 7 versus 250 D (≈ 52 e·Å) at pH 12 (100%

difference), while for the 20cSNPs, it is 100 D (≈ 21 e·Å) versus 200 D (≈ 42 e·Å) (also

100% difference). The discrepancy in the dipole moment values explains the difference

in adsorption observed at pH 7, where its affinity and stability are significantly higher

in the case of qSNPs (as described in detail in the next section). It is important to note

that these dipoles are measured for the nanoparticle alone, without the counterion

layer. The counterion layer forms around the negatively charged silanol groups and

partially shields the nanoparticle’s electric field. Charged species such as Na+ and Cl−

interact dynamically with the SNP surface, moderating the electrostatic environment

and influencing how R6G molecules experience attractive or repulsive forces. This

dynamic screening means that while the intrinsic SNP dipole is large, the effective field

acting on an adsorbate is smaller and modulated by the surrounding ions, which is

essential for interpreting adsorption behaviour.

However, at pH 12, the adsorption follows a different pattern, as the dipole moments

do not reflect the impact of the crystal structure of the SNP. As already mentioned, α-

cristobalite has a lower molar density, and as a result, cSNPs have more silanol groups

on the surface. Therefore, at high pH, more of those groups will be ionized (depro-

tonated), with more Na+ introduced to the system. The counterions will comprise a

labile layer on the SNP surface as shown in Figure 6.5, and reduce the R6G adsorption

affinity by exhibiting a repulsive force on the cationic dye [255]. In other words, the

dipole moment has to be measured for the SNP only, without the counter ion layer,

as the interacting ions moderate the electric field created by the SNP, resulting in the

observed discrepancy.
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Figure 6.5: 40 Å SNP structures with ion layer: a) 40qSNP7; b) 40qSNP12; c) 40cSNP7;
d) 40cSNP12.

An additional important factor is the effect of SNP size on the generated electric

field. With decreasing SNP diameter, the size factor becomes less important as there are

multiple SNPs in the system, each with its electric field. Therefore, R6G experiences a

superimposed electric field created by multiple SNPs and R6G molecules present in the

system. It is worth noticing that R6G molecules have a higher probability of adsorbing

to cSNPs as the dye molecules favour binding to unionised silanol groups via hydrogen

bonds [255, 256]; nevertheless, the adsorption on qSNPs tends to be more stable and

longer.
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6.3.2 Size and pH Effect

Protocol

To have a detailed representation of the size and pH effect on the rate of adsorption, a

wide variety of systems was prepared. Namely, nanoparticles of 36 Å, 50 Å, and 100 Å

diameter at pH 3, 7, and 12 were built, and systems containing one or two SNPs with

three adsorbates each were prepared. This resulted in the following systems:

1. For α-cristobalite, simulations were performed using three particle diameters (36,

50, and 100 Å) at three pH levels (3, 7, and 12) with R6G, resulting in nine

systems. Additionally, nine systems were created using two particles at the same

radii and pH levels. Next, three systems were simulated using a slab geometry

at the three pH levels. Finally, simulations with the 100 Å single SNP and slab

geometry were repeated using RB and Anthracene, yielding six systems for each

solute (12 systems total). In total, this resulted in 33 unique systems for the

α-cristobalite structure.

2. For α-quartz, the same set of simulations as for α-cristobalite was performed,

including three particle radii at three pH levels with R6G, as well as systems

with two particles and slab geometries. Additionally, the 100 Å single SNP and

slab geometry simulations were repeated with RB and Anthracene. As a result,

33 distinct systems were prepared for the α-quartz structure.

In total, 66 individual systems were generated, and each production run was repeated

four times from the same starting point to improve statistical reliability and capture

a broader range of possible interactions. This resulted in 264 molecular dynamics

trajectories in total, each 100 ns long. All trajectories were carefully analysed, and the

most representative events or trajectories are described.
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Figure 6.6: Exemplar Initial Nanoparticle System Setups. (A) 100 Å Silica NP simu-
lation; (B) Two 50 Å Silica NP simulation.

Size Effect

Since xanthene dyes adsorb onto silica surfaces via hydrogen bonding with silanol

groups, and the pH influences this interaction through deprotonation, the size effect

was examined at pH 3. This pH corresponds to the isoelectric point of silica NPs,

minimising electrostatic effects that could otherwise enhance or suppress adsorption.

Results for the hydrophilic α-quartz and α-cristobalite, shown in Figures 6.7A and

6.7B, indicate a significant increase in adsorption affinity with growing NP size.
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Figure 6.7: R6G adsorption to NPs represented as COM distance plots between the
adsorbate and the adsorbent: (A) α-Quartz, (B) α-Cristobalite. A flat line within
the shaded box indicates adsorption; a smaller fluctuation amplitude implies greater
adsorption stability. “Small” denotes 36 Å diameter SNPs, “Mid” denotes 50 Å, and
“Large” denotes 100 Å.

Adsorption time on α-quartz increased from around 5 ns for the 36 Å NP to over

70 ns for the 100 Å NP, a 14-fold increase in adsorption duration corresponding to

an ∼ 8.5-fold increase in surface area (assuming that particles are perfectly spherical).

This is a manifestation of three phenomena:

1. R6G with its flat xanthene core can marginally adjust its shape to match the cur-

vature of the NPs (discussed in detail in Section 6.3.3), therefore smaller curvature

and, so larger size will result in more stable adsorption.

2. Larger NPs diffuse more slowly, which aids in adsorption, while smaller NPs, due

to their faster diffusion combined with rapid adsorbate movement, reduce the

probability of achieving a favourable configuration and successful adsorption.
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3. In the case of charged NPs, a higher net negative charge can help guide the pos-

itively charged R6G molecule towards the SNP through long-range electrostatic

attraction. However, as discussed previously, excessive surface charge can lead to

counter-ion layering and screening effects, which in turn suppress adsorption by

preventing close contact between the dye and the surface.

A similar trend of increasing adsorption probability with nanoparticle size is observed

for cSNPs. However, in this case, adsorption is less stable, as evidenced by fluctuations

in the COM plots (Fig. 6.7B), suggesting that adsorbates can move on the surface,

desorb, and re-adsorb. This instability is likely due to the lower density of α-cristobalite

compared to α-quartz, which results in a higher number of exposed silanol groups on

the surface, as discussed in Section 6.3.1. As a result, the adsorbed R6G molecule

can form new hydrogen bonds with neighbouring silanol groups, leading to a dynamic

adsorption state where movement across the nanoparticle surface is facilitated by the

abundance of hydrogen bonding sites.

At other pH values, the overall trend remains consistent. However, the complexity

of electrostatic interactions at varying pH levels makes detailed analysis more challeng-

ing, as isolating these effects becomes necessary. The comprehensive discussion of pH

influence on adsorption is presented in the next section.

In general, it was found that the rate and stability of adsorption increase with NP

size. For silica nanoparticles, a threefold increase in diameter, corresponding to an

8.5-fold increase in surface area, leads to a 14-fold increase in the stable adsorption

period.

pH Effect

Since NPs are often used in a variety of environments at different pH levels, it is

essential to understand the impact of pH on the rate of adsorption. The discussion

presented in this section is focused on the 100 Å diameter SNPs because they (1)

diffuse slowly, allowing for faster and more effective adsorption, and (2) have relatively

low curvature, enabling adsorbates to better adjust their shape, leading to more stable
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adsorption. Both factors have already been identified as important contributors to the

size effect. In this analysis, particular attention is given to α-cristobalite, which offers

several advantages: it serves as a useful structural analogue for modelling amorphous

silica due to its disorder at the surface, it has been extensively studied and validated in

force field development, and its relatively open surface structure facilitates dye-surface

interaction studies. To examine the full range of pH values, from acidic to alkaline,

three pH values were selected: pH 3 (the isoelectric point of silica NPs), pH 7 (with a

13.3% protonation level), and pH 12 (with 30% protonation). The results of adsorbate

interactions with 100 Å α-cristobalite NP at these pH values are shown in Figure 6.8.

In general, with increasing pH, adsorption is gradually suppressed, a direct conse-

quence of surface deprotonation. The adsorbates primarily interact with silica struc-

tures via Si-O-H groups through hydrogen bonding [255, 256]. Moreover, the strong

affinity of xanthene dyes for SNPs at pH 3 suggests that the adsorption is not primarily

driven by electrostatic interactions, as commonly assumed [35,257], but rather by vdW

forces. While experiments and MD simulations conducted at alkaline pH accurately

reflect adsorption under those conditions, they can be misleading when interpreting

general trends [35, 39, 223]. This is because two effects overlap, making electrostatic

interactions more apparent and easier to analyse, potentially overshadowing the under-

lying contributions of vdW forces, which are dominant at short distances.

The minimal variation in xanthene dye adsorption across acidic to neutral pH values

are expected, as the dye structures and charge distributions are very similar, as shown

in Figure 6.3. The results in the alkaline range should be treated with caution, since

in this regime, the carboxyl group in the RB sidechain becomes deprotonated, and

the dye transforms from a cation to a zwitterion, which would result in suppressed

adsorption due to electrostatic repulsion from the carboxylic group [258, 259]. Since

classical MD cannot model charge transfer, such effects cannot be accounted for in those

simulations. Although ab initio MD can model charge transfer, it is computationally

expensive and cannot easily be performed over the long timescales required to study

adsorption dynamics.
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Figure 6.8: COM distance plots of various adsorbates during adsorption to a 100 Å
α-cristobalite nanoparticle at different pH levels: (A) pH 3, (B) pH 7, and (C) pH 12.
Adsorption is indicated when the COM distance plots remain stable within the shaded
region for a certain period of time.

Finally, it is important to consider the effect of polarity on adsorption. Simplified

molecular analogues, such as anthracene, which closely resemble the xanthene core, can

be used to model more complex dye structures, providing a clearer understanding of
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adsorption mechanisms across different systems explored in this thesis. A closer inspec-

tion of the COM plots shown in Figure 6.8 reveals that the polarity of the adsorbent

significantly affects adsorption. Specifically, anthracene adsorbs less effectively than

both xanthene dyes, which can be attributed to its highly hydrophobic nature. This

hydrophobicity prevents it from adsorbing to the highly hydrophilic silica, especially

at high pH, where 30% of the surface hydrogens are replaced with sodium ions. This

reduces the number of available hydrogen bonding sites and suppresses adsorption.

Additionally, the hydrophobic nature of the xanthene dyes contributes to the dimer

formation, as individual monomers seek to minimise the area exposed to water. A

detailed discussion of this dimerisation phenomenon can be found in Chapter 7.

The increase in pH suppresses the adsorption through two main mechanisms:

1. Deprotonation of silanol groups: As pH rises, silanol groups are deproto-

nated, reducing the number of available hydrogen bonding sites for adsorption.

2. Formation of a counter-ion layer: Deprotonation creates a positive counter-

ion layer on the nanoparticle surface to neutralize the effect of deprotonation.

This layer generates a repulsive force against positively charged dye, such as

R6G or RB. For adsorption to occur, at least one of these counter-ions must be

displaced, which significantly hinders the adsorption process.

For smaller nanoparticles, the overall trends are generally the same. However, the

analysis becomes more complicated due to the increased mobility of these particles,

which introduces additional noise into the results.

6.3.3 R6G Adsorption Mechanics and its Effect on the Complex Size

With the general R6G–SNP dynamics clearly understood, the next step is to exam-

ine the R6G adsorption mechanism in more detail. Since adsorption is highly pH-

dependent, the analysis of R6G adsorption and its orientation on SNP mainly focuses on

results obtained at pH 7. While this pH is not ideal due to the presence of sodium ions

complicating the analysis, their inclusion is essential for accurately assessing adsorption
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dynamics under realistic experimental conditions. This ensures a more representative

observation of adsorption behaviour and the role of sodium ions in the system.

Protocol

A separate set of simulations was conducted to examine the impact of R6G size on the

experimentally measurable size of the R6G–SNP complex. Specifically, eight systems

were prepared, each containing six R6G molecules, one 40 Å α-quartz or α-cristobalite

NP (both at pH 7 and pH 12), or three 20 Å α-quartz/α-cristobalite NPs at both pH

values. The initial system setup for 40 Å and 20 Å SNPs is visualised in Figure 6.9,

and the total number of atoms per system was around 85,000. For detailed comparison,

refer to Table 1. Since R6G serves as the label dye throughout this thesis, the analysis

focuses exclusively on its behaviour, excluding other potential adsorbates. Simulations

at pH 3 were not performed for this part of the study, as this acidic regime does not

reflect the experimental conditions used in FRAP or anisotropy measurements, which

are typically carried out under alkaline conditions with sodium counterions present.

Figure 6.9: Initial system setup. (a) Example of 40 Å SNP system, containing one
SNP and six R6G molecules; (b) Example of 20 Å system, containing three SNPs
and six R6G. Water is indicated by the transparent film while oxygen (red), silica
(yellow), hydrogen (white), carbon (cyan), chlorine (ice blue), and sodium ions (tan)
are indicated by VdW spheres. Note the scale of each system.
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R6G Adsorption Mechanics

The simplified dye–NP COM distance plot as a function of simulation time for the two

best-adsorbing R6G molecules at pH 7 is shown in Figure 6.10a. Initially, both R6G

molecules are approximately 15 Å away from the SNP surface, which ensures that the

molecules are not subject to vdW forces, which might bias the system into adsorption.

After initial free diffusion, they form a dimer at around 15 ns, which dissociates around

40 ns. For a detailed dimerization study refer to Chapter 7. At around 63 ns, the R6G

represented by the red line adsorbs to the SNP surface and stays adsorbed until the

end of the trajectory, which corresponds to state A.

Figure 6.10: R6G adsorption process. (a) Simplified COM distance plot for two best
adsorbing R6G molecules, R6G 4 (blue) and R6G 5 (red). The grey line marks the 5 Å
distance from the SNP surface; (b) Angle (θ) between SNP and R6G 5 dipole moments.
The red line represents the average θ when the R6G 5 is adsorbed. The inset on 6.10b
shows how the θ angle was measured.

Notably, multiple monomeric R6G adsorption was not observed, which can be at-

tributed to the requirement for antiparallel dipole moment orientation in this asymmet-

rical molecule (relative to the xanthene core plane; see Figure 6.12b). This behaviour

was consistently observed across all independent trajectories—eight systems featuring

SNPs of various sizes and pH values, with four independent runs per system. Specif-

ically, adsorption on opposite sides of the SNP would require either (i) interaction

through the tail side of the xanthene core with an antiparallel dipole orientation or (ii)

interaction via the flat side of the xanthene core but with parallel dipole orientation.
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However, results show that effective adsorption requires the R6G dipole to be antipar-

allel to the SNP’s dipole, with the xanthene core oriented flat against the SNP surface.

This is consistent with previous studies on R6G dimerization, where interactions oc-

curred via the flat surfaces of the molecule, with the side chains projecting outward

from the dimer [236, 260]. As a result, only a single R6G monomer can adsorb per

SNP, regardless of nanoparticle size, making the formation of an R6G monolayer on

the surface energetically or geometrically unfavourable. It is important to note that

these observations pertain specifically to pH 7 conditions, where adsorption is primar-

ily driven by electrostatic interactions. At lower pH values (e.g., pH 3), adsorption

behaviour differs due to the increased influence of van der Waals forces, as discussed

previously.

An alternative method of identifying the R6G state is monitoring the orientation of

R6G and SNP dipole moments, which in the case of adsorption should be anti-parallel

(the angle θ between them should be 180◦). It is important to note that a 180◦ angle

might be achieved only in the ideal case of two isolated dipoles. In this specific case of

a system containing six R6G molecules, the dipoles of interest are not isolated, as each

R6G molecule has its own dipole moment. The electric field in the system is further

shaped by the presence of ions, creating a highly complex electrostatic environment.

Every component remains dynamic, freely diffusing and rotating, adding to the intricacy

of local interactions. Therefore, the R6G of interest needs to constantly adjust its

orientation to the fluctuations of the electric field around it. For this reason, expected

θ values are in the range of 90◦ to 180◦, and achievement of a stable angle of 180◦ is

unlikely. As illustrated in Figure 6.10b, the angle θ fluctuates between approximately

25◦ and 150◦, which is a result of the SNP being almost stationary due to its large size

and a free R6G that is moving freely. At around 63 ns, the system settles down, θ begins

to change more slowly and within a narrower range. From 63 ns to 100 ns, it fluctuates

around a mean of 129◦, suggesting that a stabilising interaction has been established.

This observation, combined with Figure 6.10a and visual analysis, indicates that R6G

adsorbed onto the SNP, or in other words, state A (stable adsorption) was achieved. It

is important to note that fluctuations of the θ angle value at state A are a reflection of
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the complicated electric interactions in the simulation system.

Figure 6.11: R6G adsorption on SNP. Left: Top view of the adsorbed R6G; Right: Side
view of the adsorbed R6G. Atoms are represented as ball-and-stick.

The above analysis indicates that R6G adsorption onto SNP might be identified by:

1. visual analysis of the trajectory,

2. monitoring the R6G–SNP COM distance,

3. monitoring the angle between the dipole moment of each R6G molecule and the

SNP.

Figure 6.12a shows the COM distance as a function of simulation time for the two

best-adsorbing R6G molecules at pH 7 for the 40cSNP7 system. Similarly to 40qSNP7,

in the case of 40cSNP7 systems, the dye molecules were initially more than 12 Å away

from the SNP surface, which indicates there are no non-bonded interactions that would

bias the system and/or drive R6G molecules towards adsorption. After a short ∼ 3 ns

period of free diffusion in the electrostatic field sourced by 40cSNP and modified by

solute ions, R6G 3 adsorbs onto the SNP surface, where it stays for 16 ns (until the

19th ns). The next adsorption event happens at around the 39th ns when, after long

free diffusion, R6G 4 adsorbs to the surface of the SNP and stays adsorbed until the

43rd ns, when it experiences interactions with R6G 3, forms a dimer at 50 ns, and
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desorbs at 80 ns. It is important to note that both adsorption events are not very

stable and, therefore, are identified as states R/A, but not state A as in the case of

40qSNPs. That is because, on the COM distance plot, the reported adsorption events

are represented as multiple and relatively short interactions. A closer look at the

plots indicates that during the events observed in the periods 3–19 ns and 39–43 ns,

there are notable distance fluctuations that contradict the definition of state A (stable

adsorption). Nevertheless, the plots and visualization of R6G behaviour suggest that

this is state R/A, when, according to the definition, the R6G molecule is near the SNP

surface (so it might seem to be weakly adsorbed), but the orientation of the xanthene

core is being changed. Although the adsorption is not as stable as in the case of

40qSNP7, the R6G 4 xanthene core is still oriented parallel between 39 ns and 43 ns.

Figure 6.12: R6G adsorption on 40cSNP7. (a) Simplified COM distance plot for two
best adsorbing R6G molecules, R6G 3 (blue) and R6G 4 (red); the grey line marks the
5 Å distance from the SNP surface. (b) 40cSNP7–R6G complex with visualised dipole
moments.

The events observed from the 50th ns until the end of the trajectory are related to

R6G dimer interactions rather than a monomer. During this period, R6G 3 and R6G 4

are dimerised (details regarding R6G–R6G interactions are presented in Chapter 7),

hence, the interaction with SNP observed between 70 and 80 ns cannot be classified

as monomer adsorption. During this time, the R6G dimer approaches the SNP at
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a distance, suggesting possible adsorption of monomeric R6G. Nevertheless, due to

the competition between the forces governing adsorption and those holding the dimer

together, neither of the R6G molecules can orient its xanthene core parallel to the SNP

surface. Dimer adsorption on the SNPs is not observed due to geometric restraints,

as the flat parts of the core face the other R6G molecule rather than the SNP, and

successful adsorption requires the xanthene core to align parallel to the surface. Hence,

although the R6G dimer may spend some time near the SNP, stable adsorption is not

possible because the optimal geometry and electrostatics cannot be achieved. Moreover,

the R6G–R6G vdW forces are weaker than the SNP–R6G electrostatic attraction, and

as a result, dimer dissociation and adsorption of monomeric R6G to the SNP, as well as

dimer–SNP interaction and desorption, are observed. This section is included to clarify

the interpretation of the distance plots; a full analysis of dimer behaviour is presented

separately in Chapter 7.

In the case of 20qSNP7, adsorption is represented as a series of multiple short

interactions with R6G repositioning spontaneously, which corresponds to state R/A.

As shown in Figure 6.13a, the R6G–20 Å SNPs COM distance never goes beyond

the “stable adsorption” distance of 5 Å to the SNP surface. At pH 12, neither the

adsorption state A nor R/A is detected; the COM distances are not stabilising in

any case (Figure 6.13b). For a detailed discussion of the pH impact on adsorption

behaviour, refer to Section 6.3.2. Furthermore, R6G molecules stay far away from any

SNP for a longer time than was observed in the case of 40 Å SNPs. It might be a result

of the more complicated electrostatic field with more sources. The electrostatic field

exerted on particular R6G molecules is now a superposition of electric fields created

by all three NPs, other R6G molecules and solute ions. To adsorb/interact with any

SNP, R6G needs to be well-oriented with respect to all three SNPs while prioritising

one of them; hence the lag time is longer so the entire process slows down significantly.

Furthermore, 20 Å SNPs diffuse faster than 40 Å ones; therefore, the field fluctuations

are larger which additionally impacts the adsorption speed. Lastly, the charge of 20 Å

SNP is significantly lower than 40 Å ones, resulting in a lower electrostatic attraction

to that specific SNP (see Table 1 for system details) and the dipole moment values
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discussed in subsection 6.3.1.

Figure 6.13: COM distance plots for 20qSNPs. a) Simplified COM distance plot for
two best adsorbing R6G molecules, R6G 1 (blue) and R6G 2 (red) for 20qSNP7; b)
Simplified COM distance plot for two best adsorbing R6G molecules, R6G 1 (blue)
and R6G 2 (red) for 20qSNP12. The grey line marks the 5 Å distance from the SNP
surface.

In summary, at acidic to neutral pH values, adsorption is primarily driven by vdW

interactions due to the low or absent surface charge of the SNPs, whereas at high pH,

increased SNP negative charge leads to adsorption dominated by electrostatic interac-

tions, as discussed in subsection 6.3.2.

6.3.4 Selective Adsorption

To assess whether dye adsorption to the SNP is size- and charge-dependent, MD simu-

lations were performed on a system consisting of one large SNP and three small SNPs

with varying dye amounts. Given that silicates are polydisperse, it is essential to in-

vestigate how adsorption occurs in systems with multiple SNPs of different sizes. This

approach helps to understand the influence of size variation on the adsorption dynamics

in a more realistic, diverse nanoparticle environment.

Protocol

To match the experimental conditions and mimic the prepared binary LUDOX samples

discussed in Chapter 9, the pH of the system was set to 9 through the deprotonation of
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the surface silanol groups of the SNPs. As simulating SNPs at their real sizes (12 nm and

22 nm diameter) would be computationally expensive, the system was rescaled to reduce

the computational cost. Based on linear scaling, simulating a 100 ns trajectory of a

system consisting of 300,000 atoms took approximately 72 hours, so a system of 3 million

atoms was estimated to take around 720 hours (30 days). However, considering PME

overhead and GPU communication, a more realistic estimate for 3 million atoms would

range between 800 and 1000 hours (33–42 days). Namely, the 12 nm diameter HS40

SNP was modelled as 51.4 Å, while the 22 nm AS40 was modelled as 102.6 Å diameter

SNP. This allowed maintaining the SNP size ratio of around 2, while significantly

reducing the computational costs. However, it is essential to point out that the system

rescaling artificially suppresses the dye-to-SNP adsorption arising from the increased

SNP diffusivity, larger curvature, and reduced total net negative charge of the SNP

when compared with their full-sized counterpart. As a result, the observed simulation

mechanics should act as a guide by indicating the trends rather than exactly replicating

the experimental conditions. Each system had one large SNP and three small SNPs

in all cases, with the dye molecule number ranging from one to four. Moreover, in

the obtained MD systems, R6G exhibits a threefold higher probability of adsorbing

to the smaller SNPs compared to larger ones, primarily due to their threefold greater

abundance. Due to varying R6G concentrations, the above resulted in four simulation

systems, each containing a single 102.6 Å diameter SNP surrounded by three 51.4 Å

SNPs and 1, 2, 3 or 4 dye molecules. The R6G molecules were positioned to ensure

equal probability of adsorption onto any SNP, avoiding bias toward a specific one with

the minimal distance between each of the system components being no less than 15 Å.

The total number of atoms per system was around 450,000. The initial system setup

is shown in Figure 6.14.
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Figure 6.14: Initial system setup. Water is indicated by the transparent film, the SNPs
are represented using CPK representation, ions as vdW spheres, and R6G molecules as
liquorice, with the following colour coding: oxygen-red, silica-yellow, hydrogen-white,
carbon-cyan, chlorine-ice blue, sodium-large yellow spheres.

Size-Dependent Adsorption

Figure 6.15 presents the COM distance plots as a function of simulation time for each

dye–SNP pair in a system containing four dye molecules.

Figure 6.15: COM distance plots. A. Each of the four R6G molecules to the 102.6 Å
diameter SNP; B. Each R6G–51.4 Å SNP pair. The shaded yellow area marks the
range of successful adsorption.
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Simulation results indicate that dye adsorption probability and stability are strongly

influenced by the radius of the target SNP. It is likely due to the higher net negative

charge of the large SNP, which facilitates the localisation of favourable adsorption sites

for the free R6G molecules. Furthermore, the smaller curvature of larger SNPs allows

for better shape adjustment for the adsorbing dye, resulting in more stable binding.

This is evident in the prolonged period of unchanged COM distance (∼ 32 ns to ∼ 45 ns)

for the large SNP, compared to the much shorter adsorption duration (∼ 100 ns) for

smaller SNPs.

The presence of R6G dimers in the system is also notable and can be identified

in the COM distance plots, where overlapping curves of different dyes suggest that

two R6G molecules move together. However, as previously discussed, these dimers do

not adsorb onto SNPs and are non-fluorescent, meaning they have no impact on FRAP

measurements [38,39]. This preferential adsorption of R6G to larger SNP is consistently

observed in other systems with fewer dye molecules (data omitted for clarity). Further-

more, in a polydispersed system, the complexity of electrostatic interactions among

SNPs of different sizes and dye molecules significantly suppresses adsorption compared

to an isolated, monodispersed system [38]. Despite this suppression, the overall trends

remain consistent. In such a system, successful adsorption requires R6G molecules to

adjust their orientation and conformation in response to the system’s superimposed

electric field while maintaining close proximity to an SNP to enable short-range vdW

interactions to stabilise the SNP–R6G complex.

In summary, MD simulations demonstrate that R6G adsorption rates are highly

dependent on SNP size, with larger SNPs promoting stronger binding. This is largely

attributed to their greater net negative charge and smaller curvature, which facili-

tate dye conformation adjustment during adsorption. A similar trend was observed in

FRAP experiments on binary particle systems, presented in Chapter 9, where lower

dye concentrations allowed for more precise measurement of larger SNPs, even when

the concentration of those was significantly lower than that of smaller SNPs.

126



Chapter 6. Dynamics of Xanthene Dyes in the Presence of Silica Nanoparticles:
Influence of crystal structure, size and pH

6.3.5 Effect of R6G Adsorption on the Dye-SNP Complex Size

Now that the effects of crystal structure, SNP size, pH, and adsorption mechanics

have been systematically investigated, the final and arguably most important question

remains: What is the actual contribution of the dye to the overall size of the SNP–dye

complex? Both time-resolved fluorescence anisotropy and FRAP rely on diffusion-

based readouts, meaning that they don’t measure the nanoparticle itself but the entire

fluorescent complex. Understanding how much the presence and orientation of R6G

alters the apparent size is, therefore, critical for making accurate measurements and

meaningful comparisons across experimental conditions.

The VMD-measured diameter of the SNP alongside the diameter of the nanoparti-

cle–R6G complex as a function of the simulation time is shown in Figure 6.16. In the

case of the 40 Å diameter particle, even when the biggest possible distance between the

furthest R6G and a silicate oxygen atom on the other side is taken into consideration,

the dye contribution to the measured complex size is in the range of 10% (yellow line).

However, by looking at the size of the R6G on its own and adding it to the SNP size,

it is evident that the obtained value is significantly larger than the actual, measured

size of the R6G–SNP complex (purple line). This suggests that the shape of the SNP

plays a crucial role when measuring the size. Moreover, the dye may not lie entirely

flat on the surface, but marginally adjusts its shape to match that of the NP, as shown

in Figures 6.16 and 6.11. The complex size is, therefore, smaller (yellow line) than the

added sizes of separated counterparts (purple line).
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Figure 6.16: 40 Å diameter SNP size measurements. a) SNP–R6G complex. The black
circle indicates local SNP surface irregularity, while the arrows represent the directions
of distance measurements. The colour code consists of green and blue, which denote the
SNP diameter measured in two different directions, red indicates the distance between
the R6G xanthene core atom and the SNP atom on its opposite side, yellow signifies the
largest distance between any R6G and SNP atom, and purple illustrates the maximal
thickness of adsorbed R6G molecules. All atoms are depicted by thick sticks coloured
according to atom type: oxygen is red, silica is yellow, hydrogen is white, carbon is
cyan, and nitrogen is blue. To illustrate the size of the complex, the dye’s surface
is represented transparently. b) Measured diameter of the SNP–R6G complex as a
function of simulation time; the colour code corresponds to the arrows code, while the
purple line simply sums the R6G thickness and SNP diameter.

The situation is somewhat different in the case of smaller SNPs. The size contri-

bution of R6G is significantly larger in these examples and can be up to 50% of the

measured size. The main reason is that 20 Å SNPs are significantly more curved when

compared with 40 Å diameter SNPs. R6G, which is relatively rigid at its xanthene

core plane, therefore cannot bend enough to match precisely 20 Å SNPs curvature

(Figure 6.17).
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Figure 6.17: SNP-R6G structure. (a) 20qSNP7-R6G complex; (b) 20cSNP7-R6G com-
plex

Finally, it is important to address the assumption of the SNP shape. In all simula-

tions, the NPs were modelled as perfectly spherical- a common and practical simplifi-

cation in molecular dynamics, given its symmetry and straightforward implementation.

However, this may not reflect real-life systems, where particle shape can vary due to

synthesis conditions or surface effects. While the spherical model provides a consis-

tent baseline for comparing adsorption and diffusion behaviour, it may underestimate

the complexity of real diffusion dynamics, particularly in techniques like FRAP or

anisotropy, where shape plays a direct role. Although beyond the scope of this work,

incorporating more realistic geometries, such as ellipsoids, could offer further insights

into the influence of particle shape on the observed dynamics.

A recent study by G. Hu et al. using SAXS demonstrated that silicates with a

ratio below 4.2 tend to form ellipsoidal primary particles, suggesting that the spherical

MD model may not fully capture the actual particle morphology [261]. This shape

anisotropy also means that, in the case of an ellipsoidal particle, the dye could prefer-

entially adsorb onto the larger, flatter surface area. The lower curvature of this region
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allows R6G to better align with the surface, potentially reducing its contribution to

the apparent hydrodynamic size. As a result, the dye’s impact may fall within the

typical experimental uncertainty, often in the range of 20–30%, effectively masking its

presence. A more detailed analysis of this effect is presented in Chapter 8.

6.3.6 Estimation of Dye–SNP Dissociation Barriers from Residence

Times

Having established how the presence of R6G affects the apparent size of the SNP–dye

complex, it is also important to consider the strength and timescale of the dye’s in-

teraction with the nanoparticle surface, which can be estimated from residence times

observed in the simulations.

The connection between residence times and binding free energies can be framed

through Eyring transition state theory, which describes how a system crosses an energy

barrier separating bound and unbound states. In this formalism, the rate constant (k,

the probability per unit time of desorption) for dissociation is given by

k =
kBT

h
exp

(
−∆G‡

RT

)
, (6.1)

where ∆G‡ is the activation free energy barrier for dissociation, kB is the Boltzmann

constant, T is the absolute temperature, h is Planck’s constant, and R is the gas

constant. Since simulations provide residence times, τ , these can be inverted to rates

(k = 1/τ) and used to estimate ∆G‡. The microscopic attempt frequency—the rate at

which the system “tries” to cross the barrier—appears naturally in the Eyring prefactor,

with

τ0 =
h

kBT
≈ 1.6 × 10−13 s (6.2)

at room temperature. This τ0 reflects the vibrational timescale of molecular bond

fluctuations and is not an adjustable parameter.

Applying this to the present system, residence times ranging from 1 to 100 ns

correspond to activation free energies of roughly 5–8 kcal·mol−1. The conversion comes
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from rearranging the Eyring equation:

∆G‡ = −RT ln

(
kh

kBT

)
= RT ln

(
τ

τ0

)
(6.3)

Each order-of-magnitude increase in τ raises the barrier by ∼ 1.36 kcal·mol−1 at

300 K. These values indicate interactions stronger than simple van der Waals contacts

(∼ 1–2 kBT ), but weaker than covalent bonds (> 50 kcal·mol−1), placing them in

the range characteristic of hydrogen bonding (3–7 kcal·mol−1) and weak electrostatic

interactions [262]. This aligns with the expected chemistry of the SNP surface, which

features silanol groups interacting with the cationic R6G molecules.

It is important to note that this approach estimates activation free energies for disso-

ciation (∆G‡), not the total binding free energy (∆Gbind), which also includes entropic

contributions and the equilibrium constant of association. Accurate ∆Gbind values

would require knowledge of both association and dissociation rates (Kd = koff/kon), or

extensive free-energy calculations such as umbrella sampling, metadynamics, or poten-

tial of mean force methods. Nevertheless, the present approach provides a consistent

way to interpret simulation observables: residence times on the order of tens of nanosec-

onds indicate moderately strong, reversible interactions, in line with chemical intuition

for dye–silicate interactions.

While these activation free energies cannot be directly equated to rupture forces

from steered molecular dynamics simulations, a qualitative correlation can be expected:

higher ∆G‡ values should correspond to stronger mechanical resistance to dye desorp-

tion. For context, barriers in the 5–8 kcal·mol−1 range are in line with typical hydrogen

bonds (3–7 kcal·mol−1), stronger than transient hydrophobic contacts (<3 kcal·mol−1),

and comparable to interactions seen in dye–lipid binding (∼5–10 kcal·mol−1) [262,263].

This aligns with the planar, cationic nature of R6G, which favours electrostatic and

hydrogen-bonding interactions with the silicate surface while allowing dynamic ex-

change.

To obtain directly comparable thermodynamic binding energies, future work could

combine equilibrium free-energy methods, such as umbrella sampling, PMF calcula-
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tions, or metadynamics, with experimental adsorption constants. This would place the

kinetic barriers derived here on the same scale as ∆Gbind for dye–DNA or dye–lipid

interactions, providing a rigorous cross-system comparison.

Comparisons with other systems further contextualise these values. For exam-

ple, R6G binding to DNA has reported equilibrium free energies of −9.5 to −8.1

kcal·mol−1 [264]. While these describe thermodynamic stability (∆Gbind) rather than

kinetic barriers (∆G‡), the similar energetic range supports the chemical plausibility of

the present estimates. Overall, the 5–8 kcal·mol−1 barriers correspond to interactions

strong enough to stabilise adsorption on nanosecond timescales, yet weak enough to al-

low dynamic exchange–a hallmark of reversible surface labelling rather than permanent

adsorption.

6.4 Conclusions

This chapter provides a detailed molecular-level view of xanthene dye interactions with

SNPs, focusing on how surface structure, particle size and pH influence adsorption me-

chanics and, ultimately, the measured size of the SNP-R6G complex, as obtained in the

experiments. Across a broad simulation set, several consistent trends were identified.

Increasing the pH led to progressively weaker dye adsorption. At pH 3, which is

the isoelectric point of the SNPs, at which the surface is neutral, a strong vdW-driven

binding was observed. However, the whole process was rather slow due to the lack of

long-range electrostatic interactions, which would promote the adsorption by guiding

the cationic dye towards an anionic SNP. At pH 7, where 13.3% of surface silanol groups

are deprotonated, a moderate repulsion is introduced; however, the adsorption is still

stable and happens relatively fast due to the Coulombic attractive forces between the

dye and SNP. However, at pH 12, where the ionisation degree is 30%, a highly charged

surface is created, which, when screened by counter-ions, forms a diffuse electric double

layer that significantly suppresses the adsorption. These electrostatic effects not only

control whether the dye adsorbs or not but also how it orients and diffuses near the

surface. Furthermore, it controls the dimerisation process, which is discussed in detail
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in the next Chapter.

Larger NPs (e.g., 100 Å diameter), due to their lower surface curvature and, in the

case of charged surface, higher net negative charge, showed significantly more stable

adsorption. The flatter SNP surface allows better alignment of the dye’s planar xan-

thene core, resulting in longer residence times and less rotational freedom. In contrast,

smaller SNPs with higher curvature disrupt optimal binding geometry and, when com-

bined with their increased diffusion rates, lead to weaker and less persistent adsorption.

Moreover, the dye consistently showed preferential adsorption to larger SNPs, where

the lower curvature and broader surface area offered more favourable binding configu-

rations and longer surface residence times.

Lastly, the most important question was investigated, which is the impact of the dye

size on the apparent hydrodynamic size of the SNP-dye complex. Simulations revealed

that when the dye is strongly adsorbed and the xanthene core is aligned perfectly paral-

lel to the SNP surface, especially on large, low-curvature SNPs, its contribution to the

complex size is minimal and often under 15%, therefore it falls within the experimental

error margin, which can be 20–30%. Therefore, in such cases, the dye contribution is

negligible, and the measured size is, within the error margin, equal to the SNP size.

However, when the dye is loosely bound, or fluctuates in orientation, which is the case

in the small radius SNPs, its spatial footprint becomes more significant, approaching

50%, potentially skewing diffusion-based measurements such as FRAP or time-resolved

anisotropy. In spherical models, this effect is more pronounced, as shown in this chapter,

whereas flatter ellipsoidal geometries help bury the dye’s influence, as further discussed

in Chapter 8.

Together, these findings not only highlight the key factors governing dye–SNP in-

teractions but also clarify how structural and environmental variables influence the

diffusion measurements and the resulting particle size estimate. This provides a cru-

cial foundation for improving the accuracy of fluorescence-based nanometrology and

interpreting experimental data in complex colloidal systems.
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7.1 Introduction

One important feature that directly affects the usability of R6G is its tendency to

form dimers at high concentrations. The H-type aggregates that are formed are not

fluorescent, so obtaining the accurate values of the dimer binding energies is important

for optimising constructs based on R6G’s fluorescent properties, such as labelled NPs.

Measurements of dimerisation energies, especially in solutions, are experimentally very

demanding, or even currently impossible, so computational estimates of the stability

of dimers in solutions are irreplaceable. Therefore, in this Chapter, the possibility

of R6G dimerisation in the presence and absence of SNPs was explored, which was

previously studied by Dare-Doyen et al. and Chuichay et al [236, 260]. However, a

more complex approach was taken here, compared to their work, by examining larger

systems containing six R6G molecules in the presence of SNP and solute ions.

R6G is a cationic dye with a +1e charge, and, from an electrostatic perspective, its

molecules should repel each other. However, regardless of the number of R6G molecules

present in the system, free R6G consistently tends to form dimers without any inter-

action with solute ions, as observed in previous studies [260, 265, 266]. Understanding

the driving forces behind this dimerisation, whether through π-π stacking, dispersion

forces, or other non-covalent interactions requires accurate computational modelling.

To achieve this, advanced electronic structure methods must be employed to account

for the intricate interplay of these forces.

In recent decades, Kohn-Sham DFT [136] has become a primary tool to probe the

electronic structure of molecules and address many-electron problems, which are crucial

for advancing our understanding of modern physics, chemistry and biology [267,268].

The popularity of DFT stems from its excellent balance between its reliability and

computational cost, offering significantly greater accuracy than modern semi-empirical

methods while being much less computationally demanding than the gold standard of

the field: the CCSD(T) approach [269,270]. However, the CCSD(T) model [271] scales

as N7 (where N is a measure of the system size), requiring a substantial amount of

computational resources. Other sophisticated post-HF methods, such as second-order
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many-body perturbation theory with the Møller–Plesset partitioning of the Hamilto-

nian (MP2), scale as N5 [272]. While more feasible than CCSD(T), MP2 is still a

rather demanding approach. Efforts to speed up those methods, such as the domain-

based local pair-natural orbital (DLPNO) methods, resulting in DLPNO-CCSD(T)

with nearly linear scaling, or the RIJCOSX-MP2 method, have been developed [273].

However, the requirement for a large basis set in post-HF methods, needed to min-

imise the BSSE, limits the system size that can be effectively calculated using those

approaches [274,275].

On the other hand, the theoretical details and caveats of DFT are very well under-

stood, with ongoing improvements addressing its weakness, such as the addition of dis-

persion correction, which mitigates known significant drawbacks of DFT [167,276,277].

Furthermore, DFT is considered a robust theory, and failures in the form of completely

erroneous results are relatively rare, even when applied to complex molecules or ex-

otic systems. This reliability has made DFT a black-box-like method that non-experts

can successfully apply to various problems without needing to delve deeply into the

complex underlying theory [278]. However, accurately interpreting DFT results still

requires specialist knowledge.

Nonetheless, calculations of large systems are still very demanding, even with

the additions mentioned above and different approximations such as “Resolution of

the Identity” (RI) [279] and “Chains of Sphere” (COSX) [280] as implemented in

ORCA [240, 241] or SENEX [281] in TURBOMOLE [282], and the help of state-of-

the-art HPCs. A method that provides faster, yet comparable, results is essential for

accelerating scientific progress. To address this, an SMD-based approach is introduced

to measure the binding energies of aromatic dimers, with its validity demonstrated

through comparison with DFT calculations. This study systematically investigates

H-type dimers of R6G and anthracene, incorporating functionals of increasing com-

plexity. Calculations are performed on a wide range of dimers, each with different

conformations for both optimised and unoptimised structures, to explore the effect of

diverse geometries on the measured binding energies. The results presented in this

chapter demonstrate that SMD enables faster binding energy assessments for large

136



Chapter 7. Dynamics of Xanthene Dyes in the Presence of Silica Nanoparticles:
Rhodamine 6G Dimerisation

molecules, thus complementing DFT. The presented method is not intended to replace

QM/DFT entirely but to complement them by addressing specific computational chal-

lenges. While DFT remains a powerful and widely used tool in modern computational

chemistry, the presented SMD method enables significantly faster binding energy as-

sessments of large molecules without compromising the overall framework of DFT in

broader applications.

Typically, in systems near equilibrium, the strongest contribution to the total po-

tential energy function comes from the bonded interactions, while the non-bonded

electrostatic Coulomb and vdW interactions have minor contributions, as described in

detail in Chapter 2. The π − π stacking comes from the Unon-bonded, and it is included

via vdW interactions, which, as described in Chapter 2, include Keesom, Debye and

London forces as well as the Pauli exclusion principle. Those complicated interactions

are included in CHARMM36 FF via two simple parameters ε and Rmin/2 (required for

the LJ potential) specified for each atom.

Atom name ε (kcal/mol) Rmin/2 (Å) Chemical Group

C -0.110 2.0000 Pure NMA*
CA -0.070 1.9924 Benzene
CC -0.070 2.0000 Acetic Acid
CE1 -0.068 2.0900 Propene
CE2 -0.064 2.0800 Ethene
C3 -0.020 2.2750 Cyclopropane
H -0.046 0.2245 TIP3P**
HA -0.022 1.3200 Methane/Ethane
OB -0.120 1.7000 Acetic Acid Carbonyl
OH1 -0.152 1.7700 TIP3P**

*NMA – N-Methylaniline
**TIP3P – 3-site rigid water molecule commonly used in molecular dynamics simulations.

Table 7.1: Exemplar vdW parameters from CHARMM36 FF.

Table 7.1 indicates that each atom type has multiple parameters with marginally

different ε and radii, each of them representing atoms from different chemical groups,

e.g., in CHARMM FF atoms CA describe sp2 carbons in the aromatic rings [237], so

the ε and radius are unique to this specific type of carbon hybridization in this unique

configuration. The same applies to all other atoms, such as hydrogens, oxygens etc.,

and indirectly reflects the electronic structure of the atom. It is worth mentioning that a
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simple, protein-only FF consists of over ten types of hydrogen and nitrogen atoms, and

over twenty carbon atoms [88]. Due to those small, and therefore frequently overlooked

differences in ε and radii, force-field-driven MD simulations allow reproduction of some

quantum effects, such as π-π stacking.

In this chapter, the applicability of SMD in calculating binding energies of dimers

will be addressed and the proposed method described in detail, alongside the broader

study of R6G dimerisation in solution and in the presence of SNPs. Furthermore, the

approach is validated using DFT calculations by employing functionals from various

rungs of Perdew’s “Jacob’s ladder,” which classifies functionals based on their accuracy

in predicting exchange-correlation energy [141]. While there are more sophisticated ab

initio and force field methods that can potentially provide even more reliable binding

energies, the drawback of such methods, as mentioned previously, lies in their computa-

tional cost and complexity. By combining MD, SMD, and DFT, this chapter provides

insight into aromatic dimer interactions in the presence and absence of SNPs and high-

lights how force-field-driven approaches can complement quantum mechanical methods

in studying non-covalent interactions.

7.2 Methods

7.2.1 Dimer Generation Using MD

For the detailed description of the simulations used in the analysis of dimerization in

the presence of SNPs, refer to Chapter 6, Section 6.3.3. The detailed description of the

R6G parametrisation is presented in Section 6.2.1.

For the MD simulations used to generate the initial dimer structures, two anthracene

or R6G molecules were placed in a water box and allowed to diffuse freely. To ensure

that the individual monomers were not biased toward dimerization, the initial distance

between them was approximately 20 Å, with a water box padding of 20 Å to exclude

interactions with periodic images. The rectangular periodic simulation cell size was

67 Å × 70 Å × 65 Å and contained 27,442 atoms for R6G simulations, while for the
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anthracene simulations, the cell size was 72 Å × 50 Å × 46 Å (14,781 atoms). As in

all previous simulations, the system underwent a 1000-step water-only minimization

using the steepest descent method with all non-solvent molecules restrained, followed

by 100 ps equilibration at 300 K and 1 bar, maintained via the Langevin barostat and

thermostat (NPT ensemble). The obtained system was subjected to 10,000 minimiza-

tion steps with no constraints applied, followed by 30 ps of heating to 300 K and 270 ps

equilibration with a 1 fs time step. The production runs were performed in the NVT

ensemble, where a Langevin thermostat with 5 ps-1 damping was used to control the

temperature, also using a 1 fs time step integrator. The 100 ns production run at 300 K

was repeated four times to ensure that the system was not trapped in a saddle point

and to generate four unique dimers independently. A custom TCL script was used to

measure the COM distance between the two dye molecules. This, combined with visual

analysis, allowed the identification and selection of four unique dimers, one from each

simulation, that were used as starting structures for both the SMD simulations and

DFT calculations. In all cases, PME with 1.0 Å grid spacing was used for efficient

evaluation of electrostatic interactions, while the cutoff for vdW interactions was set to

12 Å.

7.2.2 Density Functional Theory Calculations and Geometry Optimi-

sation Methods

DFT calculations were performed using four different dimer configurations for both

anthracene and R6G. All calculations were performed using ORCA 5.0.4 [240–242]. To

get a valid comparison between the estimated energies using SMD and the conventional

DFT, binding energies were calculated at multiple levels of theory:

1. Generalised Gradient Approximation (GGA) functional: BP86, which

combines Becke’s exchange functional (B88) and Perdew’s correlation functional

(P86), and improves on the Local Density Approximation by incorporating the

gradient of the electron density [283,284].

2. Hybrid GGA: B3LYP (Becke 3-parameter-Lee-Yang-Parr) functional [147–
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149], which is one of the most widely used functionals and includes a portion

of exact HF exchange, thus further improving the accuracy of the calculated

electronic properties.

3. Hybrid-meta-GGA: M06-2X, a global hybrid functional with high nonlocality,

which includes both gradient and kinetic energy density terms [285].

4. Range-separated hybrid: ωB97X-D, which separates the exchange interac-

tion into short-range and long-range components by applying different treatments

to each [151,152].

For BP86, B3LYP and ωB97X-D functionals, Grimme’s atom-pairwise dispersion

correction based on tight binding partial charges (D4) was used [243, 286, 287], while

for the M06-2X functional, D3 dispersion correction with a zero-damping scheme was

used [167] due to a lack of available parameters for the D4 correction. At each step,

starting from the lowest (BP86) to the highest level of theory (ωB97X-D), the dimer

and two individual monomers were optimised in a conductor-like polarizable continuum

solvation model (CPCM, water), followed by harmonic frequency calculations to con-

firm that the obtained stationary point is a minimum. The zero-point energy (ZPE)

and thermal corrections were applied to the obtained energies, while BSSE correction

was applied according to Boys and Bernardi procedure [288], to account for the basis

set incompleteness effect. Triple ζ valence def2-TZVPP basis set [244] with auxiliary

def2/J [289] were used for all optimization and frequency calculation tasks for compu-

tational efficiency, without significant decrease in accuracy. For fast evaluation of the

Coulomb and exchange integrals a RIJCOSX algorithm [279, 290] which significantly

accelerates the calculations and maintains high numerical precision was used. The final

energies were refined at the ωB97X-D4/def2-QZVPP [244] level of theory to ensure the

highest possible accuracy for the computed binding energies and act as a final reference

point for the DFT calculated binding energies. Single point energies (SPE) of unopti-

mized dimers were also calculated using the aforementioned methods without the ZPE

and thermal corrections but with BSSE correction to provide a direct comparison of the

energy differences and act as a direct validation of the SMD-obtained energies. This
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comprehensive approach ensured that the energy differences were not artefacts of the

optimization process. An increased grid (defgrid3) was used to reduce the numerical

noise and increase the accuracy of the results. Through this approach, a robust com-

parison across different levels of theory was possible. The binding energies (∆E) were

calculated using the supramolecular approach:

∆E = EMonomer 1 + EMonomer 2 − EDimer (7.1)

where EMonomer 1 and EMonomer 2 are the energies of individual monomers (opti-

mized with ZPE, thermal, and BSSE corrections or unoptimized only with BSSE cor-

rection), and EDimer is the energy of the dimer. The same method of calculating ∆E

was applied to both optimized geometries and unoptimized ones, i.e., directly taken

from MD simulations with no additional steps.

7.2.3 Steered Molecular Dynamics

The selected MD-generated dimer was solvated with TIP3P [122] and neutralized using

NaCl, with water box padding set to 15 Å. The cut-off for the vdW interactions was

set to 12 Å, while the electrostatic interactions were evaluated using the PME method.

The obtained rectangular periodic simulation cell size was 44 Å × 44 Å × 45 Å with

approximately 6,800 atoms for R6G simulations and 41 Å × 35 Å × 38 Å and around

4,500 atoms for the anthracene simulations. The differences in atom numbers between

systems arose from the fact that each dimer had a slightly different conformation and

size, which in turn affected the final box size. The system minimization was performed

in the same two-step manner as described in the MD section. Throughout the mini-

mization process, all dimer atoms were constrained and fixed in place to prevent them

from being pulled apart by the conjugate gradient and line search algorithm. The

above ensured that each of the used dimers is unique and has a slightly different con-

formation than the others. To estimate the binding energy of the dimers using force

field methods, a constant velocity (0.01 Å/ps) SMD pulling with a harmonic force con-

stant of 4 kcal/(molÅ), equivalent to 278 pN/Å, and an integration step of 1 fs, total
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SMD trajectory length was 2 ns. Due to the constant velocity pulling protocol, the

force is directly available in the simulation output, which makes it easy to generate

force-extension plots and analyze the pulling process. At lower pulling velocities, the

simulation timescale became inefficient, whereas altering the force constant introduced

significant noise into the trajectories, which dominated over the local unbinding po-

tential. Furthermore, high velocity and spring constant values could lead to structural

alterations of the pulled molecule. However, as shown in the Results section, the RMSD

data indicate that the structures remained well-preserved throughout the simulation

and were consistent with MD simulations.

The SMD simulations for DFT-optimized anthracene and R6G Dimers #1 were

repeated 10 times, to assess the method’s precision. Given that the obtained values did

not differ significantly in the case of ten and four repetitions, i.e., (18.44±2.46) kcal/mol

for R6G dimer from 10 repetitions vs. (18.98 ± 2.05) kcal/mol from four repetitions

and (7.36 ± 1.66) kcal/mol vs. (7.23 ± 1.92) kcal/mol for the anthracene dimer, the

remaining SMD simulations were repeated four times from the same starting point. To

minimize the noise arising from the friction between the pulled R6G and the fixed dye

molecule, one of the dimer components was fixed, and the other was pulled away in

the direction perpendicular to the aromatic planes by applying the external force to

all heavy atoms of that plane. To further minimize the noise, constant temperature

control was disabled to ensure that the disturbance caused by the molecular movement

was minimal. Despite the temperature control being switched off, the temperature

remained close to the set value of 300 K and fluctuated from around 296 K to 302 K.

The force and displacement plots as a function of simulation time, combined with

visual analysis, were used to calculate the binding energies. The energy calculation

method has been previously used for estimating the desorption energies of proteins

with success [127,129,291,292].
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Figure 7.1: Exemplar SMD plot for the R6G dimer optimized at ωB97X-D4/def2-
TZVPP, with the dimer dissociation steps marked.

The calculation of the ∆E using SMD begins by plotting the force and displacement

as functions of simulation time. Next, software capable of interactive plot analysis is

used to identify the dissociation steps, which are characterised by sharp drops in the

force plots and corresponding increases in the displacement plots, as indicated by the

green bars in Figure 7.1. The identified steps are then confirmed through visual analysis

of the trajectories using software such as VMD. After verification, the binding energy is

calculated using the equation provided below (Eq. 7.2). If the dissociation occurs in two

steps (as in the presented case), the calculation (Eq.7.2) is performed for each step, and

the final energy barrier is obtained as the sum of the two. Here, the final energy barrier,

∆E, is calculated to be 18.69 kcal/mol. It is important to note that any dissociation

steps involving the breaking of a bond-like interaction followed by the formation of a

new one should be disregarded; hence, visual inspection of the trajectories is essential.

The formula is a simple potential energy of a spring formula but written in terms of

the SMD measurable quantities:

dE =

(
F0 +

dF

2

)(
dF

k

)
(7.2)
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For a detailed derivation, refer to Chapter 2, Section 2.9. All MD and SMD sim-

ulations were performed using NAMD3 CUDA [230, 231] version with CHARMM36

FF [89] and VMD [248] was used to visualise and analyse the simulations.

7.3 Results and Discussion

7.3.1 Dimerisation in the Presence of Silica Nanoparticles

It is well known that when used in high concentrations or the presence of silica films,

R6G tends to form dimers [253, 293, 294]. To study R6G dimerisation in the presence

of silica nanostructures, the simulations from the previous chapter were utilised, specif-

ically those involving various R6G–SNP systems. These simulations included a total

of eight systems, with each 100 ns simulation repeated four times for better statis-

tics. Each system contained six R6G molecules and either a single 40 Å α-quartz or

α-cristobalite NP (at pH 7 and 12) or three 20 Å α-quartz/α-cristobalite NPs at both

pH values. To distinguish the systems, they were labelled as 40qSNP7, 40qSNP12,

40cSNP7, 40cSNP12, 20qSNP7, 20qSNP12, 20cSNP7, and 20cSNP12. The structure

of the H-type dimer is shown in Figure 7.2.

Figure 7.2: R6G Dimer a) Top view of the dimer with visualized dipole moments.; b)
Side view of the dimer.

The detailed simulation analysis revealed, that R6G adsorption on SNPs and R6G
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dimerisation are competing processes. R6G monomers tend to adsorb on SNPs while

dimers do not. Interestingly, adsorbed R6G monomer might be approached by other

R6G monomers, leading to dimerisation and desorption. Alternatively, a competition

between dimer and monomer can be seen, where a monomer can approach a dimer,

temporarily creating a trimer and replacing one of the dimer components. Usually,

such trimers did not exist for more than 8 ns. Another possibility is the dimer in-

teraction with the SNP, which is followed by dimer dissociation and resulting in one

adsorbed R6G and one free R6G molecule. Both desorption and dissociation were ob-

served for 40qSNP7, 20qSNP7 and 20qSNP12 systems, while desorption only in the

40cSNP7 system and a single event of dimer dissociation (breakage) only in 20cSNP7

system. In other words, the obtained trajectories confirm that R6G can form dimers

both in solution and on the SNP matrix, whereas trimers appear to be transient states,

reflecting the dynamic exchange of molecules. Summarising, R6G may exist in three

stable forms: (1) as a free monomer, (2) as a monomer adsorbed on SNP, and (3) as

a free dimer. In contrast, larger conglomerates, such as adsorbed dimers and both free

and adsorbed trimers, are unstable and represent only transient intermediate states.

Both the trimer and adsorbed dimer are unstable due to geometric constraints, i.e., for

the stable adsorption/dimerisation to occur, the xanthene core of R6G must be ori-

ented parallel to the SNP/other R6G molecule, which is a dimer component. Obtained

trajectories confirmed the existence of a mixture of the above moieties at any time.

It is worth emphasising that there is no apparent reason why the last would not

apply to larger than 40 Å SNP and silica surfaces. Furthermore, in the case of high

R6G concentration, dimerisation in solution is favoured over dimerisation on the SNP

matrix, independent of the crystal structure of the SNP in the system.

The dimerisation process was monitored across all systems described in Chapter 6,

Section 6.3.3, in each iteration, and the number of dimers in the solute and on the SNP

matrix was calculated, as shown in Tables 7.2 and 7.3. Due to the transient nature of

trimers, they are not included in the analysis.
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40qSNP7 40qSNP12 40cSNP7 40cSNP12

<Dimer> 4.75 3.25 5.00 3.25
<T> 82.22 ns 81.65 ns 106.13 ns 90.18 ns
<TPerDimer> 18.69 ns 26.38 ns 23.68 ns 27.42 ns

Table 7.2: Dimer statistics for 40 Å SNP systems averaged over four independent runs
of each trajectory. <Dimer> indicates the average number of dimers in the system,
<T> indicates the sum of the time the dimers existed in the system, and <TPerDimer>
indicates the average time the given dimer existed in the system before dissociating.

20qSNP7 20qSNP12 20cSNP7 20cSNP12

<Dimer> 4.75 5.75 3.75 3.50
<T> 80.95 ns 115.6 ns 77.22 ns 94.53 ns
<TPerDimer> 20.97 ns 21.17 ns 29.31 ns 25.04 ns

Table 7.3: Dimer statistics for 20 Å SNP systems. Symbols as in Table 7.2.

For the 40SNP systems, sixty dimers formed in the solute, and five dimers formed

on the SNP matrix, all at pH 7. Of those five dimers, three were formed in the 40qSNP7

system, with one dissociating while two desorbed. In the 40cSNP7 system, two addi-

tional dimers were formed, both desorbing before dissociating. In the 20SNP systems,

sixty-four dimers formed in the solute, and seven were formed on the SNP matrix. The

latter was present in all systems, except for the 20cSNP7, with two in 20qSNP7, one

of which dissociated, four in 20qSNP12, two of which dissociated, and a single dimer

in the 20cSNP7 system that also dissociated. Furthermore, it was observed that for

the 40SNPs, irrespective of the crystal structure, the average number of dimers in the

system decreases at pH 12 compared to pH 7; for instance, 4.75 in 40qSNP7 drops to

3.25 in the 40qSNP12 system (see Tables 7.2 and 7.3). It is important to note that

although the number of dimers declines with increasing pH, dimer stability rises, with

the average time a dimer exists in the 40qSNP system increasing from 18.69 ns at pH

7 to 26.38 ns at pH 12. The same trend is observed for the 40cSNP systems in terms

of both the number of dimers and their existence time. When the 20qSNP case is

examined, it is observed that the trend is somewhat different. For smaller SNPs, the

average number of dimers rises from 4.75 at pH 7 to 5.75 at pH 12, and the time of

existence also increases from 20.97 ns to 21.17 ns. This suggests that, in addition to
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pH, SNP size also impacts the dimerisation process. It may be speculated that as the

diffusion speed of SNPs increases, it becomes more challenging for R6G molecules to

achieve the orientation favourable for adsorption; hence, they become more susceptible

to other potential processes, namely dimerisation. Another factor that contributes to

enhanced dimerisation is the counterion layer density at high pH. It should also be

emphasised that the lifetimes of individual dimers were highly irregular, with some

persisting for only around 5 ns while others remained intact for up to 40 ns. These

fluctuations indicate that the stability of a given dimer is strongly dependent on its in-

stantaneous conformation. In agreement with the binding energy calculations discussed

in the next sections, different conformations of the R6G H-type dimer exhibit different

energetic stabilities, which translates directly into variable lifetimes in the MD trajec-

tories. Dimers adopting geometries corresponding to higher binding energies tend to

persist for longer, whereas less favourable orientations dissociate more rapidly. Thus,

the apparent irregularity in the lifetimes is not unexpected, but rather a dynamic man-

ifestation of the conformational dependence already established in the binding energy

analysis presented in detail in the next sections.

Close examination of the dimer behaviour in all of the systems indicated that for

40qSNP7 systems, the dimer dissociation tends to happen faster than the whole dimer

desorption (7.76 ns vs 12.7 ns), while for the 20qSNP7 and 20cSNP12 systems, the

dissociation is significantly slower when compared with desorption (3.4 ns vs 18.8 ns

and 9.6 ns vs 13 ns). Looking at the results mentioned above, it can be concluded that

the time of desorption/dissociation is strongly affected by the size and/or the number of

SNPs in the system. It was found that with bigger SNPs, the adsorption is more stable,

and we are more likely to reach state A; therefore, one of the dyes forming a dimer

is more likely to adsorb to the surface. As the binding energy for the R6G–qSNP is

higher than that of R6G–R6G, the dimer dissociates, leaving behind an adsorbed R6G.

On the other hand, when the system contains multiple small SNPs, the R6G molecule

can’t reach state A, even in its monomeric form. As a result, it takes significantly

longer for one of the components of the dimer to reach an optimal orientation, which

would result in dimer dissociation and adsorption.
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7.3.2 Binding Energy Calculations of Anthracene and Rhodamine 6G

Dimers

With a clearer understanding of the dimerisation process in the presence of SNPs, the

next step is to further explore the properties of these dimers, particularly their binding

energies. This is crucial for understanding their absorption behaviour and interactions

with SNPs, which can influence their stability and overall performance. To address

this, DFT calculations were performed and compared with SMD-obtained energies.

As mentioned in the Methods section, to obtain a set of four independent dimers for

both anthracene and R6G, classical MD simulations were performed using CHARMM36

FF. Each 100 ns long simulation (without any additional constraints) generated dis-

tinct molecular conformations, providing a diverse set of dimer geometries. Such an

approach ensured that the chosen dimers were not biased towards a particular confor-

mation, thereby providing a robust starting point for subsequent DFT calculations and

SMD simulations. The following section presents the results of these analyses, offering

deeper insights into the stability and interactions governing dimer formation. Exemplar

structures of anthracene and R6G dimers are shown in Figure 7.3.

Figure 7.3: Starting Dimer Structures: A. Anthracene Dimer, B. R6G Dimer. Struc-
tures are shown by ball and stick representation, coloured by name: C, O and N
are shown in cyan, red and blue, respectively while hydrogens are omitted for clarity.
Shadow (depth cueing) is used to distinguish separate monomers in a dimer structure.
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Density Functional Theory

A range of DFT calculations were performed to get a full insight into the magnitude of

the binding energies of the dimers studied. These calculations aimed to provide a valid

comparison with SMD simulations and ensure that the energy differences observed are

intrinsic to the molecular interactions rather than artefacts of the optimization process.

Initially, the electronic energies of each structure were calculated at multiple levels of

theory, including GGA, hybrid GGA, hybrid-meta-GGA, and range-separated hybrid

functionals. The specific functionals used were BP86, B3LYP, M06-2X, and ωB97X-

D. This range of functionals allowed for a detailed comparison of how each level of

theory captures electron correlation and exchange interactions, particularly the non-

local components of HF exchange.

Next, the structures were optimized at each level of theory to account for quantum

mechanical effects such as Pauli repulsion, which are not explicitly defined in MD force

fields. This step was crucial because MD force fields might fail to account for detailed

electron-electron repulsions, as they lack explicit terms to describe the interactions.

This can result in the potential overbinding of molecules. By optimizing the structures,

it was ensured that the geometries obtained were close to the minimum on the potential

energy surface for each dimer.

For the DFT part, the main part of the analysis was centred around optimised

structures as typically done in the field, however, calculations for the unoptimized

geometries were also added. Although such calculations are uncommon and often lack

significance due to the abundance of unoptimized structures, in this specific instance,

they served as a valid basis for comparison with the SMD simulations.

Anthracene Binding energies obtained for optimized and unoptimized anthracene

dimers are shown in Figure 7.4.
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Figure 7.4: Binding Energies of anthracene dimers at different levels of theory; A.
Optimized structures; B. Unoptimized Structures.

For the optimized structures (Fig. 7.4A), the energies of four independent dimers

are virtually identical among all the functionals used, suggesting that the obtained ge-

ometries are likely near the same local minimum. The most significant difference in the

binding energies is observed for the transition from BP86 to a B3LYP global hybrid,

with ∆E decreasing on average from 11 kcal/mol to 8.5 kcal/mol. BP86 belongs to the

family of GGA functionals, and while it does offer some improvement over LDA func-

tionals, it does not involve an exact (non-local) component of HF exchange but rather

accounts for electron repulsion by considering density gradients. As a result, it fails

to capture the electron repulsion fully, hence overbinding the molecules, highlighting

a common limitation of GGA functionals [144, 295]. This is well reflected by a signif-

icantly higher ∆E at BP86-D4/def2-TZVPP when compared with other functionals,

arising from the fact that the rest of the presented methods are hybrid and include a

part of HF exchange.

The energy decreases further when moving from B3LYP (∆E = 8.5 kcal/mol) to

M06-2X (∆E = 7 kcal/mol), which can be attributed to a high non-locality of M06-

2X, which includes 54% of HF exchange and offers a better treatment of dispersion

interactions. The difference between M06-2X and range-separated hybrid ωB97X-D is

relatively low, with ∆E decreasing from 7 kcal/mol to 6.4 kcal/mol, suggesting that

there is not much improvement in the electron-electron correlations, thus indicating
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that once a certain level of HF exchange and non-local treatment is included, ad-

ditional improvements in electron correlation might yield diminishing returns in the

form of increased computational costs at a marginal improvement in accuracy. There-

fore, careful consideration is required when selecting the appropriate functional, as in

some cases, a more cost-effective global hybrid may yield results comparable to range-

separated hybrids. A comparison of optimized vs. unoptimized geometries is presented

in Fig. 7.5A.

Figure 7.5: Overlap of optimized (coloured, opaque) at ωB97X-D4/def2-TZVPP and
starting (shadow/ghost) dimer structures. (A) Anthracene dimer, and (B) R6G dimer.
Colour scheme is the same as in Figure 7.3.

As expected, despite the general similarity in decreasing energies with the increasing

level of theory, the situation for the unoptimized dimers (Fig.7.4B) is less consistent

with visible differences of ∆E between the particular structures, as each of the dimers

has a different conformation. This further underscores the sensitivity of the binding

energy to conformation, reflecting the realistic scenario where molecular flexibility and

varied intermolecular interactions play a crucial role. The most interesting case is noted

for Dimer #2, where the decrease in the binding energy is the most significant with

the increase of the functional capability to describe exchange-correlation energy. This

discrepancy implies that the geometry of Dimer #2 was relatively far from optimal,

therefore, DFT reported low ∆E (weak dimer binding). For the BP86, which has no
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HF exchange and has limited capabilities, the relatively high binding energy of 8.8

kcal/mol is a result of the overbinding, mentioned previously. The decrease in ∆E at

higher levels of theory arises from the fact that electron repulsion starts to dominate,

hence, the binding energy is very low and equal to 1.45 kcal/mol at ωB97X-D. This

is the drawback of the proposed MD method, as FF methods do not include electrons

explicitly, hence, estimation of the repulsive term is impossible. This can potentially

result in an overestimated stability of certain dimers as is the case of anthracene Dimer

#2. As a result, the formed dimer will be stable (and indeed was) as observed during

the MD trajectory, while the DFT calculations suggest that the ∆E is almost negligible.

Rhodamine 6G Binding energies obtained for optimised and unoptimised R6G H-

type dimers are shown in Figure 7.6. In general, the trends observed for the anthracene

dimers were also observed in the case of R6G dimers. However, given that R6G is more

complex than the anthracene molecule, with a greater number of atoms and numerous

side chains, the generated set of dimers represents a wider set of possible conformations

than observed for anthracene. This variation may result in distinct local minima on

the potential energy surface (PES).

Figure 7.6: Binding Energies of R6G dimers at different levels of theory; A. Optimized
structures; B. Unoptimized Structures.

H-type R6G dimers are formed via vdW interactions (π–π stacking) and not by an

explicit bond; therefore, a precise estimation of dispersion forces and correct treatment
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of electron–electron interactions is vital. When examining the binding energies of op-

timised dimers (Figure 7.6A), it is again evident that more sophisticated functionals

provide a better treatment of dispersion forces and electron–electron interactions. For

example, the transition from the BP86 functional to B3LYP shows an average decrease

in ∆E equal to 2.9 kcal/mol, indicating that the inclusion of exact HF exchange in

B3LYP and other hybrid functionals leads to more accurate energy calculations. When

looking at B3LYP and M06-2X, it is evident that the differences between the energies of

optimised dimers are around only 0.5 kcal/mol, suggesting that the geometry does not

change significantly between the two, which was indeed the case; however, caution must

be taken when using M06-2X. Both B3LYP and M06-2X are global hybrid functionals

that mix a portion of exact HF exchange with DFT exchange–correlation, providing

a more accurate description of electron–electron interactions. Specifically, B3LYP in-

cludes around 20% HF exchange, while M06-2X includes 54%, which accounts for its

slightly lower ∆E values due to better dispersion treatment. Furthermore, the results

from M06-2X Dimer #1 do not seem to follow the general trend, where the binding

energy decreases with increasing levels of theory. This can be attributed to its heavy

parametrisation based on empirical data [296]. Due to this high empiricism, this func-

tional might be less predictive outside the types of systems and reactions that it was

trained on, thus raising concerns about its generalizability to novel systems or condi-

tions not represented in the training data [297]. Furthermore, it seems M06-2X tends

to overestimate the binding energies and leads to other errors, such as overfitting, es-

pecially in cases where a delicate balance of forces is critical [298]. As a result, the

predicted binding energies using M06-2X are closer to that of B3LYP, while the com-

putational cost of M06-2X is comparable with ωB97X-D due to its high numerical noise

and a need for a finer DFT integration grid when performing the calculations [299,300].

Lastly, a second steep decrease of around 2.3 kcal/mol is observed when transitioning

from regular hybrid functionals to a range-separated ωB97X-D functional. Range-

separated hybrids use different portions of HF exchange to treat long-range and short-

range interactions, leading to an improved correlation treatment compared to global

hybrids. This results in more precise binding energies, albeit at a significantly increased
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computational cost. The final refined energies at ωB97X-D4/def2-QZVPP, which in-

volve a highly accurate and computationally demanding basis set, suggest that the

estimated energies with triple-ζ basis sets were already close to the complete basis set

limit for the system studied.

The results for the unoptimized structures shown in Figure 7.6B generally report

similar trends. Moreover, Dimer #1 seems to show similar traits to anthracene Dimer

#2, as it does not follow the trend of other dimers and its ∆E value is lower overall than

other R6G dimers. The overall binding energies at each level of theory are lower for the

unoptimized structures when compared with optimized structures, e.g., 17.11 kcal/mol

for the optimized vs. 12.34 kcal/mol for the unoptimized at ωB97X-D4/def2-QZVPP,

which is mainly caused by the change in position of all side groups. Furthermore, there

are no steep decreases when transitioning from GGA to hybrid functionals and from hy-

brid to range-separated hybrid as in the case of optimised geometries. Here, the energy

decreases continuously with the increasing complexity of the functional, which directly

corresponds to the functional capabilities of accounting for exchange–correlation and

describing electron repulsion, with BP86 being the simplest and the fastest method of

all and ωB97X-D being the most precise but also the most computationally demand-

ing. Lastly, it is important to note that due to the complex structure of R6G and the

flexibility of its side group, the DFT binding energies are significantly influenced by

the position of these side groups, as that is the source of the largest difference between

optimized and unoptimized structures as visualised in Figure 7.5B.

The generally consistent trends observed across both anthracene and R6G dimers

highlight the robustness of the computational methods used. For H-type dimers, which

rely heavily on vdW interactions, the choice of functional is crucial. By including

these detailed analyses, the importance of selecting appropriate computational methods

for accurately modelling molecular interactions is emphasised, as heavily parametrised

functionals, such as those from the Minnesota family, can lead to potential errors, such

as overbinding. These findings are particularly relevant for systems where vdW forces

dominate, and precise dispersion corrections are necessary to avoid this. As discussed

below, additional care must be taken when estimating the binding energies when using
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the proposed method, as SMD tends to overbind dimers, leading to increased binding

energies.

Steered Molecular Dynamics

To ensure a valid comparison of DFT-calculated binding energies with those obtained

using SMD, simulations were performed for both optimised and unoptimized geome-

tries. The main focus of the analysis was the unoptimized geometries, as this is the

typical approach for SMD simulations. In SMD simulations, geometries are typically

not optimised because the method involves applying external forces to induce molecular

motion along a predefined reaction coordinate. Unlike energy minimisation approaches,

SMD captures the system’s non-equilibrium response in real-time, often passing through

high-energy conformations. Optimising the geometries beforehand could alter these

dynamic interactions and hinder a realistic representation of the system’s behaviour

under force. Nonetheless, to ensure a valid comparison with DFT calculations, SMD

simulations were also performed on optimised structures (at ωB97X-D4/def2-TZVPP

level). This allowed assessing whether FF methods can distinguish between different

geometries successfully. In both cases, one of the dimer components was fully con-

strained by fixing the coordinates of all atoms (including hydrogens), while the other

one was pulled away at a constant velocity. To ensure that all bond-like interactions

(including π-stacking) are broken simultaneously, the target molecule was pulled per-

pendicular to the aromatic planes, with the force being applied to all heavy atoms of

those planes. By combining visual analysis with force and displacement plots, dimer

binding energies were estimated using methods from previous work, as fully described

in Section 7.2.3 [38, 111]. Exemplar SMD plots are shown in Figure 7.7. In all cases,

the dimer dissociation was a multistep process, typically involving two transitions be-

fore full dissociation. Namely, for anthracene (Figure 7.7A), the first event occurred

at around 0.15 ns and the second at approximately 0.45 ns, whereas for R6G (Fig-

ure 7.7B), they appeared later, at around 0.23 ns and 0.60 ns. In all cases the dimer

was fully dissociated at 10 Å separation; therefore any interactions past that mark are

not taken into consideration. Furthermore, to obtain precise values of binding ener-
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gies, any event which results in the breaking of a bond-like interaction and subsequent

creation of a new one must be excluded from the analysis. Finally, it is important to

address the potential effect of hydrodynamic drag in SMD simulations. As the target

molecule is pulled through the aqueous environment, the spontaneous formation and

breaking of hydrogen bonds reproduce a phenomenon which might correspond to fric-

tion as understood in macroscopic terms. Due to the short simulation time, and small

separation distance (the full dissociation happens at 10 Å distance), the magnitude of

the resulting drag force is too small to be quantifiable, and it is already included in the

SMD force reported by the software.

Figure 7.7: Exemplar SMD plots for the unoptimized geometries: A. Anthracene; B.
R6G. Top plots in blue represent the force change as a function of simulation time, while
the bottom plots in red show the displacement as a function of simulation time measured
between centres of mass of the two monomers. As the dimer is fully dissociated at
R = 10 Å, the displacement plots are created to enhance the visibility of interactions
before that point.

Anthracene The RMSD plot of the pulled anthracene molecule for one of the dimers

is shown in Figure 7.8. The stability of the RMSD values indicates that the pulled

anthracene molecule did not experience any extraordinary strain that would cause

unnatural deformations. This was expected, as all heavy atoms of anthracene were

pulled simultaneously during the SMD simulation. Additionally, the RMSD values

remained consistently low (0.10–0.15 Å), further confirming the absence of significant
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structural distortion.

Figure 7.8: RMSD plot of pulled Anthracene molecule during the SMD simulation –
The starting structure of the pulled molecule (Frame 1) was used as a reference.

The obtained results from SMD simulations for anthracene dimers are listed in

Table 7.4. When looking at the results for the unoptimized dimers it is evident that,

in the case of anthracene dimer, SMD is capable of predicting comparable binding

energies of a dimer at a precision to that of hybrid DFT, e.g., 5.98±1.49 kcal/mol from

SMD vs 5.97 kcal/mol using M06-2X for Dimer #1. The obtained ∆E values seem to

be more accurate than those obtained using pure DFT with a BP86 functional, which

contains no HF exchange, thus having limited capabilities in describing the exchange-

correlation energy. Nonetheless, the SMD approach is not ideal, since due to the lack

of explicit terms to account for electron interactions in CHARMM36 FF and lack of

explicit evaluation of the hydrodynamic drag, the method tends to overbind dimers in

some cases as observed for Dimers #2 (evident effect) and #4 (relatively minor effect).
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In the first case, as already found in DFT calculations, the dimer was virtually unstable

with almost negligible binding energy while the SMD obtained a value indicating that

the dimer was stable. For Dimer #4, no significant differences were observed in the

SMD trajectories. Both visual inspection of the trajectory via VMD and COM plot

analysis confirmed the stability of both of those dimers in MD. As a result of this

overbinding, there were no statistically significant differences between all four dimer

binding energies obtained from SMD results, while DFT indicated notably different

∆E for each of the dimers.

Method Dimer #1 Dimer #2 Dimer #3 Dimer #4
Unoptimized Optimized Unoptimized Optimized Unoptimized Optimized Unoptimized Optimized

BP86-D4/(3ζ) 10.92 10.91 8.79 10.88 11.34 10.86 11.34 11.35
B3LYP-D4/(3ζ) 8.27 8.42 5.60 8.46 8.70 8.51 8.36 8.48
M06-2X-D3/(3ζ) 5.97 7.10 2.89 6.78 7.00 7.16 6.21 6.94
ωB97X-D4/(3ζ) 5.88 6.54 1.48 6.36 6.30 6.32 4.88 6.44
ωB97X-D4/(4ζ) 6.03 6.75 1.77 6.44 6.52 6.50 5.11 6.57
SMD 5.98 ± 1.49 7.36 ± 1.66 5.96 ± 1.09 7.93 ± 1.57 6.04 ± 1.14 7.99 ± 1.37 6.04 ± 1.35 7.41 ± 1.59

Table 7.4: Binding energies of anthracene dimers. All values are provided in kcal/mol,
while errors for the SMD are taken to be equal to three standard deviations plus an
estimated error of 0.58 kcal/mol arising from reading off the force values from the SMD
plots.

It is important to highlight that performing SMD on DFT-optimized structures is

not a standard practice. Due to the dynamic nature of MD simulations, where the sys-

tem evolves continuously over time, molecules often do not have sufficient time to fully

relax into a local minimum. However, in this study, SMD simulations were applied

to the optimised dimer geometries to validate the DFT results for these structures.

The results demonstrate that after geometry optimization, all dimers had very similar

geometries as indicated by almost identical binding energies. As observed with un-

optimized dimers, SMD successfully predicted binding energies comparable to hybrid

DFT, with values such as 7.23 ± 1.92 kcal/mol from SMD vs 7.10 kcal/mol using M06-

2X metaGGA functional. Furthermore, the overbinding effect, previously observed

in the case of Dimer #2 and Dimer #4, is prominent here through all dimers, with

the predicted energies averaging around 1 kcal/mol higher than those predicted using

a range-separated hybrid functional with a highly accurate 4ζ basis. In general, the

SMD-observed energy difference between starting and optimized geometries was around
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21%, while the DFT-observed difference was around 11%, excluding the outliers. Nev-

ertheless, this study, and particularly the data listed in Table 7.4, demonstrates that

SMD reliably predicts binding energies of simple anthracene dimers, yielding results

consistent with hybrid DFT. Therefore, we can anticipate that this method can be

applied to more complex polycyclic aromatic hydrocarbons (PAH) dimers; however, it

should be used with caution.

It is important to note that the binding energies obtained from SMD correspond to

the non-equilibrium work performed during the pulling process, rather than a rigorous

equilibrium free energy. In statistical mechanics, the Jarzynski equality establishes a

formal connection between these two quantities, expressing the binding free energy as

∆G = −kBT ln
〈
e−W/kBT

〉
, (7.3)

where W is the work performed along individual pulling trajectories. A direct conse-

quence of this relation is the Jarzynski inequality, which states that

∆G ≤ ⟨W ⟩. (7.4)

It should also be emphasised that the DFT calculations reported here correspond to

electronic binding energies (∆E) rather than Gibbs free energies (∆G), which makes

the comparison with SMD work values consistent in terms of energetic trends, even

though both methods do not explicitly include entropic contributions. Thus, when the

average work is used as an approximation of the free energy, as in the present study, the

resulting values are expected to be higher than the true equilibrium binding energies.

This theoretical expectation is consistent with the systematic overbinding observed in

some dimers, reflecting both the limitations of the force field and the non-equilibrium

nature of SMD. Nevertheless, because the same protocol was applied uniformly across

all systems, the method provides reliable comparative estimates of binding energies

and a meaningful benchmark against DFT calculations. Looking forward, this limita-

tion could be mitigated by increasing the number of independent pulling trajectories
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to improve sampling of low-work pathways, thereby converging more closely to the ex-

ponential average prescribed by the Jarzynski equality. Alternatively, coupling SMD

with enhanced sampling techniques such as umbrella sampling or metadynamics could

yield more rigorous free energy estimates, reduce systematic overestimation, and further

strengthen comparisons with DFT.

Rhodamine 6G To further validate the method and get more insight into the accu-

racy and capabilities of SMD in predicting binding energies, an analogous analysis was

carried out on the R6G H-type dimer. RMSD analysis was performed, to ensure that

the pulled molecule does not experience any structural alterations due to pulling, with

the results shown in Figure 7.9.

Figure 7.9: RMSD plot of pulled R6G molecule during the MD simulation. B. RMSD
plot of pulled R6G molecule during the SMD simulation. Starting MD structure used
as a reference structure for the plot; C and D: Overlaps of R6G structures during SMD
(red) and MD (blue) trajectories.

Since all the heavy atoms of the xanthene core are pulled simultaneously during the
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SMD simulation, the pulled R6G does not experience any excess stress, as evident from

the comparison of Figures 7.9A and 7.9B. The RMSD values during the SMD trajectory

remain within the range observed during free diffusion, further confirming the absence

of significant structural strain. Notably, the RMSD values during free diffusion are also

consistent with those observed in the SMD simulation, with both fluctuating around

1.5 Å.

The results for the R6G dimer SMD simulations are shown in Table 7.5.

Method Dimer #1 Dimer #2 Dimer #3 Dimer #4
Unoptimized Optimized Unoptimized Optimized Unoptimized Optimized Unoptimized Optimized

BP86-D4/(3ζ) 16.84 24.09 20.81 23.20 20.15 23.66 19.18 20.69
B3LYP-D4/(3ζ) 15.13 20.15 18.12 21.01 17.56 20.46 16.87 18.49
M06-2X-D3/(3ζ) 11.45 19.74 15.24 21.13 15.59 19.87 14.86 17.98
ωB97X-D4/(3ζ) 12.35 17.00 15.09 18.58 14.75 17.57 14.40 16.19
ωB97X-D4/(4ζ) 12.35 17.11 15.13 18.75 14.79 17.71 14.44 16.34
SMD 10.46±1.89 18.44±2.46 14.76±1.81 19.43±2.38 15.17±1.23 19.78±1.89 15.05±2.08 17.89±2.59

Table 7.5: Binding energies of R6G dimers. All values are provided in kcal/mol, while
errors for the SMD are taken to be equal to three standard deviations plus an estimated
error of 0.58 kcal/mol arising from reading off the force values from the SMD plots.

For the case of unoptimized structures, a similar trend was observed as with the

anthracene dimer. One of the selected dimers (Dimer #1) was found to be less stable

than the other three, which aligns with the DFT calculations. However, the differ-

ence was not as significant as it was found in the case of anthracene Dimer #2. In

general, both SMD and DFT showed comparable capabilities in detecting the dimers

in less stable configurations; however, this was more prominent in DFT and slightly

less noticeable in SMD simulations, as expected. These results demonstrate that the

proposed SMD approach allows the differentiation of variations in dimer geometries as

the obtained ∆E values are different for unoptimized and optimised dimer geometries,

e.g., 10.46± 1.89 kcal/mol vs 18.98± 2.05 for Dimer #1. Observation of this difference

was not surprising as after optimisation, both monomers were oriented more favourably

than in MD-generated structures, hence the higher binding energy. The differences be-

tween the unoptimized and optimised geometries were 27% on average; however, in the

case of Dimer #1 it was over 44%. The main reason for this difference is the presence of

the side groups in R6G which are very flexible and thus their orientation significantly
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affects the final binding energy. Furthermore, the feature of overbinding observed in

anthracene dimers is also prominent here, with typically obtained ∆E being on average

1.5–2 kcal/mol higher than those obtained using ωB97X-D4/(4ζ). It is worth noting

that the weakness of M06-2X, particularly its tendency for overbinding, is more pro-

nounced here with the functional reporting energies closer to B3LYP while containing

a notably higher fraction of HF exchange (20% in B3LYP vs 54% in M06-2X) and sig-

nificantly increased computational costs approaching those of ωB97X-D. This further

suggests that the use of highly parametrised functionals, such as Minnesota functionals,

which are often used for systems stabilised by vdW interactions, might potentially lead

to overfitting.

Additionally, it is worth mentioning previously obtained results [111] predicted

slightly different binding energies of dimers to the values reported here, with SMD-

predicted ∆E for R6G being equal to 8.52 ± 2.80 kcal/mol and 13.45 ± 3.18 kcal/mol

using DFT and 10.23±1.36 kcal/mol with 9.41±0.64 for anthracene, respectively [301].

Although the current results are slightly different, it is important to note that previ-

ously reported results were obtained for unoptimized structures using a single DFT

functional with no corrections applied (such as BSSE or vibrational corrections). Fur-

thermore, the impact of the outliers and the MD overbinding feature was not considered

either. Therefore, those earlier findings should be considered preliminary, serving as

an introduction to the method, while the current work should be perceived as a full

validation of the method. Despite these differences, a good agreement between the two

methods is evident in both cases.

7.4 Conclusions

In this chapter, the process of R6G dimerisation in both solution and the presence of

SNPs was studied through visual analysis, and the binding energies of R6G dimers

were measured. It was observed that dimers formed both in solute and on the SNP

surface, with dimerisation in solute being favoured. In 40SNP systems at pH 7, 60

dimers were found in solute and five on the SNP matrix, while in 20SNP systems,
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64 dimers formed in solute and seven on the SNP matrix. For 40SNPs, regardless of

crystal structure, a reduction in the average number of dimers at pH 12 compared to

pH 7 was noted. Both adsorption and dimerisation imposed geometric constraints on

R6G due to its asymmetry in the xanthene core plane. In dimers, the xanthene cores

were oriented antiparallel, facing each other, whereas adsorbed R6G required its core

to be parallel to the SNP surface for stable adsorption. These geometric constraints

explained the competition between R6G adsorption and dimerisation, the stability of

monomeric R6G with SNPs, and the instability of R6G trimers and higher oligomers.

In the case of 20qSNPs, the average number of dimers increased from 4.75 at pH 7 to

5.75 at pH 12, with an increase in dimer lifetime from 20.97 to 21.17 ns, suggesting

that both pH and SNP size influenced dimerisation.

To further investigate these interactions, a DFT validation of an SMD method for

estimating the binding energies of aromatic dimers was performed. Since obtaining

experimental binding energy values is notoriously difficult due to the nature of dimeri-

sation, two computational methods were employed: force field-based SMD simulations,

which are highly efficient for aromatic molecules while still providing accurate binding

energy values, and the more computationally demanding DFT calculations using func-

tionals from various rungs of Jacob’s ladder. Additionally, by analyzing independent

dimers from multiple MD simulation runs, it was demonstrated that different monomer

orientations within a dimer significantly impact the final binding energy. This effect

was successfully captured in both SMD and DFT calculations. Since both types of

calculation were performed on optimized and unoptimized dimer geometries, this al-

lowed assessing the sensitivity of the SMD method and further understanding of the

impact of the dimer geometry on the binding energy values. This work shows a novel

example of CHARMM36 FF validation and also shows that this particular FF can cap-

ture the non-covalent interactions of the aromatic system with high accuracy. The ob-

tained average binding energies for optimized anthracene dimers obtained using ωB97X-

D4/(4ζ) were 6.46 kcal/mol vs. 7.64 ± 1.61 kcal/mol using SMD, 17.48 kcal/mol and

19.02 ± 2.22 kcal/mol for R6G H-type dimer. Furthermore, it was found that SMD

can differentiate minor variations in the geometries, as the binding energies obtained
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for each dimer differed accordingly and consistently fell within the uncertainty range

of the hybrid DFT-calculated values. In general, it was found that global hybrids such

as B3LYP or HSE [302] provide the best balance between accuracy and computational

cost. The use of more complex functionals results in somewhat improved accuracy;

however, due to increased computational costs, they might be too expensive for larger

molecules. Caution is advised when using highly parametrised functionals like M06-2X,

as they tend to overbind, exhibit limited accuracy outside their training datasets, and

require a larger DFT integration grid, significantly increasing computational costs.

It is important to acknowledge the limitations of the proposed method. Due to the

absence of explicit electron-electron interactions in MD force fields and the presence

of unavoidable hydrodynamic drag in SMD simulations, the presented method tends

to overestimate binding energies, often producing results closer to the global hybrids

rather than range-separated hybrids. In some cases, such as anthracene Dimer #2,

SMD even predicted stable dimers when DFT indicated otherwise. However, despite

these discrepancies, the overall trends and general agreement between SMD and DFT

suggest that the method can be used effectively to estimate the binding energies of

larger complexes with significantly reduced computational cost compared to high-level

DFT calculations.

Importantly, the proposed method is not intended to replace conventional DFT

or ab initio calculations entirely but to serve as a complementary technique that can

provide preliminary binding energy estimates at a significantly reduced computational

cost. Furthermore, this work reinforces the quality of the CHARMM36 FF. Given that

other popular force fields such as GROMOS [303] and AMBER [304,305] are based on

similar parametrisation principles, comparable results could be obtained using those

FF as well.
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Chapter 8

Nanoparticle Metrology of Silicates

Using Time-Resolved Multiplexed Dye

Fluorescence Anisotropy and Small

Angle X-ray Scattering

Adapted from an article published under CC-BY license in:

• Doveiko D, Martin A.R.G., Vyshemirsky V, Stebbing S, Kubiak-Ossowska K,

Rolinski O, Birch D.J.S., Chen Y. Nanoparticle Metrology of Silicates Using

Time-Resolved Multiplexed Dye Fluorescence Anisotropy, Small Angle X-ray Scat-

tering, and Molecular Dynamics Simulations. Materials, 2024; 17(7):1686.

https: // doi. org/ 10. 3390/ ma17071686

8.1 Introduction

Sodium silicates are versatile inorganic chemicals manufactured on an industrial scale by

combining silica sand and soda ash (sodium carbonate) under high temperatures [306].

They are often used in coating and bonding applications when in aqueous solution [307].
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Additionally, they exhibit various attractive characteristics, such as being odourless,

non-toxic, possessing high strength and rigidity, are resistant to high temperatures,

and having an overall low cost [308]. Furthermore, they are a primary source for

colloidal silica [309] and sol-gel production [310, 311] and are commercially used as

binders [312,313], adsorbents [314], and slurry for polishing silicon wafers [315]. Given

their versatility and growing demand, it is crucial to understand their chemistry and

have an accurate way of estimating their size.

An important characteristic of silicates is that the ratio of silica to soda concen-

trations directly influences the particle size distribution, and it determines the overall

size of the silicate species formed [23]. As discussed in Chapter 1, there remains a

significant gap in nanometrology techniques capable of quantitatively assessing the size

of silicate species without extensive sample preparation or alteration. While meth-

ods such as 29Si NMR spectroscopy, SAXS/SANS, and DLS offer some insights, they

each present major limitations in terms of accessibility, resolution, cost, or complex-

ity [22,30,31,261,316,317]. This underscores the urgent need for a simple, reliable, and

non-invasive approach that can be applied effectively at both research and industrial

scales.

The alternative approach discussed here, originally developed in our laboratory,

is based on the measurement of time-resolved fluorescence anisotropy of fluorescent

probes [221]. This method utilises the relationship between silica particle size and the

rate of a probe’s rotational diffusion when bound to a silica particle. Fluorescence

anisotropy offers several advantages: it provides high sensitivity, operates on a suitable

timescale (picoseconds to nanoseconds), and can be tailored to specific experimen-

tal conditions (e.g., pH, temperature) due to the wide variety of available fluorescent

probes. Moreover, the required fluorescence time-resolved instrumentation is relatively

inexpensive and user-friendly, making this method accessible for a broad range of ap-

plications. In this work, the method is further expanded to enable characterisation of

sodium silicates.

Despite these strengths, the method does have some limitations. The structural

complexity of sodium silicates restricts the technique to measuring only the average
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particle size, without resolving different species within the silicate matrix. Additionally,

previous anisotropy studies have highlighted challenges such as depolarisation effects

caused by probe diffusion on the particle surface and molecular wobbling, which require

careful interpretation of the data. However, with proper controls and analysis, these

challenges can be addressed, making fluorescence anisotropy a valuable and versatile

tool for investigating silica particle size in various environments. Furthermore, unlike

conventional techniques such as SAXS or TEM, this method does not require extensive

sample preparation, works in situ, and provides dynamic information about particle

behaviour in real-time.

In this chapter, the fact that R6G physically binds to silica particles is explored,

while RB weakly interacts due to additional electrostatic repulsion from the carboxylic

acid group [35, 38, 39, 318]. This allows using the rotational time of the weakly-

interacting RB to independently determine the microviscosity, which can then be used

with the rotational time of R6G to estimate the size of the particle as previously ap-

plied by D. Tleugabulova et al. using R6G (excitation 495 nm) and pyranine (excitation

404 nm) to study Sol-to-Gel transitions in sodium silicate [33]. In this case, both R6G

and RB can also be excited with a single light source at around 500 nm if necessary,

which was successfully shown. The use of a multiplexed dye approach prevents the

decline in free probe concentration over time, thereby reducing the associated increase

in measurement error for viscosity that was observed in previous studies employing a

single dye probe [220,222]. To ensure a more precise determination of the silica particle

size, two methods of modifying microviscosity in the samples were used: dilution of the

original sample in water and a change of temperature.

The findings presented in this chapter further support the interpretation of time-

resolved fluorescence anisotropy in terms of silica particle size and provide insight as

to its measurement limits in this application. Furthermore, they offer an alternative

method for industrial applications to get a fast and accurate average size estimate of

the particle size in sodium silicates. In this work, sodium silicate solution at vari-

ous stages of dilution was labelled with 10 µM of R6G for the hydrodynamic radius

measurements and 10 µM of RB for microviscosity measurements. Next, a range of
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fluorescence measurements was performed on each sample, allowing us to understand

the impact of the bound silica particle on R6G fluorescence. From steady-state mea-

surements, it was found that when in the presence of silica structures, R6G tends to

form non-fluorescent dimers, which although they decrease the efficiency of the exper-

iment, they do not affect the measured size as they do not interact with the silica

nanostructures, as reported in computational studies [38]. Since there is a significant

lack of literature involving quantitative studies of particle sizes in sodium silicates,

SAXS measurements were performed to validate the anisotropy results. It was found

that the average hydrodynamic radius of the particle in sodium silicates obtained from

anisotropy measurements is 7.0 ± 1.2 Å, which is further validated using SAXS re-

sults which reported 6.50 ± 0.08 Å. Additionally, this discrepancy in the particle sizes

suggests that the particles are not perfectly spherical, which agrees with recent SAXS

and TEM results obtained by G. Hu et al. and is further validated using molecular

dynamics simulations as discussed in Chapter 6 [261].

It is hoped that this work demonstrates that the time-resolved fluorescence

anisotropy method can quickly and precisely measure the average particle size in sodium

silicate solutions. Moreover, this study establishes fluorescence anisotropy, supported

by molecular dynamics simulations, as a novel and powerful method for characterizing

sodium silicates, providing unprecedented molecular-level insights into their structure

and dynamics.

8.2 Methods

8.2.1 Reagents and Sample Preparation

The sodium silicate solution used in this work was purchased from Sigma-Aldrich as a

product of Millipore. According to the product description, the solution in its undiluted

form has a pH of 11–11.5 at 50 g/L at 20 °C and dynamic viscosity of 130 mPa·s. It

contains 25.5–28.5% SiO2 and 7.5–8.5% Na2O (3.7 silica to soda ratio) and has a density

of 1.296–1.396 g/mL at room temperature. The content of Fe and other heavy metals
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(such as Pb) is ≤ 50 ppm.

R6G (Bioregent, Suitable for Fluorescence), Sodium Silicate Extra Pure, and NaOH

1 N volumetric standard solution were purchased from Sigma-Aldrich, and RB (99%,

Laser Grade) was purchased from Fisher Scientific. The diluted sodium silicate samples

were prepared by mixing them with distilled water, starting from nine parts stock

silicate/NaOH and one part water (90%) until nine parts water and one part stock

silicate solution (10%) had been reached. The dye was added after the dilution at

10 µM concentration. Samples in plastic cuvettes, 1 cm × 1 cm × 4 cm, with relevant

solutions were prepared immediately before the measurements. The sodium silicate

solution is quite stable in the sealed container, but continuous exposure to CO2 present

in the atmosphere tends to lower the pH due to the formation of carbonic acid in the

silicate, which, combined with sample evaporation, leads to gelation [312]. Therefore,

the cuvettes were covered with parafilm to minimize the exposure of the samples to

CO2 to prevent gel formation.

8.2.2 Experimental Protocol

Temperature-Controlled Fluorescence Measurements

The samples were prepared by taking 3 mL of stock sodium silicate and adding 10 µM

of the probe directly into the sample without prior dilution. The temperature in the

chamber was controlled using NestLab RTE-111 Bath circulator connected to the sam-

ple holder, while the temperature was monitored using an Omega HH804 probe, which

was kept in the cuvette at all times during the experiment. The sample chamber was

purged at a low temperature with nitrogen to prevent condensation.

Steady-State Fluorescence Measurements

The UV-Vis absorption spectra were measured using a PerkinElmer Lambda 25 spec-

trometer with distilled water as a reference sample. Corrected fluorescence excitation

and emission spectra were obtained using a HORIBA-IBH Fluorolog3 spectrometer.

The excitation and emission spectra were collected in steps of 1 nm and the slit widths
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on the excitation and emission monochromators were set to 5 nm. For the emission

spectra, R6G samples were excited at 494 nm, while RB at 509 nm. For the R6G excita-

tion spectra, the emission wavelength was set to 590 nm and the excitation wavelength

was varied between 350 nm and 580 nm in 1 nm increments.

Time-Resolved Fluorescence Measurements

Fluorescence intensity decay measurements to obtain both the lifetime and anisotropy

data were based on the TCSPC [319,320] technique and performed using a HORIBA-

IBH DeltaFlex system with both excitation and emission Seya-Namioka monochro-

mators, which incorporate holographic diffraction gratings to minimise the detection

of the scattered light. The R6G-labelled samples were excited using a HORIBA-IBH

NanoLED [321] with a centre wavelength of 494 nm, a pulse duration of 1.5 ns and a

repetition rate of 1 MHz. The emission was collected at 548 nm. RB samples were

excited using a NanoLED laser diode with a peak wavelength of 509 nm, pulse dura-

tion of 200 ps, and repetition rate of 1 MHz, with the fluorescence being collected at

570 nm. Fluorescent decay data were collected using FluoroHub-A electronics contain-

ing a TAC converter operated in reverse mode with the start-to-stop rate kept below

1% to minimise data pile-up. The individual fluorescence decays were measured at a

magic angle of 54.7◦ to eliminate orientational effects.

As the time-resolved anisotropy theory was covered in detail in Chapter 5, only a

short summary that is of relevance to nanoparticle rotation is provided here.

The anisotropy decay curve is obtained by analysing vertically IV (t) and horizon-

tally IH(t) polarised fluorescence intensity decay curves. After applying necessary cor-

rections and fittings, the rotational correlation time, ΦR, can be extracted.

Assuming spherical particles, the hydrodynamic radius RH is calculated using:

RH = 3

√
3kTΦR

4πη
(8.1)

where k is the Boltzmann constant, T is the temperature, and η is the microviscosity

of the medium.
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If the hydrodynamic radius RH is known, the microviscosity η can be determined

from the rotational correlation time as:

η =
3kTΦR

4πR3
H

(8.2)

In this model, the microviscosity of the sample is estimated using the rotational

time of RB in Equation (8.2). This value is then combined with Equation (8.1) and

the rotational time measured for R6G to determine the hydrodynamic radius of the

silicate-dye complex.

8.2.3 Small Angle X-Ray Scattering

Theoretical Background

SAXS is a widely used technique for probing the size, shape, and internal structure of

nanoparticles, macromolecules, and colloidal systems in the range of approximately 1–

100 nm [322–324]. In SAXS, a monochromatic, highly collimated X-ray beam is directed

at a sample, and the elastically scattered X-rays are measured at small angles (0.1◦ to

5◦ in 2θ) relative to the incident beam. The scattering process is elastic, meaning that

the energy, and therefore the wavelength, of the X-rays remains unchanged; only the

direction is altered.

X-rays interact primarily with the electron clouds of atoms, and scattering arises

from local variations in electron density within the sample. Regions of higher electron

density, such as nanoparticles suspended in a solvent, act as scattering centres against

the lower-density background. The scattering intensity I(q) is recorded as a function

of the scattering vector q, defined by:

q =
4π

λ
sin(θ) (8.3)

where λ is the wavelength of the incident X-ray beam and θ is half of the scattering

angle. The scattering angle is inversely related to the real-space feature size: larger

structural features scatter predominantly at smaller angles (low q), while smaller fea-
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tures scatter at larger angles (high q). This behaviour can initially seem counterintuitive

compared to optical diffraction, but it reflects the fact that sharper variations in elec-

tron density created by small structures require higher spatial frequencies (high q) to

be resolved in reciprocal space.

A typical SAXS scattering profile can be divided into different regions, each carrying

distinct structural information. At very low q values, the Guinier region is observed,

where the intensity follows an approximately exponential decay. In this regime, the

radius of gyration Rg of the scattering particles can be extracted using the Guinier

approximation:

I(q) = I(0) exp

(
−
q2R2

g

3

)
(8.4)

This approximation assumes isotropic, monodisperse particles and provides a reliable

measure of the overall particle size in dilute systems. At higher concentrations, particle-

particle interactions can distort the low-q region, and for highly anisotropic shapes

(e.g., rods or plates), the derived Rg may not represent a true spherical equivalent size.

In such cases, model-based fitting or complementary techniques may be required for

accurate interpretation.

8.2.4 Experimental SAXS Protocol

The SAXS data were collected with a Xenocs Xeuss 2.0 SAXS/WAXS using Cu Kα1

radiation from a Genix3D microfocus source with a wavelength of 1.5406 Å, operating

at 50 kV and 0.6 mA. Single-reflection multilayer optics with 2D collimation were

employed, and the scattered beam was collimated through two sets of motorised slits

with variable apertures. A DECTRIS Pilatus 1M detector was used to collect the SAXS

data, with the sample-to-detector distance calibrated at 2507.35 mm and a pixel size

of 172 µm. Five 30-minute images were recorded and accumulated by measuring the

scattering intensity as a function of the scattering vector. Samples at their original

concentration were prepared in stainless steel sample holders sealed with Kapton dots

to limit air exposure. The sample-detector distance was maintained in vacuum to

avoid scattering and absorption from air. The scattering curves of the samples were
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corrected for background scattering from the instrument, Kapton dots, and residual

atmosphere [325]. The data were analysed using BioXTAS RAW software [326].

8.3 Results and Discussion

8.3.1 Steady-State Fluorescence Measurements

The results of steady-state measurements of R6G samples in water at various concen-

trations of NaOH and sodium silicate and RB samples in sodium silicate are shown in

Figure 8.1. In the case of R6G in sodium silicate (Figure 8.1b) there is the emergence of

a new peak at around 470 nm in the absorption spectrum, which grows with increasing

concentration of sodium silicate and pH in the sample. This effect is widely known, as

R6G tends to form non-fluorescent dimers, also known as H-type dimers [293,327].

To gain a more detailed understanding of this phenomenon, MD simulations were

performed as described in Chapters 6 and 7. The results from these simulations strongly

suggest that the dye molecules exist in a dynamic equilibrium, influenced by vdW and

Coulombic interactions that govern adsorption, while hydrophobic and π-π interactions

control dimerisation [111]. Specifically, the hydrophobic nature of the dye molecules

drives them to minimise their exposure to water, promoting aggregation into dimers.

Experimental techniques are unable to probe these detailed interactions, which is why

computational methods were employed to investigate this behaviour further. For more

details on the dimerisation mechanisms, please refer to Chapter 7. The aggregation of

the dye molecules induced by the presence of the polar surface of the silica structures is

very clearly represented in the emergence of the higher energy peak in the absorption

spectra. R6G dimers have a strong absorption band at a shorter wavelength when com-

pared with monomers; however, they do not fluoresce, which is visible in the excitation

spectra shown in Figure 8.1e and f, and are mainly responsible for quenching the fluo-

rescence. Additionally, as demonstrated in the MD simulations and discussed in detail

in Chapter 6, geometric constraints prevent dimer interactions with the silica nanopar-

ticles [38]. Notably, a similar process is not observed at the same dye concentration
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in the absence of silica particles (Figure 8.1a), indicating that R6G aggregation due

to high dye concentration can be excluded. Both sets of plots exhibit a dominant ab-

sorption peak at 530 nm, characteristic of R6G, along with a vibronic shoulder around

500 nm, which overlaps with the H-type dimer absorption band. The acquired spec-

tra indicate that the emission intensity significantly depends on the sample’s sodium

hydroxide content. Specifically, with an increasing concentration of NaOH, the inten-

sity of the R6G emission decreases, suggesting that the rising pH associated with the

addition of NaOH quenches the R6G fluorescence. Conversely, when examining the

absorption and emission spectra of RB in sodium silicate, one might observe that the

trend of decreased intensity in both the absorption and emission spectra with pH is

much less pronounced, as further illustrated in Figure 8.1d. It appears evident that in

cases where R6G is used, the emission intensity diminishes when the sample is less di-

luted, which corresponds to a rising concentration of NaOH and an increasing pH. The

reduction in R6G intensity in the basic regime is attributed to the quenching of R6G

excited states due to the high concentration of OH− ions, which occurs in a multi-step

manner. Initially, at moderately basic conditions (pH 10–12), the triplet excited state

(T1) of the dye is selectively affected, promoting non-radiative pathways such as inter-

system crossing or collisional quenching, which reduces the population of the T1 state

and decreases overall fluorescence intensity. As the pH increases further, exceeding

12, the singlet excited state (S1) is additionally depopulated via non-radiative decay

mechanisms, such as electron transfer or deprotonation, leading to further quenching

of fluorescence [328].

Based on the steady-state measurements, it can be concluded that R6G forms non-

fluorescent aggregates when exposed to silica particles, but the dominant factor con-

trolling its fluorescence intensity is the concentration of sodium hydroxide, or in other

words, the pH of the sample. As the pH increases, more dimers form because the sur-

face silanol groups on the nanoparticles become deprotonated. This reduces the number

of potential sites for hydrogen bonding, which influences the aggregation behaviour of

R6G. A more detailed discussion of this effect can be found in Chapter 6.
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Figure 8.1: Steady-State results where percentages represent the level of dilution and
the molarity represents the concentration of NaOH in the sample. The solid line rep-
resents the absorption spectra while the dashed line represents emission spectra. (a)
R6G absorption and emission spectra in water at various concentrations of NaOH; (b)
R6G absorption and emission spectra in sodium silicate; (c) RB absorption and emis-
sion spectra in sodium silicate; (d) RB emission intensity as a function of dilution; (e)
R6G excitation spectra in water at various concentrations of NaOH; (f) R6G excitation
spectra in sodium silicate. Samples in water were prepared by diluting stock solution
in distilled water to 10 µM dye concentration.
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8.3.2 Fluorescence Decays of Diluted Samples

Fluorescence lifetime measurements were performed and fitted to several exponential

decay models. The mono-exponential model (R6G in water) and bi-exponential model

(R6G in silicate and RB in silicate) were found to be the simplest functions that result

in acceptable values for the goodness of fit of χ2 < 1.2 (see Table 2 for R6G and Table 3

for RB). The changes in fluorescence decay components and their contributions when

the concentration of NaOH and sodium silicate is changing are shown in Figure 8.2.

Figure 8.2: Fluorescence lifetimes (τi), their contributions (bi) and scattered excitation
light contribution (c) depending on the NaOH concentration for each sample group
where the blue area represents the scatter while the white area represents the fluores-
cence.

The pure NaOH samples show the biggest decrease in R6G lifetime at higher pH

(Figure 8.2a). In the case of R6G in sodium silicate samples, the τ1 component is also

getting shorter as the sodium silicate concentration grows, which corresponds to the

increasing amount of NaOH in the sample that is present in the manufactured sodium

silicates (Figure 8.2b). It is worth noting that when silicate particles are present in

the system, the drop in τ1 component is not as significant as for pure NaOH samples,

which suggests that the presence of silica particles in the samples helps to maintain

the lifetime of R6G. On the other hand, RB lifetime (Figure 8.2c) stays constant in
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all the samples and is only slightly affected by the presence of sodium hydroxide or

silica particles. Additionally, the scattering increases with the growing concentration

of NaOH, suggesting an increase in nanoscale particulates. It is also important to

discuss the emergence of the second lifetime component in the sodium silicate samples.

As illustrated in Figure 8.2b, in the presence of sodium silicates, there is a second

lifetime component with a fluorescence lifetime shorter than 1 ns. It might be that this

component corresponds to free dye in the sample, as its decay component at 1 M of

NaOH closely matches the value of R6G in NaOH at 1 M concentration. The slight

increase in its contribution at the 2 M concentration might also suggest that most of the

dye has adsorbed to the silica particle surface; therefore, any additional dye added to

the sample would not adsorb but would stay in its free form instead. Furthermore, RB

also exhibits a bi-exponential behaviour, suggesting that there is an additional excited

state present. The origin of this second component is not entirely clear; nevertheless, it

might be suspected that a fraction of RB could potentially adsorb on some of the silicate

oligomers, as was the case with Ludox colloids described by T. A. Smith et al. Given

that this short component is a small fraction of the total emission, its presence does

not seem to impact the particle size measurements, as will be shown in the following

sections [329].

8.3.3 Time-Resolved Fluorescence Anisotropy in Diluted Samples

To precisely determine the hydrodynamic radii of both R6G and RB, two aqueous

dye solutions of 10 µM concentration each were prepared and time-resolved anisotropy

measurements were performed. Data were collected until a specified count difference

was reached, and measurements were repeated in steps of 5,000 counts until six de-

cays were recorded, starting at 5,000 counts and increasing up to 30,000 (Figure 8.3).

Next, the data were fitted, the corresponding hydrodynamic radii were obtained, and

the average dye size was calculated, as described in the Methods section. The result-

ing anisotropy measurements of both dyes in water gave the hydrodynamic radius of

5.9 ± 0.6 Å for R6G and 5.7 ± 0.2 Å for RB (assuming viscosity of water at 20 °C,

1 cP, and the temperature 293.15 K), which agree well with values obtained previously
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by picosecond polarization grating technique and multi-colour dual-focus fluorescence

correlation spectroscopy experiments [330,331].

Figure 8.3: Time-resolved fluorescence anisotropy decays of used dyes at various count
differences. a) R6G in water; b) RB in water.

The time-resolved fluorescence anisotropy decays of R6G–silicate complexes and

RB in silicate, the latter being used to determine the microviscosity of the samples, as

described in the Methods section, are presented in Figure 8.4. Both dyes are almost

identical in size, and the only major difference comes from the presence of the nega-

tively charged carboxylic acid group in RB, which will contribute to suppressing the

adsorption at high pH [318]. The obtained plots are consistent with this, indicating

that the decay of anisotropy is notably longer in the R6G–silicate complex when com-

pared with the RB decays. Furthermore, it is important to discuss the discrepancy of

the R0 values from the theoretical value of 0.4. Typically, in time-resolved anisotropy

measurements, the R0 value starts at 0.4. In this case, as indicated by Figure 8.4a, this

is correct only for the 2 M, 1.8 M and 1.6 M R6G samples, while for RB (Figure 8.4b),

the initial anisotropy in all cases is lower than 0.4. These lower values are well known to

often result from rapid intramolecular reorientation between the absorption and emis-

sion dipoles. As both dyes are comparable in size, the slower anisotropy decays of the

R6G samples suggest that R6G is indeed attached to silica particles. Having the hy-

drodynamic radius of RB, the microviscosity of each sample was determined. Using the

obtained microviscosities and the rotational correlation time of R6G-labeled particles,

the size of the labelled silica particles was then calculated [318].
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Figure 8.4: Time-Resolved Fluorescence Anisotropy Decays a) R6G-Silicate complex;
b) RB in sodium silicate samples, as a function of sodium hydroxide concentration.

The results of anisotropy decay fittings to Equation 5.13 are shown in Tables 4

and 5. Given that the χ2 values are acceptable in most cases, it was deemed that

the mono-exponential model of anisotropy decay is appropriate. Measurements were

performed for pairs of samples with the same silicate content: one with R6G attached

to the silicates and the other with RB freely rotating in the solution. By combining

these two measurements and assuming that the microviscosity in each pair is identical,

the particle size in the sodium silicate solutions can be determined using the method

described earlier.

SiO2 (%)
(Estimated)

[NaOH] (M)
(Estimated)

Rotational Time of
Non-Binding Probe (RB) (ns)

Microviscosity
(mPa·s)

Rotational Time of
Binding Probe (R6G) (ns)

Silica Particle
Size (Å)

27.0 2.0 0.54 ± 0.04 2.47 ± 0.19 1.16 ± 0.03 7.7 ± 0.8
24.3 1.8 0.46 ± 0.03 1.99 ± 0.12 0.84 ± 0.02 7.4 ± 0.7
21.6 1.6 0.41 ± 0.03 1.92 ± 0.12 0.40 ± 0.01 5.9 ± 0.5
18.9 1.4 0.35 ± 0.02 1.56 ± 0.11 0.44 ± 0.02 6.5 ± 0.7
16.2 1.2 0.32 ± 0.03 1.42 ± 0.13 0.27 ± 0.01 5.7 ± 0.8
13.5 1.0 0.40 ± 0.03 1.69 ± 0.14 0.19 ± 0.02 4.8 ± 0.8
10.8 0.8 0.30 ± 0.03 1.15 ± 0.14 0.24 ± 0.01 5.8 ± 1.0
8.1 0.6 0.25 ± 0.03 1.02 ± 0.12 0.17 ± 0.02 5.4 ± 1.2
5.4 0.4 0.26 ± 0.02 1.04 ± 0.16 0.19 ± 0.003 5.6 ± 1.4
2.7 0.2 0.22 ± 0.04 1.25 ± 0.11 0.14 ± 0.02 4.7 ± 1.2

Table 8.1: Estimated Parameters for SiO2, NaOH Concentration, and Related Proper-
ties

Based on calculated microviscosities using RB rotational times and the estimated

particle sizes using the R6G rotational times, as listed in Table 8.1, it is evident that

the measured sizes are significantly smaller in the samples diluted to 1.6 M NaOH and
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lower when compared with the undiluted and 1.8 M samples. From the MD simulations

discussed in Chapter 6, it was observed that R6G orients its xanthene core parallel to

the particle surface, resulting in an almost flat orientation. As a result, the impact of

the dye size on the measured complex radius is expected to be negligible.

Figure 8.5 illustrates the changes in microviscosity and particle size upon sample di-

lution. As anticipated, the microviscosity decreases with dilution; however, the particle

size also diminishes. Notably, beginning at 1.6 M [NaOH], the particle size aligns with

that of free R6G. This can be attributed to dilution reducing the number of silicate par-

ticles in the sample, while the dye concentration remains constant at 10 µM, increasing

the amount of free dye. Consequently, the anisotropy decay becomes dominated by

the free dye. To address this issue, a stock silicate solution was prepared and labelled

with 10 µM of R6G, then diluted to 50% and 20% of the original stock concentration

to ensure that the ratio of the dye to silicate is maintained, independent of silicate

concentration. The obtained RH for the 50% sample was 5.73±2.0 Å, and for the 20%

sample, it was 6.00 ± 2.30 Å, further suggesting that the dilution of the samples yields

unsatisfactory results due to the variability of different sample parameters that cannot

be controlled.

Figure 8.5: The microviscosity and particle size in dependence of sample dilution. a)
Microviscosity; b) Particle size.

The formation of non-fluorescent H-type dimers seems to have no effect on par-

ticle size measurements. UV-Vis absorption spectra of 8.1b indicate the presence of
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H-type dimers across all samples, ranging from 2 M to 0.6 M NaOH; however, nei-

ther the anisotropy decays presented in Figure 8.4 nor the particle sizes detailed in

Table 8.1 show any significant variations. This further supports the notion that only

R6G monomers contribute to fluorescence during particle size measurements, with the

dimers having no noticeable impact on the experimental results.

8.3.4 Fluorescence Intensity Decays at Different Temperatures

As in the case of dilution experiments, fluorescence decay measurements were performed

and fitted to several models. The two-exponential model was the simplest to generate

acceptable values of the goodness of fit parameter χ2 (Table 8 and Table 9). Figure 8.6

shows the changes in fluorescence decay components and their relative contributions

when the temperature is changed. It is noted that both dyes behave in a very different

way. R6G (Figure 8.6a) lifetimes stay almost the same over the whole range of tem-

peratures, suggesting that the complexation with silica particles protects it from the

effects of collisional quenching at high temperatures. Moreover, the scatter goes down

at higher temperatures.

Figure 8.6: Fluorescence decay components (τi), their contributions (bi), and scattered
excitation light contribution (c) depending on the temperature for each sample group
at pH 11, where the blue area represents the scatter and the white area represents the
fluorescence. (a) R6G in sodium silicate; (b) RB in sodium silicate.
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In the case of RB molecules (Figure 8.6b), the lifetime drops sharply with the

increase in temperature, as a result of faster molecular movement, more frequent col-

lisions, and hence stronger dynamic quenching. Furthermore, the amount of scattered

light grows with the growing temperature, which is a result of short lifetime at high

temperatures, suggesting that at higher temperatures the anisotropy decay measure-

ment may not be so accurate. Lastly, as it was the case in subsection 8.3.2 with diluted

sodium silicate samples, here there are also two lifetime components present, which

suggests that at all times there is a fraction of the dye which is free (shorter compo-

nent), while the adsorbed dye lifetime component is dominating in the sample (longer

component).

8.3.5 Time-Resolved Fluorescence Anisotropy at Different Tempera-

tures

The fluorescence anisotropy decay of R6G-silicate complexes and RB in silicate at

different temperatures are shown in Figure 8.7. In both cases, the decay follows a very

clear trend: at lower temperatures, the decay is longer while at higher temperatures,

the decay is faster. This is directly correlated with the microviscosity, which is higher

at low temperatures and lower at high temperatures, as shown in Table 8.2. As a result,

here the experiment is much more controlled, and the only factors that are changing

are the temperature and viscosity, with sample composition staying the same during

the whole duration of the experiment.
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Figure 8.7: Time resolved fluorescence anisotropy decay at different temperatures of a)
R6G-sodium silicate complex; b) RB in sodium silicate solution.

Tables 10 and 11 provide the details of the fitting results for both samples at different

temperatures. As was the case in the dilution experiment, given that the χ2 values are

acceptable, it was deemed that a mono-exponential model is again appropriate. Similar

to the dilution experiment, the rotational time of RB reported on the microviscosity at

different temperatures, and the rotational time of the R6G-silicate complex combined

with microviscosity allowed determination of the size of the complex. Table 8.2 lists the

calculated microviscosities using RB rotational time and Equation (8.2) and the particle

sizes determined using R6G rotational times and Equation (8.1). It is important to

note that the size is more or less constant over a wide range of temperatures when

compared with the dilution experiment.

T (°C)
Rotational Time of

Non-Binding Probe (RB) (ns)
Microviscosity

(mPa·s)
Rotational Time of

Binding Probe (R6G) (ns)
Silica Particle

Size (Å)

12 ± 1 0.72 ± 0.03 3.04 ± 0.12 1.17 ± 0.03 7.1 ± 1.1
18 ± 1 0.53 ± 0.03 2.28 ± 0.13 0.76 ± 0.03 6.8 ± 1.1
24 ± 1 0.54 ± 0.03 2.36 ± 0.13 0.82 ± 0.06 7.0 ± 1.4
29 ± 1 0.37 ± 0.03 1.66 ± 0.13 0.51 ± 0.03 6.7 ± 1.3
35 ± 1 0.23 ± 0.03 1.05 ± 0.13 0.44 ± 0.03 7.5 ± 1.5
39 ± 1 0.29 ± 0.02 1.37 ± 0.09 0.32 ± 0.03 6.2 ± 1.2
46 ± 1 0.19 ± 0.02 0.90 ± 0.09 0.18 ± 0.03 5.8 ± 1.5
53 ± 1 0.14 ± 0.02 0.69 ± 0.10 0.22 ± 0.03 7.0 ± 1.6

Table 8.2: Calculated microviscosities using RB rotational time and the estimated
upper limit of the particle sizes using R6G rotational time.

The temperature dependence of microviscosity and particle radius is shown in Fig-
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ure 8.8. The microviscosity (Figure 8.8a) drops with growing temperature; comparison

with Figure 8.5a indicates that the microviscosity at 2M of NaOH matches the micro-

viscosities at 18 °C and 24 °C (Figure 8.5a).

Figure 8.8: The microviscosity and particle size dependence on temperature a) Micro-
viscosity; b) Particle Size

Furthermore, a comparison of Figure 8.5b and Figure 8.8b suggests that in the

case of changing temperature, the detected particle size remains constant over a wide

range of temperatures. Additionally, the measured particle size at various temperatures

matches the results obtained for the 2M and 1.8M samples in the dilution experiment.

All the above suggests that for measuring silicate particle size, changing the tempera-

ture is a better method for altering viscosity than diluting the sample, as the sample

composition does not change with temperature.

The subsequent step is to determine the size of the silica particle (without the R6G

label dye). The determined hydrodynamic radius of R6G is 5.9 ± 0.6 Å, and the size

of the silicate-R6G complex is 7.0 ± 1.2 Å. If it is assumed that the dye attaches to

the surface of the particle without any alterations to its shape, then the silica particle

size would be 1.1 Å, which is less than the size of a water molecule (approximately

2.8 Å) [332]. It is worth mentioning that the S–O bond length is longer than that of

O–H; therefore, this simplest estimation leads to impossible results [333]. This, in turn,

strongly suggests that the dye must adjust its orientation and shape upon binding to

the silica particles. This issue will be addressed in Section 8.3.8.
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8.3.6 Mutiplexed Time-Resolved Measurements

In order to simplify the method of multiplexing two dyes even further, a sample of

pure sodium silicate containing 10 µM of both R6G and RB was prepared. Using

λEx = 494 nm, both fluorescence intensity decays and anisotropy decays were measured,

starting from λEm = 525 nm and measured in 5 nm increments until λEm = 595 nm.

The measured fluorescence intensity decays and time-resolved anisotropy decays are

shown in Figures 3 and 4.

The results of fitting fluorescence intensity decays to a bi-exponential function and

anisotropy decays to a mono-exponential function are shown in Figure 8.9.

Figure 8.9: Fitting results for the Multiplexed Time-Resolved Measurements. a) Flu-
orescence decay components (τi), their contributions (bi) as a function of λEm, while
the thick line with squares shows the contribution of the scattered excitation light; b)
Recovered rotational times as a function of λEm. Triangles represent recovered R6G
parameters, while circles represent the recovered RB parameters.

The wavelength-dependent lifetime component contribution is shown in Figure 8.9a,

where at λEm = 525 nm the R6G contribution to the overall decay is over 90%, while

RB is below 10%. The opposite is observed when the λEm is set to 595 nm, where the

decay is dominated by the RB fluorescence with its contribution being over 80% and

the R6G contribution drops below 20%. Between these two points, the contribution

of the R6G gradually decreases and RB increases as the emission wavelength moves

towards longer wavelengths, which is expected since the emission wavelength at 595

nm is far from the peak emission of R6G at 548 nm, and vice versa for the shorter

185



Chapter 8. Nanoparticle Metrology of Silicates Using Time-Resolved Multiplexed
Dye Fluorescence Anisotropy and Small Angle X-ray Scattering

wavelengths.

The rotational times acquired from the anisotropy decay fitting to a mono-

exponential model are shown in Figure 8.9b. The recovered rotational times exhibit a

clear wavelength dependence and can be separated into three groups. The first group

corresponds to emission between 525 and 545 nm, where the decays are dominated

by R6G, hence the recovered rotational times reflect the R6G-silicate complex. The

second group corresponds to the emission range of 580 nm to 595 nm, where the decay

is dominated by RB, which is freely rotating in solution and reports the microviscosity

of the medium. The third group consists of decays between these two ranges, where

comparable contributions from both dyes are observed. The recovered rotational time

in this region represents a mixture of the two dyes: one adsorbed to the particle surface

and the other free in solution. This results from simultaneous fluorescence of both dyes

due to significant overlap between their absorption and emission spectra.

Upon closer analysis, it can be observed that the precision in measuring the ro-

tational time of the R6G-silica complex is limited by scattered excitation light (see

Figure 8.9a). At shorter wavelengths, the contribution from scattered light increases

exponentially, causing the initial anisotropy to exceed the theoretical limit of 0.4 (Fig-

ure 4). On the other hand, as the scattering drops to zero at longer wavelengths and

the initial anisotropy decreases below the theoretical limit of 0.4 [175] (Figure 4), the

only factor limiting the precision of RB rotational time measurement is the excitation

source power and repetition rate. As a result, by moving to even longer wavelengths it

is possible to minimize the R6G contribution further and obtain more precise readings

of the microviscosity. Finally, using the average value from the second group of the

rotational times (free RB in solution) and Eqn. (8.2), the microviscosity of the sample

η = (3.0 ± 0.5) mPa·s was determined, while using the average value from the first

group (R6G-silica complex) and Eqn. (8.1), the hydrodynamic radius of the particle

RH = (7.1±0.9) Å was recovered. Both of these results agree with the obtained values

for η and RH discussed in sections 8.3.3 and 8.3.5.

It is important to mention that, although two measurements were needed here to

successfully determine particle size because both dyes can be excited using a single
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excitation wavelength, this measurement could also be performed using a T-format

spectrometer, where it is possible to monitor two emission wavelengths simultane-

ously [334–336], or across the whole fluorescence spectrum using a linear SPAD array

combined with a spectrograph [335, 337]. The choice of binding and non-binding dyes

with overlapping but not identical absorption and fluorescence spectra, as demonstrated

here, offers significant flexibility in optimizing precision measurements when measuring

microviscosity and particle hydrodynamic radius.

8.3.7 Estimation of Dye-to-Particle Ratio and Effective Particle Con-

centration

To estimate the dye/particle ratio, the simplest assumption is that SNPs are monodis-

perse spheres of 7.1 Å, as indicated by time-resolved fluorescence anisotropy, and to

calculate how many such spheres could be present at the given silicate concentration.

However, this naive approach quickly reveals limitations and leads to significant over-

estimates of the particle number.

If the volume of the particle is calculated using the sphere volume formula and a

bulk silica density of 2.2 g cm−3, this results in a particle mass on the order of 10−21 g.

Dividing the total silica mass in the solution (approximately 250 g L−1 at 25% SiO2)

by this value yields an apparent particle concentration of ∼ 1020 L−1. In contrast,

the dye concentration at 10 µM corresponds to only 6 × 1015 molecules per litre (via

Avogadro’s number). This naive model, therefore, gives an average of less than 10−5

R6G molecules per particle.

However, this outcome is almost certainly an artefact of the crude assumptions,

particularly given the strong anisotropy signals observed. In reality, sodium silicate

systems are strongly polydisperse, with species ranging from dissolved monomers and

oligomers (Q0–Q2) up to condensed clusters (Q3–Q4) [15,21]. Treating all these species

as “spherical nanoparticles” artificially inflates the particle count by including species

that do not contribute—or have only minor contribution—to fluorescence labelling,

thus lowering the apparent dye/particle ratio.

Moreover, real particles are neither dense nor perfectly spherical, but form hy-
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drated, porous, and often anisotropic (ellipsoidal) structures as reported here and in

the literature [261]. Fluorescence anisotropy is relatively insensitive to such deviations

from sphericity, so assuming perfectly spherical particles is another oversimplification,

leading to errors.

Taken together, the true population of fluorescently detectable particles is much

lower than the naive model suggests. Small dissolved silicates (monomers/short chains)

artificially inflate the apparent particle count but are unlikely to bind dye in a way

that contributes to anisotropy, while very large colloidal aggregates rotate too slowly

to be captured within the 4 ns fluorescence lifetime of R6G. In addition, hydrated

silica nanoparticles have lower effective densities and packing fractions than bulk silica,

meaning that treating them as solid spheres overestimates their number further.

For example, if only 1–10% of the silicate species form clusters of sufficient size

to contribute to anisotropy, the effective particle count decreases by one to two orders

of magnitude. Therefore, even a simple correction for polydispersity already improves

the ratio from the naive < 10−5 estimate to around 10−3. When hydration, porosity,

and anisotropy detection biases are also accounted for, the effective particle number

is reduced by additional orders of magnitude, making ratios in the range of 0.01–1

plausible. This supports the idea that only a subset of dye molecules can potentially

label particles in a way that is detected by anisotropy measurements, and under such

conditions, it is reasonable to expect that several dye molecules could be associated

with a single detectable particle.

From the current dataset, it is not possible to estimate the distribution accurately

enough to derive a precise dye-to-particle ratio. Future work could combine anisotropy

with SAXS coupled to pair distance distribution function modelling, FCS, or single-

particle fluorescence imaging to provide quantitative benchmarks for particle size dis-

tributions and labelling efficiency. At the same time, it is important to maintain dye

concentrations high enough to ensure good signal-to-noise ratios but sufficiently low

to avoid the signal being dominated by freely diffusing dye molecules, which would

otherwise overwhelm the anisotropy recovery.

To independently verify the effective size of these fluorescently detectable particles,

188



Chapter 8. Nanoparticle Metrology of Silicates Using Time-Resolved Multiplexed
Dye Fluorescence Anisotropy and Small Angle X-ray Scattering

SAXS measurements were performed on the stock solution, as described in the following

section.

8.3.8 Small Angle X-Ray Scattering and Comparison with Time-

Resolved Anisotropy Measurements

To cross-validate the anisotropy results and independently determine the average par-

ticle size in the sodium silicate solution, SAXS measurements on the undiluted stock

solution were performed. The summed data over five 30 min images, and the corrected

SAXS data are shown in Figure 8.10. Using this reduced SAXS data, the gyration

radius (Rg) was calculated by fitting the obtained corrected scattering profile to the

Guinier model:

ln I(q) ≈ −
R2

g

3
q2 (8.5)

I(q) is the scattering intensity and q is the scattering vector. Due to the exponential

behavior of the Guinier approximation, the radius of gyration Rg values can be deter-

mined by plotting ln(I) as a function of q2, as shown in Figure 8.10b. The obtained

value for Rg was 6.50 ± 0.08 Å with an R2 equal to 0.95. This agrees well with the

results obtained by J. Nordström et al. for the 3.3 silica-to-soda ratio silicate, which

exhibits a very close composition to the silicate used in the research presented in this

chapter [22]. Furthermore, a characteristic turn can be observed in the residuals plot,

attributed to the polydispersity of the silicate species present in the sample.

As expected, the gyration radius is lower than the hydrodynamics radius, an artefact

caused by the inclusion of the hydration shell in the case of RH , equal to 7.0 ± 1.2 Å.

Notably, the ratio Rg/RH is between 0.75–0.87, which is close to the reference value

of 0.77 for a solid sphere [338]. Nevertheless, the obtained ratio is not centred around

the 0.77 value but slightly displaced towards 1.0, which suggests slightly elongated

particles.
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Figure 8.10: SAXS Results. (a) Corrected sample scattering profile. (b) Guinier fit
of the sample with corresponding residuals plot. Blue dots represent the experimental
data and the orange line represents the Guinier fit.

A recent study by G. Hu et al. using SAXS demonstrated that for silicates with a

ratio below 4.2, the primary particles exhibit an ellipsoidal shape [261]. This supports

the findings presented in this chapter and helps explain why the presence of dye has

minimal impact on size measurements in anisotropy experiments. Unlike in the MD

results discussed in Chapter 6, where shape-dependent effects are more pronounced,

ellipsoidal particles tend to adsorb dye on their flatter regions, this reducing the dye’s

influence on the apparent particle size. However, in fluorescence anisotropy decay

measurements, it is of course the hydrodynamic radius which determines the kinetics

and this effectively can take no account of a structure being non-spherical unless much

higher statistical precision is obtained than that required for the metrology objective

described here.

8.4 Conclusions

In this chapter, two approaches, based on time-resolved fluorescence anisotropy were

presented, both of which allow the determination of particle size in sodium silicate

oligomers. In the first method, where two individual samples were used, one, labelled

with RB for microviscosity measurements and the other with R6G for radius measure-
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ments, the viscosity of the original sodium silicate stock solution was altered in two

ways: by sample dilution, and by changing the temperature of the sample, the latter

offering advantages. In the second approach, it has been shown that the particle size

can be successfully measured using a single excitation wavelength when both dyes are

present in the sample simultaneously. The measured hydrodynamic radius for R6G

agrees with the previously reported values, which leads to confidence that the mea-

sured sodium silicate particle sizes are not greater than reported here [339]. Addition-

ally, SAXS measurements were performed on the undiluted sample to cross-validate the

anisotropy results. Guinier analysis of the SAXS data allowed to determine the gyra-

tion radius, which was equal to 6.50± 0.08 Å. This result agrees well with the previous

results obtained for sodium silicates of similar silica-to-soda ratio, and it simultane-

ously confirms the results and conclusions obtained from the anisotropy measurements.

Finally, the presented results confirm the findings from MD simulations presented in

Chapter 6, which showed that R6G can marginally adjust its shape to match the cur-

vature of the nanoparticle. This implies that in the case of bigger and less curved

particles, the impact of the dye on the measured complex size is up to 10%, while for

the more curved smaller particles, the size contribution grows substantially and can

potentially be up to 50%. Considering all the results above, it can be speculated that

the particles of interest are likely not perfectly spherical. This conclusion is supported

by the agreement between the anisotropy and SAXS results, as well as the shape ad-

justments observed in the MD simulations, which align with findings from a previous

study [261].

In summary, provided that the pH and dye are compatible, i.e., the dye is stable at

highly alkaline pH and maintains a sufficiently long lifetime in that environment, the

simple methods described in this chapter allow efficient determination of average silicate

oligomer particle sizes. Furthermore, a simple multiexponential model can be utilized

to describe the fluorescence decay kinetics, as the use of fluorescence anisotropy decay

does not require an understanding of complex kinetics; the fluorescence just provides a

marker in time, related to particle rotation. A major benefit of the presented method

lies in the labelling simplicity without the need for silicate modification which could
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potentially alter the oligomer speciation, thus providing a simple method of monitoring

silicates. Furthermore, the methods presented in this chapter can be easily adapted

to other systems involving labelled nanoparticles to determine the average size more

simply and cost-effectively. It is important to note that due to the complexity of sodium

silicates and the variety of structures present, the method is limited to measuring the

average size and cannot distinguish between different species within the silicate or

determine size distributions.
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Chapter 9

Quantitative Nanometrology of Binary

Particle Systems Using Fluorescence

Recovery After Photobleaching:

Application to Colloidal Silica

Adapted from an article published under CC-BY license in:

• Doveiko, D., Asciak, L., Stebbing, S., Shu, W., Kubiak-Ossowska, K., Birch, D.

J. S., & Chen, Y. (2025). Quantitative nanometrology of binary particle sys-

tems using fluorescence recovery after photobleaching: application to colloidal

silica. Langmuir, 41(29), 19173–19182. https: // doi. org/ 10. 1021/ acs.

langmuir. 5c01287

9.1 Introduction

In Chapter 8, it was shown that time-resolved fluorescence anisotropy can be used

successfully as a nanometrology tool by providing accurate size estimates of colloidal

SNPs and sodium silicates [39, 221, 340]. While time-resolved fluorescence anisotropy
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excels at providing precise average radii for well-defined, spherical nanoparticles in

homogeneous solutions, its reliance on rotational diffusion limits insights into sample

heterogeneity and complex environments. Multi-exponential fitting can, in principle,

distinguish sub-populations, but overlapping correlation times and fitting ambiguities

often obscure true distribution widths. Moreover, because time-resolved fluorescence

anisotropy inherently assumes spherical geometry, it can break down or require complex

modelling when applied to aspherical particles, leading to inaccurate or non-unique size

estimates.

An alternative fluorescence-based method for measuring particle sizes is FRAP.

FRAP leverages translational diffusion and spatially resolved recovery profiles to in-

terrogate not only mean sizes but also the breadth of distributions and localised vis-

cosity variations. Its applicability to gel-encapsulated particles, cellular contexts, and

polydisperse suspensions makes it a versatile complement to time-resolved fluorescence

anisotropy [341]. However, FRAP measurements can be influenced by bleaching arte-

facts, out-of-plane diffusion, and deviations from ideal geometry, which necessitate care-

ful experimental design and data modelling. Additionally, FRAP does not suffer from

the same breakdown with aspherical particles, since translational diffusion averages

over all orientations, so even rods or plates yield a single effective diffusion coefficient

that can be translated into a hydrodynamic size without forcing a spherical-only model.

Nonetheless, over the last few decades, FRAP has established itself as one of the most

widely used methods to study mass transport and diffusion in biological molecules.

With the rise of commercially available CLSMs in the second half of the 1990s and the

introduction of GFP, FRAP has become an indispensable tool in biochemical labora-

tories around the globe [71, 342, 343]. An important advantage of FRAP over other

techniques such as diffusion NMR is its capability to probe diffusion at the micrometre

scale, which introduces spatial resolution to the measurements [344,345]. However, the

main application fields of FRAP are still centred around biophysics and biochemistry

involving proteins and cells, and its usage in nanometrology is limited [64, 346–349].

This is because it’s common for multiple equally well-fitting models to report conflict-

ing kinetics [350, 351]. For instance, a recovery curve may be fit equally well by a
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single-component diffusion model, a two-component (fast and slow) model, or even an

anomalous diffusion framework, each yielding different diffusion coefficients and thus

different inferred particle sizes. Such model ambiguity can lead to substantial variation

in the extracted kinetics and hydrodynamic radii unless additional constraints or inde-

pendent measurements are applied. Recently, there has been some development in the

field of FRAP in colloidal science, involving emulsions, gels or liquid crystals [352–355].

M. Pihl et al. developed FRAP-responsive probes using fluorescent silica nanoparticles

as diffusion probes for mass transport measurement [356]. However, these strategies

have been confined to either large-particle/high-viscosity systems or bespoke, synthe-

sised fluorescent particles, leaving a notable gap in applying FRAP to unmodified,

commercially available colloids and stock silicate solutions.

This chapter aims to establish FRAP as an accessible, accurate method for measur-

ing and distinguishing SNP sizes in colloidal mixtures, and to develop a model system

that enables the extension of this approach to more complex sodium silicate matrices.

FRAP was successfully applied to LUDOX colloids without any additional modifica-

tion by simply mixing them with R6G. The LUDOX grades studied were the 6 nm

radius HS40 and 11 nm radius AS40. It was demonstrated that individual colloidal

particle sizes could be effectively measured using FRAP with a straightforward multi-

exponential model and, more importantly, that different nanoparticle sizes in a mixture

could be distinguished. This approach provides a valuable alternative to more complex

and less accessible techniques like SAXS or TEM. Furthermore, the integration of fluo-

rescence measurements with MD simulations, as discussed in Chapter 6, reinforces the

experimental findings. The MD simulations confirmed that labelling SNPs with R6G

has minimal impact on the measured size [38, 39]. The simulations also demonstrated

that R6G preferentially adsorbs strongly to larger SNPs, which exhibit a higher net

negative charge and lower curvature.
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9.2 Methods

9.2.1 Chemicals and Reagents

The LUDOX colloids and R6G (Bioreagent, suitable for fluorescence) used in this work

were purchased from Sigma Aldrich. According to the product description, LUDOX

HS-40 contains amorphous particles with a nominal radius of 6 nm, 45 cP viscosity

at 25◦C, pH of 9.5 and is stabilised with a sodium counterion, while LUDOX AS-40

contains amorphous particles with a 11 nm radius, viscosity of 20 cP at 25◦C, pH of

9.2 and is stabilised with ammonium hydroxide.

9.2.2 FRAP Measurements

As the nanoparticles present in the colloids are non-fluorescent, they were labelled

with R6G with the label concentration ranging from 5 µM to 20 µM. To perform the

measurements, 7 µL of labelled colloid were placed on a microscope slide with a 0.12 mm

spacer and covered with a coverslip. After that, 50 pre-bleach frames were taken at

0.2 s time step followed by 3 s bleach at full laser power over a 10 µm radius ROI and

another 500 frames with 0.2 s step during the post-bleach phase. Ten measurements

were taken at different locations on the sample, ensuring sufficient distance between

them to prevent interference from bleached molecules in previous experiments. The

FRAP analysis involved a total of 440 individual image stacks, each containing 50

pre-bleach and 500 post-bleach frames. The dataset included:

1. Ten measurements of the HS40 colloid (6 nm radius) at R6G concentrations of 5,

10, 15, and 20 µM, resulting in 40 FRAP image stacks;

2. Ten measurements of the AS40 colloid (11 nm radius) at the same R6G concen-

trations, producing another 40 FRAP image stacks;

3. Ten measurements for each prepared binary mixture, starting with a 9:1

HS40:AS40 ratio and progressing to a 1:9 ratio, at 5, 10, 15, and 20 µM of
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R6G. This covered nine distinct mixtures, generating a total of 360 FRAP image

stacks.

All stacks were carefully analysed, and the observed trends are summarised in this

chapter. In each case, the extracted intensity data across the bleached spot was cor-

rected for the residual bleaching from the LEDs during the imaging by monitoring

the intensity as a function of time in an ROI located further from the bleaching area.

All measurements were performed on a custom FRAP setup, based on the Cairn Re-

search Open Frame microscope, utilizing 530 nm LEDs for imaging (Cairn Research)

and 150 mW CW 532 nm laser for bleaching (Coherent) and imaged using CellCam

Kikker camera (Cairn Research), through an Olympus UPLXAPO 100X Oil Immer-

sion Objective with a numerical aperture of 1.45. The preliminary image analysis was

performed using ImageJ [212–214], while the extracted data was analysed and fitted

using MATLAB and Python [357,358].

9.2.3 FRAP Data Analysis

The optimal parameters for the fitting of the data obtained for the pure colloids were re-

covered by deploying a two-step logarithmic search grid. Initially, a search over a larger

range of parameters was performed using a coarse grid to identify the approximate re-

gion where the optimal values were likely to lie. Once this region was determined, a

finer logarithmic grid was applied to focus the search and precisely pinpoint the opti-

mal parameters. The use of a logarithmic grid, rather than a linear one, is particularly

advantageous because it allows for a more efficient search across parameters that span

several orders of magnitude. This is important in FRAP experiments where the recov-

ery times can vary widely. The logarithmic grid search reduces the likelihood of missing

key parameter values by concentrating sampling in areas with greater relevance, ensur-

ing both computational efficiency and accuracy. As is typical in FRAP experiments,

the data were fitted to mono- and bi-exponential models, with the latter one proving

to be more suitable.

For the binary particle systems, requiring a tri-exponential fitting, the two-step
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logarithmic grid search method was found to be no longer efficient due to its relatively

high computational cost and the direct fitting was not reporting satisfying results.

Therefore, a custom fitting routine based on machine learning (ML), namely the Gra-

dient Boosting Machine (GBM) algorithm was used [359,360]. The algorithm builds an

ensemble of weak prediction models by using the experimental data and sequentially

adds models that correct errors made by previous ones with the key idea being the

minimisation of a loss function by iteratively training models to fit the residuals of

the combined model at each step. Since GBM builds models iteratively and focuses

on improving predictions for challenging cases rather than being overly influenced by

extreme values, outliers have less impact on the overall model performance than many

traditional methods. GBM progressively adjusts to reduce the effect of these outliers,

allowing for more reliable and stable predictions even in noisy data.

The two-step logarithmic grid search, while effective, requires searching across a very

large parameter space to fit the tri-exponential FRAP model required for the binary

system consisting of HS40, AS40 nanoparticles as well as a fraction of free dye. This

search involves testing a broad range of values for the model parameters, which becomes

computationally expensive, particularly when dealing with a tri-exponential model that

introduces many possible combinations for the system components. The sheer scale of

the grid, with its multiple parameters and the need for a very fine resolution to capture

all the potential solutions, makes this approach extremely slow and resource-intensive.

In contrast, the GBM-based pre-processing step simplifies and accelerates the pro-

cess. GBM does not require a large grid search; instead, it builds an ensemble of

decision trees that iteratively correct the errors of the previous ones. This process is

much faster than grid searching across a massive parameter space, as GBM directly

learns the underlying data patterns. Once the GBM model is trained, it focuses on

minimizing the residuals and reduces the effect of noise and outliers, providing a much

more efficient and stable fit. As a result, the fitting process for the tri-exponential

model becomes significantly faster because the initial parameter space is already re-

fined and adjusted, allowing the tri-exponential model to be fitted with more accurate

starting points.
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As a result, the obtained data were first pre-processed using the ML algorithm,

followed by fitting it to a tri-exponential model where each component corresponds to

different system components. Specifically, the shortest recovery half-time corresponds

to the free R6G, the middle component corresponds to the HS-40 with a nominal radius

of 6 nm and the longest component is attributed to the AS-40 particle with a radius of

11 nm.

The resulting method proved to be significantly faster than a two-step logarithmic

grid search over a large range and allows for future development in improving the fitting

precision by incorporating larger data sets. The algorithm used the full ten repetitions

for each sample, plus another five synthetic curves generated using bootstrapping to

smooth out the data. Bootstrapping, in this context, refers to resampling the original

data with replacement to generate additional training curves for the GBM, effectively

increasing the dataset size and improving the model’s ability to capture consistent

recovery trends. In all cases, the corrected FRAP recovery curves were fitted to a

multi-exponential model:

I(t) = b+
n∑

i=1

Ai

(
1 − exp

(
− t

τi

))
(9.1)

where τi are the recovery half-times and Ai are the corresponding pre-exponential

factors. To calculate the diffusion coefficient, the following relation was used:

D =
Γω2

4τ
(9.2)

where Γ is the correction factor for the Gaussian beam shape, equal to 0.88, ω is

the radius of the bleaching spot, and τ is the recovery half-time. Next, the particle

hydrodynamic radius RH was calculated using the Stokes-Einstein relation:

RH =
kBT

6πηD
(9.3)

where kB is the Boltzmann constant, T is the temperature equal to 293.15 K, and η is

the sample viscosity measured using the rotational rheometer.
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All data were analysed using a custom-developed data analysis pipeline created in

Python.

9.2.4 Rheological Measurements

Rheological measurements were performed on a Kinexus Prime pro+ (Netzsch) rota-

tional rheometer using a 40 mm diameter cone with a 4° cone angle. For the measure-

ment, 1.19 mL of sample was deposited between the plate and the cone, followed by

cooling the sample until a temperature of 20 °C was reached and a 5-minute equilibra-

tion at the designated temperature. Next, viscosity measurements were performed over

a shear rate range of 0.1 s−1 to 100 s−1, with 10 points per decade and a ramp time of

30 seconds. In all cases, steady state was reached, indicating that the precise viscosity

value was obtained.

9.3 Results and Discussion

9.3.1 Viscosity Measurements

Figure 9.1A shows shear stress as a function of shear rate for each of the samples used.

All samples displayed Newtonian behaviour over the whole range of measured shear

rates. The viscosities measured between 1 s−1 and 100 s−1 shear rates were averaged

to obtain the viscosity values used for the size calculations. The error bars were taken

as three standard deviations of those values. The resulting viscosities are shown in

Figure 9.1B. The measured viscosities were found to be lower than the values specified

by the manufacturer for both HS40 and AS40. The measured viscosity of HS40 was

34 cP at 20 ◦C compared to the manufacturer’s reported 45 cP at 25 ◦C and 9.6 cP

compared to 20 cP for AS40. Only the measured viscosities were used to calculate

particle sizes to ensure the consistency of the results between all samples.
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Figure 9.1: Viscosity Results. A. Shear stress as a function of shear rate for the used
samples; B. Average viscosity used for the size calculations.

9.3.2 Theoretical Recovery Times

The next step was to assess whether the diffusion of each system component occurred

on a timescale that could be resolvable by the assembled experimental setup. The

theoretical recovery half-times for each sample component—free R6G, AS40 particles,

and HS40 particles—are calculated by equating equations 9.2 and 9.3:

kBT

6πηRH
=

Γω2

4τ
(9.4)

and solving it for τ :

τ = Γ
6πω2ηRH

4kBT
(9.5)

To obtain theoretical recovery times, the radii used were 0.6 nm for R6G, 6 nm

for HS40 and 11 nm for AS40, while for the viscosity, the measured values shown in

Figure 9.1B were used. The obtained theoretical recovery half-times are plotted in

Figures 9.2A and B.

201



Chapter 9. Quantitative Nanometrology of Binary Particle Systems Using
Fluorescence Recovery After Photobleaching: Application to Colloidal Silica

Figure 9.2: Theoretical recovery half-times for all samples. A. Free R6G in each sample;
B. HS40 and AS40 colloids

The R6G recovery half-times shown in Figure 9.2A indicate that, in most cases, free

dye diffuses faster than the measurement limit. However, as shown later, in samples

with ratios from 9:1 to 7:3 a model component can still be successfully attributed to free

dye, improving radius accuracy when using the more complex tri-exponential model. In

all other samples, adding a third component to describe the kinetics of free R6G would

lead to over-parametrisation and size overestimation. Both colloids are distinguishable

across most of the range, but accuracy improves at higher viscosities, where slower

overall diffusion allows for a more detailed representation.

9.3.3 Validation of the FRAP Data Collection

To validate the instrumental setup and data analysis, FRAP measurements were con-

ducted on a 10 µM solution of R6G in 100% glycerol, with a viscosity of 1412 cP. The

obtained average FRAP curve is shown in Figure 9.3. The FRAP curve in Figure 9.3

exhibits a typical recovery profile, characterised by a rapid initial rise in normalised

intensity followed by a slower approach to a plateau near 1, indicating full recovery

over time. The recovery follows an exponential trend, consistent with the expected

behaviour for small molecule diffusion in a high-viscosity solvent.
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Figure 9.3: Recovery time of 10 µM of R6G in in 100% glycerol solution.

The tightly clustered data points and low scatter suggest that the measurements are

highly reproducible and the instrumental setup is well-calibrated. The observed average

recovery half-time of (60.73 ± 11.43) s corresponds to an average hydrodynamic radius

of (5.96 ± 0.75) Å, as calculated using Equation 9.3. This agrees closely with the value

obtained from time-resolved anisotropy decays (5.9 ± 0.6) Åpresented in Chapter 8 and

other independent techniques such as picosecond polarization grating technique and

multi-colour dual-focus fluorescence correlation spectroscopy experiments [330, 331].

This consistency reinforces the reliability of FRAP for accurately measuring the size

of small molecules in viscous media and validates the effectiveness of the experimental

setup and data analysis.

9.3.4 Pure Colloids

After successfully demonstrating that the assembled FRAP setup can accurately mea-

sure the hydrodynamic radius of free R6G in glycerol, the next step was to apply the

approach to a well-studied system with physicochemical properties similar to those of
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sodium silicates, which remained the final goal of this thesis. However, due to the com-

plexity of sodium silicates, it was necessary to begin with a simpler system. An ideal

candidate for this test is LUDOX colloidal silica. Unlike the time-resolved anisotropy

discussed in Chapter 8, which focuses on rotational diffusion, FRAP utilises transla-

tional diffusion. As a result, the viscosities suitable for this type of setup must be

relatively large.

Measurements on individual colloids were performed to assess whether the proposed

FRAP method can overall be used to measure the size of nanoparticles in a simple

monodisperse system. In both cases of 6 nm HS40 and 11 nm HS40, the dye was

added directly to the sample, at concentrations ranging from 5 µM to 20 µM and the

experiment was conducted according to the protocol described in the Methods section.

The resulting particle sizes obtained by directly fitting the FRAP recovery curves to

both mono and bi-exponential models are shown in Figure 9.4.
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Figure 9.4: Results for the monodisperse systems: A. FRAP recovery curves for LU-
DOX HS-40 at different R6G concentrations; B. FRAP recovery curve for LUDOX
AS-40 at different R6G concentrations C. Recovered hydrodynamic radii for LUDOX
HS-40 and AS-40 when fitted to a mono-exponential model; D. Recovered hydrody-
namic radii for LUDOX HS-40 and AS-40 when fitted to a bi-exponential model. All
errors are quoted to three standard deviations. The actual sizes for the R6G (0.6 nm)
and SNPs (6 nm for HS-40 and 11 nm for AS-40) are marked with dashed lines.

The FRAP recovery curves for the individual colloids, HS-40 and AS-40, shown in

Figure 9.4A and 9.4B, reveal some interesting differences in how they behave during

diffusion, influenced by their size and viscosity. Notably, HS-40 tends to recover more

slowly at higher dye concentrations. This suggests that as dye levels increase, it might

lead to more significant interactions between the colloids or even crowding effects that

make diffusion more challenging. On the other hand, AS-40’s recovery curves change

very little with varying dye concentrations, indicating that these larger particles face

less hindrance from the dye molecules. The faster recovery of AS-40 compared to HS-
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40 can be linked to its lower viscosity, which makes diffusion more efficient. These

differences show how FRAP is effective at capturing the unique diffusion behaviours

tied to particle size and viscosity, with HS-40 being more sensitive to changes in dye

concentration than AS-40.

The results indicate that precise size estimation strongly depends on selecting an

appropriate theoretical model based on sample viscosity. The mono-exponential model

in Figure 9.4C effectively captures the kinetics of the AS40 colloids and retrieves particle

sizes with high precision, particularly at higher dye concentrations. This accuracy can

be attributed to the short recovery half-time (0.5 s) of free R6G in AS40 (Figure 9.2A),

which the current experimental setup cannot resolve. Consequently, fully assessing the

free dye’s impact on the measured AS40 radius remains challenging. However, the

high precision of the recovered sizes suggests that this effect is minimal at the tested

concentrations. Nevertheless, the influence of free dye is evident, as shown by the

decrease in the average recovered size with increasing dye concentrations in AS40.

In contrast, the mono-exponential model fails to accurately recover the radius of

HS40, underestimating its size and further emphasising the dependence of model se-

lection on viscosity. This underestimation arises from free R6G diffusion, which occurs

at a partially detectable rate with a recovery half-time of around 2 s. As a result, the

oversimplified mono-exponential model does not adequately describe free dye diffusion,

resulting in a smaller-than-expected size estimate. This effect is evident when compar-

ing the HS40 size at 5 µM and 20 µM dye concentrations. At 5 µM, where free dye

is minimal, the recovered HS40 size matches the reference value of 6 nm. However, at

20 µM, with a substantially higher free dye concentration, the size is underestimated.

These findings suggest that in more viscous samples, where both dye and SNP diffusion

are observable, a more complex model is necessary.

The recovered RH of both colloids using a bi-exponential model are shown in Fig-

ure 9.4D. The bi-exponential model is unsuitable for AS40 because it over-parametrises

the experimental data, resulting in significantly overestimated radii for both free R6G

and SNP. However, the bi-exponential model provides a more detailed description of

recovery curves in HS40 samples, yielding more accurate hydrodynamic radii. Notably,
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at higher dye concentrations, the HS40 SNP radius is no longer underestimated, and

the recovered R6G radius closely matches the expected value of 0.6 nm.

All of the above suggest that a universal model cannot accurately recover colloidal

particle radii. Instead, model selection must be tailored to sample viscosity. More-

over, accounting for free dye is crucial, as oversimplified models tend to underestimate

recovered sizes.

9.3.5 Binary Particle Systems

In the previous section, it was demonstrated that FRAP can precisely measure the

sizes of individual colloids in a monodisperse system. The next step is to determine

whether the method can also distinguish individual particle sizes in a binary particle

system. To create such a system, LUDOX HS40 and AS40 colloids were mixed at

ratios starting from 9:1 (HS40:AS40) to 1:9 ratio, immediately before measurements.

The mixtures were added with R6G at concentrations of 5, 10, 15 and 20 µM. FRAP

measurements were conducted. The average, raw FRAP curves for each mixture and

R6G concentration are shown in Figure 9.5.
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Figure 9.5: Average FRAP Recovery Curves for prepared binary systems in various
concentrations and mixtures.

The FRAP curves indicate that as the proportion of AS40 (larger particles, lower

viscosity) increases, recovery occurs more quickly, while greater proportions of HS40

(smaller particles, higher viscosity) lead to slower recovery. The 1:9 mixture, which

has the most AS40, demonstrates the quickest recovery, whereas the 9:1 mixture, rich

in HS40, displays the slowest recovery rate. This suggests that AS40, with its greater

size, lower viscosity, and weaker binding interactions, promotes molecular mobility.

Conversely, HS40 appears to hinder diffusion, likely due to stronger binding or in-

creased viscosity. Recovery also shows slight improvement with higher dye concen-

trations (15–20 µM), implying that greater concentrations could facilitate molecular

exchange or lower diffusion barriers by increasing the number of mobile particles or en-

hancing labelling efficiency. Nonetheless, the primary factor influencing recovery is the
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mixture composition, as evidenced by the consistent pattern of recovery across vary-

ing concentrations, highlighting that the interaction between HS40 and AS40 mainly

governs diffusion dynamics.

Next, the obtained recovery curves were fitted to multi-exponential models as de-

scribed in the Methods section. It was found that 10 µM to 15 µM concentration

provided the best balance between the S/N ratio and the measurement precision.

The Mono-Exponential Model

The recovered hydrodynamic radii obtained by fitting the recovery curves to a mono-

exponential model are shown in Figure 9.6. These results demonstrated that even the

simplest models can provide some insight into sample composition. In samples with

high HS40 content, the recovered hydrodynamic radius is close to that of HS40, likely

because the 6 nm particles dominate the composition, making them easily identifiable.

In contrast, as HS40 content decreases and AS40 concentration increases, the recovered

radius shifts closer to the 11 nm AS40 SNPs.

Figure 9.6: Recovered hydrodynamic radii from fitting the datasets to a mono-
exponential model for varying dye concentrations and various HS:AS ratios.

However, it is essential to highlight that this trend holds only at high dye concentra-
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tions. To ensure accurate measurements and reliable recovery of individual component

sizes, dye concentration must remain relatively high, around 15–20 µM. Higher dye con-

centrations improve labelling efficiency, enhance the S/N ratio (as indicated by reduced

error bars), and enable accurate size estimation. Additionally, the observed increase in

measured radius at lower dye concentrations may result from preferential adsorption

of the dye to larger SNPs due to their higher net negative charge and smaller surface

curvature. Furthermore, the consistent increase in the measured radius at lower dye

concentrations supports the observation that dye preferentially adsorbs to larger AS40

particles due to their greater net negative charge and reduced surface curvature [361] as

discussed in Chapter 6. This is further demonstrated by the rising variability and larger

error bars at low dye concentrations, which reflect heightened measurement uncertainty

and lower labelling efficiency. The uniform radii and reduced error bars observed at

higher dye concentrations (15 µM and 20 µM) confirm that higher dye concentrations

improve the S/N ratio, enhancing measurement accuracy.

The variations in radius at intermediate HS:AS ratios (approximately 5:5 to 4:6)

imply that sample heterogeneity or inconsistencies in dye binding efficiency might be

responsible for the noted measurement noise. These patterns highlight the necessity of

optimising dye concentration to ensure precise size recovery, especially within complex

mixtures. The above findings suggest that a simple mixture of two unknown colloids at

different ratios can provide sufficient information to estimate particle sizes. However,

this approach is suboptimal as accurately determining multiple NP sizes requires vary-

ing their concentrations and conducting at least two measurements. This is impractical,

especially for polydisperse, metastable systems such as sodium silicates [13, 22, 261].

Therefore, multi-exponential models were tested.

The Bi-Exponential Model

Figure 9.7 presents the results of fitting the recovery curves to a bi-exponential model.

These results largely mirror the trends observed with the mono-exponential model.

Specifically, measurement precision for AS40 SNPs improves with increasing dye con-

centration due to an enhanced S/N ratio, expanding the range of ratios where the
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size of 11 nm SNP can be accurately measured. However, at higher dye concentra-

tions, the recovered size of the 6 nm HS40 SNP is gradually underestimated more,

with free dye increasingly contributing to the average measured size of the HS40 and

R6G. Despite these limitations, the bi-exponential model significantly outperforms the

mono-exponential model by successfully identifying the presence of SNPs of different

sizes with a single measurement, which the simpler model could not achieve. However,

one should note that the bi-exponential model consistently overestimates the size of the

AS40 at all R6G concentrations in samples where the HS40 ratio is 6:4 or lower. Even

when AS40 is the dominant component, the recovered size remains overestimated. This

reinforces the trend observed in the pure colloid AS40 sample, highlighting viscosity

as the key factor limiting measurement precision. Additionally, the detection of 11

nm particles even at very low AS40 concentrations suggests that R6G exhibits size-

dependent adsorption, with a greater tendency to bind to larger SNPs, a phenomenon

observed in the MD simulations discussed in Chapter 6.
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Figure 9.7: Recovered hydrodynamic radii from fitting the datasets to a bi-exponential
model as a function of dye concentration.

The recovered size of HS40 is consistently underestimated across all dye concentra-

tions and HS:AS ratios, even when HS40 is the dominant component (e.g., at 9:1 and

8:2 ratios), likely due to the contribution of free dye molecules affecting the apparent

diffusion coefficient. Increased variability in HS40 size at low HS40 content suggests

greater noise from free dye or challenges in resolving the smaller particle size in com-

plex mixtures. In contrast, the recovered size of AS40 is consistently overestimated,

especially at lower HS:AS ratios, which may reflect stronger dye adsorption to larger

SNPs or increased solution viscosity at higher AS40 content. Sensitivity to dye con-

centration is evident, with greater measurement variability at 5 µM due to a poorS/N

ratio, whereas at 20 µM, the AS40 size measurement stabilises, but HS40 size remains

underestimated. The model shows greater sensitivity for AS40 at high dye concentra-

tions, likely due to stronger signals from larger SNPs, as suggested by MD simulations
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discussed in Chapter 6. Notably, the recovered sizes for both HS40 and AS40 are closest

to their expected values around a 5:5 HS:AS ratio, suggesting that the bi-exponential

model performs best when both SNPs contribute equally to the diffusion profile. These

findings highlight the improved sensitivity and accuracy of the bi-exponential model

compared to the mono-exponential model, particularly for resolving larger SNPs in

mixed systems.

For HS40 SNPs in the mixtures, the recovered size is underestimated in all samples,

even when HS40 is the dominant component (as in the 9:1 and 8:2 samples). This likely

results from the oversimplified model struggling to accurately describe the diffusion of a

three-component system. Consequently, the recovered HS40 radius represents a mixture

of HS40 and free R6G radii.

Nonetheless, the bi-exponential model offers the best balance between accuracy and

precision, enabling the identification of both larger and smaller SNPs without excessive

parameterisation while maintaining reasonable accuracy and relatively small error bars.

Furthermore, the accuracy of the bi-exponential model can be improved by performing

FRAP measurements based on fluorescence lifetimes rather than intensity, as lifetime-

based measurements would allow for complete separation of free and bound dye to their

distinct lifetimes [39,362].

The Tri-Exponential Model

To capture all system components within a single measurement, a tri-exponential model

was used for fitting GBM pre-processed data, with results shown in Figure 9.8. As

expected, the trends observed in simpler models are also present here. Notably, mea-

surement accuracy improves with increasing dye concentration, as indicated by the

significant reduction in error bars when comparing the 9:1 and 8:2 samples at 15 µM

versus 5 µM dye concentrations.
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Figure 9.8: Recovered hydrodynamic radii from fitting the datasets to a tri-exponential
model.

The tri-exponential model is sufficiently complex to describe the full kinetics of the

sample and its components, enabling the recovery of all three sizes in a single measure-

ment at HS40:AS40 ratios of 9:1 and 8:2. A slight overestimation of the AS40 SNP

radius in the 9:1 and 8:2 samples is likely due to its relatively low concentration in the

mixture. HS40, in contrast, can be accurately measured across a broader range of sam-

ple ratios due to its higher concentration in the mixture. As the AS40 concentration

increases, the overall viscosity rapidly decreases (as shown in Figure 9.1), leading to

faster diffusion. This results in increased variation between FRAP measurement repe-

titions, larger error bars, and an overestimation of size, an effect also observed in pure

AS40 samples (Figure 9.4D). This is evident in all three components; the recovered size

gradually increases with decreasing viscosity, reinforcing the conclusion that optimal

model selection strongly depends on sample viscosity and remains a non-trivial process.
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Nonetheless, at high viscosities, the tri-exponential model provides a significant advan-

tage over simpler models. It enables useful determination of particle sizes at sufficient

accuracy and precision in a binary particle system with a single measurement, even

when one colloid is present at low concentrations.

9.4 Molecular Simulation Insights into FRAP

The interpretation of FRAP data in the studied SNP systems benefits from comparison

with simulations presented in Chapter 6 and 7. MD results indicate that adsorption

of R6G monomers onto SNP surfaces is a dynamic process, characterised by frequent

adsorption–desorption cycles occurring on nanosecond timescales. Analysis of residence

times discussed in Chapter 6 yields ∆G‡ in the range of 5–8 kcal·mol−1, consistent with

moderately strong but reversible binding to silanol groups. This dynamic behaviour

contrasts with the FRAP assumption that once dyes are adsorbed, they remain bound

for the duration of the experiment. In practice, however, the desorption timescale

(nanoseconds) is several orders of magnitude faster than the diffusion window probed

by FRAP (seconds). As a result, the recovery curves effectively represent an ensemble

average over many adsorption–desorption events, rather than static dye binding, and

thus still yield reliable hydrodynamic radii. Nevertheless, the assumption of stable

adsorption likely underestimates the contribution of free dye to the recovery signal,

particularly at higher dye concentrations where rapid exchange between bound and

unbound states may bias size estimates.

Dimer formation in solution, as observed in MD simulations, is highly conformation-

dependent and transient. Lifetimes of R6G dimers are generally short (roughly 5–40

ns), with stability strongly influenced by molecular geometry as indicated by SMD and

DFT results discussed in Chapter 7. On SNP surfaces, steric constraints prevent long-

lived dimer adsorption, meaning that monomers dominate the adsorbed population.

This observation aligns with FRAP data: the diffusion behaviour primarily reflects

monomer-bound particles. Importantly, these dimers are non-fluorescent and therefore

do not contribute directly to FRAP recovery. Their role is indirect: at high dye concen-
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trations, transient dimerisation reduces the pool of fluorescently active monomers avail-

able for adsorption, which can manifest as slight deviations in the recovered nanoparticle

sizes.

These molecular insights clarify several trends observed in FRAP experiments. In

AS40-rich mixtures, faster recovery arises primarily from lower viscosity, while stronger

preferential adsorption to larger, low-curvature particles ensures that AS40 dominates

the recovered sizes, consistent with simulations showing stabilised adsorption on AS40

compared to HS40. Conversely, HS40-rich mixtures show slower recovery dominated

primarily by viscosity, while their weaker adsorption reduces their contribution to the

recovered radii. Apparent size overestimations or underestimations in binary mixtures

can thus be rationalised as the combined outcome of viscosity effects, reversible adsorp-

tion with ∆G‡ ∼ 5–8 kcal·mol−1, and competition between fluorescent monomers and

non-fluorescent dimers.

Future improvements could come from combining FRAP with equilibrium free-

energy calculations such as potential of mean force (PMF) profiles, which would allow

direct conversion of simulated residence times into thermodynamic binding free energies

(∆Gbind). This would bridge molecular-scale adsorption energetics with experimentally

accessible diffusion coefficients, yielding a more quantitative basis for interpreting size

distributions in binary and polydisperse systems. In particular, linking ∆Gbind with

the concentration-dependent recovery trends observed in FRAP would help distinguish

whether apparent size deviations arise primarily from viscosity effects, reversible ad-

sorption, or transient non-fluorescent dimer formation. Furthermore, applying such

calculations across different SNP sizes and surface chemistries would enable a direct

comparison of curvature- and charge-dependent binding affinities, providing mecha-

nistic insight into why larger particles disproportionately dominate recovery in binary

systems.
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9.5 Conclusions

In this work, the use of FRAP as a nanometrology tool in binary nanoparticle systems

was assessed for the first time. Unlike previous studies using time-resolved anisotropy

measurements, which only provide an average particle size for a two-particle system,

FRAP enabled the recovery of individual particle sizes. However, data analysis is non-

trivial, as model selection is highly dependent on the sample viscosity. The obtained

results indicate that highly viscous samples, containing slowly diffusing particles, bene-

fit from more complex models, whereas simpler models are more suitable for less viscous

systems to avoid over-parametrization and size overestimation. This suggests a general

trend: multi-exponential models are preferable for high-viscosity samples with slow

diffusion, while simpler models are more effective for thinner fluids where diffusion oc-

curs rapidly. Furthermore, optimal dye concentration was found to be around 15 µM,

ensuring a strong S/N ratio. However, high dye concentrations introduce significant

amounts of free dye, which can lead to underestimated sizes due to size mixing between

nanoparticles and unbound dye. This issue could be mitigated by using a fluorescent

dye that forms a covalent siloxane bond, reducing free dye presence and improving mea-

surement precision [34,224]. Alternatively, FRAP measurements based on fluorescence

lifetime rather than intensity could completely separate signals from free and bound

dye, as the results in Chapter 8 demonstrated distinct lifetimes for each [39].

Regardless of the model used, findings confirm that FRAP is a viable nanometrology

tool for measuring SNP sizes. Even the simplest mono-exponential model provides size

estimates with just two measurements. The most precise size estimate was achieved us-

ing the tri-exponential model, where each component corresponds to a distinct sample

fraction. However, this model is only reliable in relatively high-viscosity environments,

as it tends to underperform at low viscosities, leading to size overestimation and over-

parametrisation. Finally, MD simulations, discussed in Chapter 6, revealed that dye

adsorption is size-dependent, with larger SNPs serving as more suitable targets. This

is largely due to their greater net negative charge and smaller curvature, which facil-

itates more stable dye adsorption. These observations align with trends observed in
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FRAP experiments, reinforcing the potential of combining both methods to enhance

the understanding of binary nanoparticle systems.

When prior knowledge of their binary nature exists, the bi-exponential model offers

the best balance between accuracy, simplicity, and reliability for binary particle systems.

While it slightly underestimates the size of smaller nanoparticles, its advantages out-

weigh its drawbacks. The combination of covalently bound dye at lower concentrations

with lifetime-based FRAP should potentially further enhance measurement accuracy,

enabling precise size determination for both nanoparticle species in the system.
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Chapter 10

Nanometrology of Sodium Silicates

using Fluorescence Recovery After

Photobleaching and 29Si NMR

Spectroscopy

10.1 Introduction

This chapter of the thesis focuses on the application of FRAP as a nanometrology tool

for industrial sodium silicates. Having revealed the mechanisms governing dye–SNP

interactions through MD simulations (Chapter 6) and demonstrated the feasibility of

FRAP on binary LUDOX systems (Chapter 9), the next logical step is to extend this

FRAP approach to chemically more complex systems, such as sodium silicates.

As discussed in Chapter 1, sodium silicates are widely used in industrial and sci-

entific applications due to their unique structural and chemical properties. However,

their characterisation remains challenging because of their polydispersity, chemical re-

activity, and tendency to evolve structurally under different environmental conditions.

Traditional methods such as DLS and TEM struggle with these systems, mainly due
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to small particle sizes and complications arising from sample preparation protocols.

NMR, although considered the gold standard for characterising the chemical structure

of silicates, does not provide direct quantitative information on particle size. Moreover,

NMR is inherently blind to particle morphology or aggregation behaviour differences

when samples have identical molar ratios, even if their physicochemical characteris-

tics differ significantly. This limitation arises because NMR primarily probes the local

chemical environment, such as the connectivity of silicon and oxygen atoms, rather than

the spatial arrangement or size of the resulting structures. While size and connectivity

can be correlated, particularly at the nanoscale where smaller particles exhibit a higher

proportion of interfacial atoms and potentially altered connectivity, such distinctions

may remain unresolved in typical NMR experiments due to limited resolution and ex-

perimental uncertainty. As a result, two samples with identical SiO2 : Na2O ratios,

but differing in particle size or aggregation state, as will be shown later, can produce

nearly indistinguishable NMR spectra.

In contrast, FRAP is sensitive to the diffusion behaviour of fluorescently labelled

particles, directly reflecting their hydrodynamic size. Differences in diffusion coefficients

allow FRAP to detect variations in particle size and aggregation that are invisible to

NMR, making it a complementary tool for nanoparticle characterisation.

In this chapter, FRAP is applied to sodium silicate samples to evaluate its potential

as a nanometrology tool for complex polydisperse systems. Particular attention is given

to how the dye concentration and sample dilution influence the measured diffusion

behaviour and, ultimately, the extracted particle sizes. Importantly, by measuring

diffusion-based size, rather than local chemical structure, FRAP serves as a valuable

complement to NMR. For comparative purposes, 29Si NMR data, kindly provided in

private correspondence by Gavin Armitt from PQ Silicas UK, are also included in this

chapter. These data, originally collected for internal quality control purposes, are used

here to assess the correlation and the limitations between structural and diffusion-based

characterisation.
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10.2 Methods

10.2.1 Sodium Silicates

The sodium silicates used for the measurements presented in this chapter consisted of

three different samples, each with a similar molar ratio, and have codenames SD6521,

SD6522, and SD6524. The details of the samples in their native and 50% diluted

forms are described in Table 10.1. All sample properties, such as viscosity, turbidity,

molar ratios, and contamination data, were provided by PQ Silicas UK in private

correspondence.

Name Viscosity (cP) Turbidity (NTU) Na2O (%) SiO2 (%) Mol Ratio

SD6521 48 8.8 8.33 27.39 3.40
SD6522 46 5.8 8.29 26.89 3.36
SD6524 304 14 8.76 28.99 3.41
SD6521 (50%) 19 — 4.23 13.02 3.18
SD6522 (50%) 15 — 4.15 13.08 3.26
SD6524 (50%) 14 — 4.42 14.19 3.32

Table 10.1: Physicochemical properties of the samples used for FRAP measurements.
Data was provided by PQ Silicas UK in private correspondence. Turbidity data for
diluted samples was not provided.

As summarised in Table 10.1, the three samples, SD6521, SD6522, and SD6524,

exhibit molar ratios in the narrow range of 3.36 to 3.41, characteristic of typical alkaline

silicates used in commercial formulations. Despite the similar ratios, the samples vary

significantly in viscosity and turbidity, reflecting potential differences in polymerisation

state and aggregate content. It is important to note that silicate viscosity is primarily

influenced by solids concentration, which can affect these observed variations [363].

Notably, SD6524 exhibits a much higher viscosity (304 cP) and turbidity (14 NTU)

compared to the other two samples, suggesting the presence of larger or more complex

silicate species and an overall higher concentration of the silicate.

In order to investigate concentration-dependent behaviour, each sample was also

measured in a diluted state, prepared by halving the original silicate content. Dilution
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is often employed to reduce viscosity and turbidity, which can otherwise interfere with

optical measurements such as FRAP. High viscosity can slow down diffusion to the

point where recovery times exceed practical imaging windows, while elevated turbidity

scatters light and lowers signal quality, making it difficult to accurately monitor fluo-

rescence changes. By diluting the sample, the goal is to improve imaging clarity and

enable more precise recovery curve fitting, particularly in systems where particle inter-

actions and optical density may obscure underlying diffusion dynamics. It is important

to mention that dilution may affect speciation and particle size, which is a potential

concern that must be carefully considered in the analysis.

Sample dilution resulted in notable changes in both viscosity and molar ratio. The

pronounced drop in viscosity upon 50% dilution primarily reflects the reduced solids

concentration, consistent with classical models where viscosity decreases significantly

as particle concentration decreases [364]. The inclusion of both undiluted and diluted

samples enables the assessment of structural dynamics and dye-particle interactions

under different crowding and ionic strength conditions, which is critical for interpreting

FRAP results in the context of colloidal stability and diffusion. NMR data were also

obtained for both concentration states, supporting the interpretation of network reor-

ganisation and providing molecular-level evidence of silicate speciation and structural

transitions upon dilution.

10.2.2 FRAP Protocol

FRAP experiments were performed to evaluate the diffusion behaviour of R6G-labelled

sodium silicates under varying conditions. As the sodium silicates are non-fluorescent,

they were labelled electrostatically with R6G at concentrations of 5, 10, 15 and 20 µM

by adding the dye directly to the sample.

For each measurement, 7 µL of the labelled sample was pipetted onto a microscope

slide fitted with a 0.12 mm spacer and sealed with a coverslip. The imaging protocol

consisted of 50 pre-bleach frames acquired at 0.2 s intervals, followed by a 3-second

532 nm bleaching pulse applied at full laser power over a circular ROI with a 10 µm

radius. After bleaching, fluorescence recovery was monitored for 500 frames, also at
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0.2 s intervals. Ten FRAP measurements were recorded at spatially separated locations

on the slide for each condition and dye concentration to avoid overlap with previously

bleached regions. This resulted in 40 measurements per sample (10 measurements × 4

concentrations) per dilution state. With three samples and two concentration regimes

(undiluted and 50% dilution), a total of 240 FRAP image stacks were acquired and

analysed.

All FRAP measurements were performed on a custom-built setup based on the

Cairn Research Open Frame microscope platform described in detail in Chapter 5,

Subsection 5.5.5. Imaging was carried out using a 530 nm LED (Cairn Research), and

bleaching was performed using a 150 mW continuous-wave 532 nm laser (Coherent).

Fluorescence was recorded using a CellCam Kikkor camera (Cairn Research) through an

Olympus UPLXAPO 100X oil immersion objective (NA 1.45). Photobleaching during

the imaging phase was corrected by tracking a secondary ROI located away from the

bleach zone and applying normalization accordingly as described in Section 5.5.4 of

Chapter 5. Preliminary image processing was performed using ImageJ, and quantitative

analysis, curve fitting, and modelling were conducted using a custom Python routine.

This protocol was adapted from earlier FRAP experiments on LUDOX colloidal

silica systems (Chapter 9), and applied here without modification to enable consistent

comparison between model systems and chemically more complex sodium silicates.

10.3 Results and Discussion

10.3.1 29Si NMR Spectroscopy

To investigate structural differences in the sodium silicate samples, 29Si NMR spec-

troscopy data provided by PQ Silicas UK was analysed, and is shown in Figure 10.1.

The analysis aimed to assess whether the degree of silicate polymerisation and the

distribution of Q-species vary across samples with similar molar ratios or following

dilution. This comparison was intended to determine whether chemical structure vari-

ations correlate with the particle sizes and diffusion trends observed in the FRAP
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datasets.

All NMR measurements were carried out using a high-sensitivity 64k scan protocol

at 40 ◦C, over a 72-hour acquisition period, using a benchtop X-Pulse NMR spectrome-

ter (Oxford Instruments) which uses a 60 MHz (1.4 T) permanent magnet. Despite the

relatively low magnetic field strength of the system used for these measurements, the

resulting spectra shown in Figure 10.1 show remarkably well-resolved silicon environ-

ments. Specifically, distinct resonances corresponding to Q1, Q2, Q3, and Q4 species

were observed in all samples, indicating the presence of a range of silicate oligomers

and network fragments. For the diluted samples, the spectra were collected after a

four-week equilibration period to ensure that any slow structural rearrangements could

be detected.

Figure 10.1: 29Si NMR spectra of the silicate samples. (A) Sodium silicate samples in
their undiluted form. (B) Same silicates diluted to 50% of the original concentration.
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Undiluted Samples

Across the three samples, the spectra are essentially identical in terms of both chemical

shift positions (Table 10.2) and relative peak intensities (Figure 10.1A and Table 10.3).

The dominant signals arise from Q1, Q2, Q3, and Q4 species, consistent with silicates

of intermediate polymerisation and SiO2/Na2O molar ratios near 3.3–3.4 [22]. Mi-

nor contributions from Q0 species are also visible, suggesting the presence of smaller

chain fragments or end groups. No significant chemical shift deviations or changes in

Q-species distribution were detected among the samples, indicating a high degree of

structural similarity at the molecular level.

Sample Q0 Q1 Q2 Q3 Q4

SD6521 — -79.73 -88.09 -96.78 -106.55
SD6522 — -80.53 -88.97 -97.70 -107.54
SD6524 — -80.19 -88.65 -97.35 -107.29

Table 10.2: Peak positions (in ppm) for the Qn species in each sample. Values for Q0

are omitted due to lack of a clearly defined peak.

Sample Q0 Q1 Q2 Q3 Q4

SD6521 0.78 8.80 32.25 45.12 13.05
SD6522 0.83 7.17 30.86 45.85 15.29
SD6524 0.65 7.36 30.20 45.43 16.35

Table 10.3: Normalised NMR signal intensities (total = 100) for Qn silicate species.
Note that the Q0 ”peak” is more of a blip on the baseline.

Furthermore, the strong spectral resemblance between the samples implies that their

silicate frameworks are comparably organised, despite differences in bulk properties,

such as viscosity (Table 10.1). This is particularly notable given that SD6524 exhibits a

much higher viscosity than SD6521 and SD6522. Additionally, the absence of detectable

structural differences at this level of resolution suggests that the factors contributing

to the rheological variation cannot be captured using NMR, or that such differences lie

in mesoscale or dynamic properties, rather than static molecular speciation.
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Diluted Samples

Following the initial characterisation of the undiluted sodium silicates, the measure-

ments were performed on the same samples diluted to 50% of their original concen-

tration, and the obtained spectra are shown in Figure 10.1B. The aim was to assess

whether significant structural rearrangements occur upon dilution, given the expected

reduction in interparticle interactions and network connectivity at lower concentrations.

Despite the decreased sample concentrations, all spectra remained well resolved, with

clear Q1 to Q4 peaks observable across all samples.

The chemical shift positions for each Qn species remained effectively unchanged

(Table 10.4) compared to the undiluted samples, indicating no changes in the silicon

coordination environments detectable at the molecular level. This suggests that the

fundamental silicate speciation remains stable upon dilution. Among the three samples,

SD6522 showed a modest increase in the Q2/Q3 intensity ratio, alongside a slightly

elevated Q1 signal (Table 10.5). These subtle changes could suggest a shift toward

shorter chain fragments or less polymerised species.

Sample Q1 Q2 Q3 Q4

SD6521 −80.68 −89.15 −97.78 −107.45
SD6522 −80.37 −88.75 −97.37 −106.80
SD6524 −80.23 −88.62 −97.37 −106.39

Table 10.4: Chemical shift positions (in ppm) of each Q-species in the diluted (50%)
sodium silicate samples, as determined by 29Si NMR. No resolved signal was detected
for Q0.

Sample Q0 Q1 Q2 Q3 Q4

SD6521 -0.07 7.45 31.45 48.39 12.64
SD6522 0.17 9.70 33.81 40.94 15.38
SD6524 -0.16 7.05 31.84 47.17 13.78

Table 10.5: Normalised Q-species distribution (total = 100 ) in the diluted (50%)
sodium silicate samples based on 29Si NMR integration. Negative values for Q0 re-
flect low-intensity signals close to the noise baseline.
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However, these apparent differences are minor and fall within the known sensi-

tivity limits of low-field benchtop NMR instrumentation [365]. As such, they cannot

be confidently interpreted as definitive evidence of structural reorganisation. Rather,

they underscore the difficulty of resolving subtle dynamic or supramolecular changes

in silicate systems using 29Si NMR alone at this field strength.

The lack of significant variation across the three samples supports the interpreta-

tion that any differences observed in subsequent measurements, such as FRAP, are

unlikely to arise from major differences in silicate speciation, but rather from phys-

ical or supramolecular aspects of network organisation not directly observable using

29Si NMR. While this method provides valuable information about the local chemical

environments of silicon atoms, it is inherently limited in its sensitivity to supramolec-

ular organisation, particle interactions, or network-level dynamics. As such, it appears

largely blind to the differences among the three silicate samples, which are otherwise

distinguishable by their macroscopic properties, such as viscosity or turbidity (Ta-

ble 10.1). This highlights that, although chemically similar at the molecular scale, the

samples may differ in ways that are not captured by NMR, underscoring the need for

complementary techniques sensitive to mesoscale structure and dynamics.

10.3.2 FRAP Results

Following the validation of the FRAP methodology on model colloidal systems pre-

sented in Chapter 9, the method was applied to a set of industrial sodium silicate

solutions provided by PQ Silicas. Despite having nearly identical molar ratios, the

silicate samples studied here exhibit different viscosities, ranging from 46 cP to over

300 cP. While differences in concentration can largely account for the observed viscos-

ity variation, other factors such as the origin of the raw materials and manufacturing

conditions may also contribute. Moreover, variations in turbidity observed among the

samples require careful interpretation, as turbidity depends on multiple parameters,

including particle refractive index, size, and concentration, which are not fully char-

acterised here. While 29Si NMR analysis confirmed that the samples are chemically

similar at the molecular level, it did not indicate structural or dynamic differences.
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This highlights the need for a technique capable of probing microstructural properties

beyond the local chemical environment. The primary goal of this FRAP investigation

was therefore to determine whether fluorescence recovery dynamics can sensitively dis-

tinguish between samples that are chemically indistinguishable by NMR, based on their

diffusive characteristics and underlying supramolecular organisation.

Each sample was labelled with R6G at 5, 10, 15, and 20 µM concentrations, and

FRAP experiments were conducted using a standardised protocol to ensure consistency

across measurements. Recovery curves were fitted to a multi-exponential model using

a custom-fitting routine described in Chapter 9. Importantly, the samples were studied

both in their native (undiluted) form and after dilution to 50% of their original con-

centration. This allowed exploring how this affects the dye-silicate interactions and the

resulting recovered particle size. All samples were freshly prepared before measurement

to avoid aggregation or pH-induced artefacts that might arise from extended storage,

particularly after dilution. Ten FRAP curves were recorded for each sample, ensuring

statistical robustness in the extracted parameters. The results are presented in the

following sections, starting with the undiluted samples before turning to the diluted

series.

Stock Silicate Samples

Mono-Exponential Model Figure 10.2 presents the hydrodynamic radii recovered

from the mono-exponential fitting of FRAP recovery curves, for three undiluted sodium

silicate samples: SD6521, SD6522, and SD6524, across a range of dye concentrations

(5, 10, 15, and 20 µM). The radii were calculated from recovery curves using a single-

component diffusion model, assuming a uniform mobile fluorescent species. Although

simplistic, this model allows for comparative analysis between samples and conditions,

especially when the relative differences in recovery kinetics are of primary interest. A

detailed discussion of analysis methods is presented in Chapter 9.

While this model enables comparative analysis between samples and conditions, it

does not capture the inherent polydispersity of the system. Previous SAXS measure-

ments and compositional analyses indicate that the silicate particles span a distribution

228



Chapter 10. Nanometrology of Sodium Silicates using Fluorescence Recovery After
Photobleaching and 29Si NMR Spectroscopy

of sizes and possibly aggregation states, meaning that the diffusion measured in FRAP

reflects a convolution of these species [22,39,261]. As such, the recovered sizes should be

treated as apparent or effective values rather than true modal particle sizes. Nonethe-

less, the mono-exponential model, as discussed in Chapter 9, offers a practical means

of assessing trends in dye–particle interaction strength and diffusion behaviour across

different silicate systems.

Across all dye concentrations, SD6522 exhibits the largest recovered radii, followed

by SD6521, while SD6524 shows the smallest sizes. An interesting trend is observed

across all samples, with the hydrodynamic radius mostly decreasing as dye concentra-

tion increases; this effect is least pronounced in the SD6522 dataset, where the particle

size stays in the range of 10 nm independent of the dye concentration used. The reason

for this is potentially the preferential R6G adsorption discussed in detail in Chapter 6.

Namely, R6G preferentially adsorbs to larger particles due to their lower curvature,

reduced mobility, and higher net negative charge. However, as the dye concentration

increases, smaller particles are labelled and the average measured radius decreases.

This behaviour is indicative of a broad size distribution within the sample, where both

small and large particles coexist. At low dye concentrations, larger particles are more

likely to be labelled due to their greater surface area and binding capacity, while at

higher dye concentrations, smaller particles become increasingly represented in the la-

belled population, leading to a reduction in the average measured size. Furthermore,

with increased dye concentration, the fraction of free dye also rises, further contributing

to the average size decrease. In addition, it should be noted that R6G dimers do not

fluoresce, meaning that at higher dye concentrations, fluorescence from larger particles

may be diminished due to dimer formation. This quenching effect likely has a com-

parable influence to the saturation of less accessible binding sites on smaller particles,

further affecting the observed fluorescence and size measurements. Moreover, MD re-

sults presented in Chapter 6 suggest that R6G dimers do not interact significantly with

silica nanoparticles due to geometrical constraints. However, since these classical MD

simulations employ force field methods, their accuracy is limited, and the true nature of

dimer–nanoparticle interactions can only be conclusively determined through ab initio
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calculations.

Figure 10.2: Hydrodynamic radius recovered from mono-exponential fits of FRAP re-
covery curves for undiluted sodium silicate samples (SD6521, SD6522, SD6524/C79) at
four dye concentrations: 5 µM (A), 10 µM (B), 15 µM (C), and 20 µM (D). Recovered
values from 10 replicate runs are shown, with three standard deviations as error bars.
Outliers (red crosses) were excluded from error analysis.

Sodium Silicate R5µM (nm) R10µM (nm) R15µM (nm) R20µM (nm)

SD6524 2.83 ± 1.03 1.97 ± 0.78 0.57 ± 0.17 0.80 ± 0.29
SD6521 7.98 ± 0.25 2.32 ± 0.96 4.05 ± 0.95 1.82 ± 0.89
SD6522 9.51 ± 2.24 10.73 ± 0.90 6.45 ± 3.62 10.62 ± 3.79

Table 10.6: Recovered average hydrodynamic radii for undiluted sodium silicate sam-
ples at different R6G concentrations.

At low concentrations, most of the dye may be adsorbed to particles, meaning that

the dominant fluorescent species during recovery is the slower-diffusing complex. In the

neat state, particle sizes follow the trend SD6524 < SD6521 < SD6522 observed across

all concentrations. SD6524 stands out as the most concentrated formulation, with sig-

nificantly higher viscosity and turbidity than the other two silicates, which likely leads

to dense nucleation and a larger number of smaller particles. As a result, in this case,

R6G may accentuate those particles more than in the case of less concentrated SD6521

and SD6522, despite the preferential adsorption, contributing to the observed smaller
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sizes. R6G generally prefers larger particles in systems with a wide size range, where

its adsorption leans towards higher surface area or stronger binding sites. However, if

most particles are already small, as could be the case in SD6524, the tendency for pref-

erential adsorption diminishes, and the dye distributes more evenly across the particle

population. This leads to a more accurate sampling of smaller species, supporting the

trend of reduced apparent sizes.

In contrast, SD6522 and SD6521 have similar base formulations, as reflected by their

comparable viscosity and turbidity; however, SD6522 consistently shows larger sizes,

likely due to its higher impurity content promoting aggregation (Table 12). These im-

purities may facilitate interparticle bridging or alter surface charge interactions, leading

to the formation of larger, more stable clusters even under dilution. Furthermore, some

metals may even react with the silicate to form new, insoluble species. As a result,

the presence of trace components appears to have a significant impact on mesoscale

organisation, despite the samples being chemically similar at the molecular level. Ad-

ditionally, the lower viscosity in both SD6521 and SD6522 may hinder the detection

of smaller particles, potentially causing an upward shift in the apparent particle size.

Since the mono-exponential model assumes only a single population of diffusing species,

this unmodelled heterogeneity results in faster overall kinetics and consequently under-

estimated sizes.

The use of a mono-exponential model to extract characteristic diffusion times is a

significant simplification. In reality, the recovery curves in these systems may reflect

at least two populations: free dye, and dye adsorbed to silica particles. A detailed

discussion of the applicability of different models is presented in Chapter 9.

It is important to note that FRAP analysis assumes that the photobleaching it-

self does not perturb the physical system. However, at higher dye concentrations or

prolonged laser exposure, photothermal effects or dye-induced changes may transiently

modify the local microstructure of aggregation behaviour, particularly in metastable

systems, such as silicates. An example of such an effect is described later in the chap-

ter. It is also important to highlight a key experimental limitation arising from the

turbidity of the undiluted samples. High turbidity disrupts the spatial integrity of the
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laser beam during the bleaching phase, resulting in a diffuse and poorly structured

bleach spot, which contributes to measurement uncertainty and the magnitude of the

errors. A well-defined bleaching geometry is essential for accurate modelling and fit-

ting of the FRAP recovery, especially when relying on models that assume a spatially

uniform and circular bleach profile. To mitigate this, relatively high laser powers and

longer bleaching durations were necessary to ensure sufficient bleaching contrast across

the detection plane. While this introduces risks of laser-induced artefacts such as lo-

cal heating or photochemical aggregation, the trade-off was considered acceptable to

preserve the reliability of the bleach geometry.

Bi-Exponential Model To assess the potential presence of multiple diffusing

species, a bi-exponential model was applied to the FRAP recovery curves. This model

was based on a slightly simplified GBM fitting routine, as described in Chapter 9. The

analysis was performed on the same experimental runs that were previously evaluated

using a mono-exponential model, as shown in Figure 10.3.

232



Chapter 10. Nanometrology of Sodium Silicates using Fluorescence Recovery After
Photobleaching and 29Si NMR Spectroscopy

Figure 10.3: Hydrodynamic radii recovered from bi-exponential fits of FRAP recovery
curves for undiluted sodium silicate samples (SD6521, SD6522, SD6524) across dye con-
centrations of 5, 10, 15, and 20 µM. Solid lines denote the slow component (attributed
to dye bound to silicate particles), and dashed lines represent the fast component (pre-
sumed to correspond to free R6G dye). Each data point reflects one of ten replicate
runs.

Unlike the mono-exponential results, which offered relatively consistent trends (e.g.,

decreasing radius with the increasing dye concentration for SD6522), the bi-exponential

fits frequently failed to converge on physically meaningful values. Many fits yield im-

plausibly small radii for the fast component, well below known diffusion-limited values

for R6G in aqueous media, and sometimes much larger than what is expected for R6G;

or unrealistically large values for the slow component, in some cases exceeding expected

particle dimensions by multiple orders of magnitude. Furthermore, the recovered values

oscillate significantly, suggesting that the model cannot converge properly. This insta-

bility is particularly pronounced for SD6521 and SD6522 at 15 and 20 µM, where the
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relatively small particle sizes, combined with system complexity and elevated turbidity,

likely degrade the S/N ratio essential for stable multi-parameter fitting.

Moreover, the assignment of fast and slow species is frequently ambiguous. For

example, several runs appear to swap the expected magnitude components (especially

noticeable in 15 and 20 µM results), suggesting that the model fitting process struggles

to distinguish between overlapping kinetics based only on the fluorescence intensity

data. This reinforces the concern raised earlier in Chapter 9: while a multi-exponential

model is conceptually better suited to describe heterogeneous systems, its successful

implementation hinges on clean recovery profiles and high-quality data. In the current

dataset, the elevated turbidity, photobleaching artefacts, and complex and dynamic

dye–silica interactions likely undermine the model’s reliability.

In contrast, the mono-exponential fits, despite their simplifying assumptions, yield

smoother, more interpretable trends across runs and concentrations. The decrease in

apparent radius with increasing dye concentration, clearly visible in all samples, aligns

qualitatively with expectations of dye saturation and increased free dye fraction, even

if these values do not capture the full variety of the diffusing silicate species.

In conclusion, although the bi-exponential model approach offers an appealing

framework for separating free and bound dye populations, its practical application here

is hindered by experimental limitations and model sensitivity. The mono-exponential

fits, while less descriptive, offer a more robust and consistent means of tracking diffusion

trends across different silicates and dye concentrations.

Diluted Samples

Mono-Exponential Model The panels in Figure 10.4 present the hydrodynamic

radii extracted from FRAP recovery curves for three silicate samples, measured at

multiple dye concentrations, and diluted to 50% of the original concentration. In con-

trast to the undiluted results (see Figure 10.2), where recovered radii for the silicates

were relatively consistent between the runs, but showed signs of reduction in size at

higher dye concentrations due to free dye concentrations, the diluted samples offer a

less consistent view of diffusion behaviour across the concentration range.
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Figure 10.4: Hydrodynamic radius recovered from mono-exponential fits of FRAP
recovery curves for sodium silicate samples diluted to 50% (SD6521, SD6522,
SD6524/C79) at four dye concentrations: 5 µM (A), 10 µM (B), 15 µM (C), and
20 µM (D). Recovered values from 10 replicate runs are shown, with three standard
deviations as error bars. Outliers (red crosses) were excluded from error analysis.

Sodium Silicate R5µM (nm) R10µM (nm) R15µM (nm) R20µM (nm)

SD6524 9.16 ± 2.74 4.77 ± 2.85 1.50 ± 0.25 3.51 ± 0.42
SD6521 5.84 ± 2.26 15.56 ± 9.85 12.00 ± 2.42 1.80 ± 0.30
SD6522 7.95 ± 1.96 5.53 ± 2.14 4.67 ± 1.68 2.84 ± 0.49

Table 10.7: Recovered average hydrodynamic radii for diluted sodium silicate samples
at different R6G concentrations.

At 5 µM dye concentration (Figure 10.4A), the diluted samples reveal a relatively

large and similar RH for all three silicates, with SD6524 exhibiting the largest radius,

followed by SD6521, with SD6522 being the smallest. In contrast, the case of undiluted

samples revealed a different size, with SD6524 having the smallest radius. This trend

supports the view that reducing the particle concentration allows the labelling of larger

dye–particle complexes, which then dominate the recovery dynamics. Namely, at low

dye concentrations, larger particles have a higher probability of being labelled due to

their greater surface area and longer residence time in the bleached region. At higher

dye concentrations, more of the smaller particles are labelled, shifting the recovered
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radius downward. Dilution further amplifies this effect by lowering the total particle

concentration, effectively increasing the dye-to-particle ratio, doubling it, in the case of

a 50% dilution. As a result, smaller particles, which were underrepresented in low-dye

conditions, are now more readily labelled and contribute more to the recovery signal.

Additionally, the impact of diffusion kinetics must be considered. In dense samples,

the recovery signal is often dominated by small, fast-moving particles, which rapidly

restore fluorescence and can mask the contribution from slower, larger aggregates. In

contrast, in diluted samples, the fast-diffusing species may recover fluorescence within

the first few seconds, leaving the slower components, such as large aggregates, to dom-

inate the later stages of the recovery curve. Consequently, FRAP fitting in diluted

samples may return slower average diffusion rates, interpreted as larger apparent sizes.

Finally, dilution may itself modify the supramolecular structure of the silicates.

Although NMR shows no disruption of the primary silicate framework, dilution could

weaken interparticle interactions, disrupt loosely bound aggregates, or alter the colloidal

equilibrium. These subtle structural shifts may change how the dye interacts with the

particles and how diffusion manifests in the system, further complicating interpretation.

Moreover, some recovery curves show an increasing hydrodynamic radius with repeated

measurements, which may indicate laser-induced aggregation or ongoing silicate growth

during the experiment. This will be discussed in more detail in Section 10.3.3.

However, as the dye concentration increases, the samples start showing more vari-

ability, but less consistency when compared with undiluted samples, nonetheless, the

trend of decreasing size with increasing dye concentration is somewhat present here

as well. For example, SD6521 becomes unstable, displaying extreme values and large

error bars, especially at the intermediate concentrations. A similar phenomenon was

observed with SD6522 in the case of undiluted samples. At 20 µM, the hydrodynamic

radii for all samples collapse to values below 5 nm, which is analogous to the overall

decrease in the recovered radii for undiluted samples. This again highlights the dom-

inance of free dye in the recovery signal, as a mono-exponential model is unable to

separate multiple diffusive species.

Nonetheless, in the case of diluted samples, FRAP can still reliably differentiate
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between the three silicate samples under those conditions. At certain dye concen-

trations, particularly intermediate values (e.g., 10 and 15 µM, panels B and C), the

differences between samples are still observable, suggesting that FRAP retains dis-

criminatory power under carefully chosen conditions. However, the absolute recovered

sizes differ from those obtained in undiluted samples, and the trends can become in-

consistent, as seen with SD6521. This raises the concern that dilution alters not just

measurement sensitivity, but also the dominant diffusion behaviour captured in the

analysis.

However, as the dilution reduces the total particle concentration, this results in

increased relative dye concentration, which although it improves S/N ratio, reduces

the average recovered particle size. Furthermore, dilution also introduces experimental

and data analysis challenges, which can also contribute to the observed inconsistencies

between stock and diluted samples. The main drawback is that it decreases the overall

viscosity of the sample, thus altering the overall mobility of all species, and reducing

the confinement of the bleached spot as a result. This undermines the assumption of

a well-defined initial condition in FRAP analysis and can introduce substantial errors,

particularly, when the spatial gradient of the bleach is insufficiently sharp.

Although dilution was initially expected to improve FRAP size estimates by reduc-

ing interparticle interactions, suppressing transient aggregates, and reducing turbidity,

the results indicate that this approach introduces significant drawbacks. Most notably,

the size trends become inconsistent across different dye concentrations. For example,

at 5 µM, all three samples have comparable sizes, while at 10 µM and 15 µM, SD6521

shows significantly higher values than the other two samples, and does not follow the

pattern of decreasing size with increasing dye concentration. This lack of consistency

undermines the reliability of sample dilution.

Furthermore, the error bars in the diluted measurements are considerably larger

across nearly all samples in all concentrations, since the sharp drop of viscosity upon

dilution leads to faster diffusion of both the dye and labelled nanoparticles. Given that

there is an unavoidable 1 s delay between bleaching and the image acquisition, this

becomes a critical issue. As described in Section 9.3.2 of Chapter 9, in low-viscosity en-
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vironments, a substantial portion of the fluorescence recovery can occur during this gap,

especially for free dye, making it extremely difficult to resolve the early fast component

of the decay. This limitation makes the bi-exponential fitting approaches unfeasible in

the diluted samples without involving time-resolved measurements.

The above issues suggest that sample dilution, while potentially useful for reducing

artefacts in some systems, such as those exhibiting high turbidity, is not an optimal

strategy for studying diffusion in sodium silicates by classical, intensity-based FRAP.

The undiluted systems, despite their higher turbidity and structural complexity, pro-

vide more consistent size trends across dye concentrations and retain sufficient viscos-

ity to allow meaningful separation of fast and slow diffusion components. For future

applications, particularly where a multi-exponential model is desired, maintaining a

moderately high sample concentration, to ensure high viscosity, which is essential in

capturing nuanced diffusion characteristics, appears to be essential.

Bi-Exponential Model To assess whether a more complex model can aid in sep-

arating the diffusion behaviour of multiple species present in the samples, the FRAP

recovery curves were fitted to a bi-exponential model as in the case of neat samples.

The results of fitting to a bi-exponential model are shown in Figure 10.5.

238



Chapter 10. Nanometrology of Sodium Silicates using Fluorescence Recovery After
Photobleaching and 29Si NMR Spectroscopy

Figure 10.5: Hydrodynamic radii recovered from bi-exponential fits of FRAP recovery
curves for diluted sodium silicate samples (SD6521, SD6522, SD6524) across dye con-
centrations of 5, 10, 15, and 20 µM. Solid lines denote the slow component (attributed
to dye bound to silicate particles), and dashed lines represent the fast component (pre-
sumed to correspond to free R6G dye). Each data point reflects one of ten replicate
runs.

Overall, the recovered RH values obtained from fitting the data for the diluted

silicates to the bi-exponential model exhibit identical features as seen in the case of

undiluted samples. Namely, the values for the shorter component exhibit significant

oscillations, and in the majority of the cases report values significantly larger than the

known radius of R6G equal to ∼ 0.6 nm, even when the oscillations start to settle down

at higher dye concentrations.

Despite its theoretical advantage in capturing multiple diffusion components, the

bi-exponential model fails to produce reliable or physically meaningful results in diluted

samples, similar to what was observed in undiluted silicates. The fits yielded unstable
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parameters, which showed substantial variability between runs. In many cases, the

model appeared over-parametrised relative to the data quality, leading to inconsistent

trends, similar to those observed in the case of undiluted samples. These issues suggest

that, under current experimental conditions, the added complexity of the bi-exponential

model in intensity-based FRAP measurements does not translate into clearer insights

and may instead obscure the underlying diffusion behaviour.

10.3.3 Potential Laser-Induced Effects on Silicate Systems in FRAP

In some FRAP measurements, the postbleach fluorescence intensity exceeded the pre-

bleach baseline. This effect was predominantly observed in the diluted sodium silicate

samples, and less frequently in the undiluted ones, and was not limited to only a specific

sample, but rather present in all of them. Exemplar curves exhibiting such behaviour

are shown in Figure 10.6.

Figure 10.6: Anomalous FRAP recovery curves for diluted SD6524 sample labelled
with 15 µM of R6G.

While such behaviour is typically attributed to artefacts, such as drift, focus shifts,

or normalisation errors, it may also reflect the real photophysical or photochemical
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changes occurring during the bleaching phase. The fact that this effect is most pro-

nounced in the diluted sodium silicate samples may be tied to the intrinsic stability of

silica nanoparticles in solution. Silica colloids require a certain equilibrium concentra-

tion of silicate and sodium ions to maintain their surface charge and hydration shell;

upon dilution, this balance can be disrupted, leading to partial dissolution or restructur-

ing of the nanoparticle surface and a greater susceptibility to heat- or charge-induced

aggregation. Given the relatively high laser power (150 mW) and duration (3 s) of

the 532 nm bleaching pulse used in these experiments, it is possible that the laser

induced localised heating in the sample. This may have destabilised the electrostatic

double layer surrounding the silicate nanoparticles or disrupted hydration shells, as

a result, promoting interparticle interactions or aggregation in the affected area. In

addition to thermal effects on the nanoparticle environment, it is also conceivable that

laser excitation disrupts pre-existing non-fluorescent R6G dimers, converting them into

fluorescent monomers and altering the observed signal. Furthermore, elevated temper-

atures may accelerate chemical reactions or promote physical processes such as Ostwald

ripening, contributing further to structural changes during the experiment [366]. Such

laser-induced aggregation is particularly plausible in sodium silicate systems, which are

known to have marginal colloidal stability and are sensitive to local heating. Similar to

the laser-induced gelation observed in silica aerogel synthesis [367], localised thermal

energy from the 532 nm pulse could reduce the energy barrier for silanol condensation,

promoting the formation of larger Si–O–Si aggregates. If these newly formed clusters

have a higher affinity for dye molecules, as suggested by MD simulations (See Chap-

ter 6, Section 6.3.4), this could lead to enhanced fluorescence in the bleached region,

falsely mimicking the recovery above baseline. Therefore, the apparent recovery above

the baseline may not be a simple artefact, but a photothermally induced restructuring

of the nanoparticle–dye system within the region of interest.

Moreover, intense irradiation might cause photo-induced changes in the dye itself,

potentially altering its binding affinity or causing redistribution between nanoparticle

surfaces. Under intense 532 nm irradiation, R6G molecules populate long-lived triplet

states that transfer energy to dissolved oxygen, generating singlet oxygen which irre-
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versibly oxidises the xanthene core and cleaves the fluorophore [368]. Furthermore, R6G

can exhibit photoblinking through radical dark states formed via intermolecular charge

transfer, introducing transient “off” periods that can artifactually boost apparent re-

covery above baseline when dark-state dyes reactivate [369]. Together, these effects

highlight that under certain conditions, the bleach pulse in FRAP experiments is not

simply a passive photobleaching step, but can actively perturb the colloidal structure

of complex systems like sodium silicates. Such findings underscore the importance of

careful power calibration, control measurements, and complementary structural analy-

sis when interpreting FRAP data in chemically reactive or unstable systems.

FRAP and 29Si NMR Comparison

The findings from 29Si NMR measurements indicate that the silicate network remains

chemically stable and well-conserved, even upon significant dilution. The absence of

notable spectral differences confirms that the primary connectivity of silicon tetrahedra,

i.e., the degree of polymerisation, remains unaffected. In other words, the dilution

procedure does not break down or restructure the silicate network on the atomic level.

FRAP experiments reveal a clear distinction between the silicate samples. Even

in the undiluted state, where NMR shows nearly identical spectra, FRAP consistently

detected differences in the recovery profiles and resulting hydrodynamic radii (see Ta-

ble 10.6). This discrepancy suggests that while the silicate network structure is chemi-

cally similar across the samples, as indicated by virtually identical NMR spectra, their

physical states, such as particle aggregation, dye-binding environments, or colloidal in-

teractions, differ in ways that strongly influence dynamic measurements such as FRAP.

The hydrodynamic radii derived by FRAP for the neat samples were found to

follow the order SD6524 < SD6521 < SD6522 at all dye concentrations (Table 10.6).

The smallest radii (0.57 to 2.83 nm) were measured for SD6524, which also exhibited

the highest viscosity (304 cP) and turbidity (14 NTU) in its undiluted form, consistent

with a system in which many small particles are formed. In contrast, SD6522 was found

to display the largest radii (6.45 to 10.73 nm) despite viscosities and turbidities (46 cP

and 5.8 NTU) comparable to those of SD6521 (48 cP and 8.8 NTU), implying that its
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greater impurity content promotes aggregation into fewer larger particles. Intermediate

radii (1.82 to 7.98 nm) were recorded for SD6521, reflecting its moderate viscosity and

turbidity and lower aggregation propensity. Given that all three samples share nearly

identical molar ratios and NMR spectra, these size variations must be attributed to

secondary supramolecular factors such as particle packing, network entanglement and

dye surface interactions to which FRAP is sensitive.

Upon dilution, FRAP reveals a further silicate complexity. While NMR still shows

no visible changes, the FRAP-measured hydrodynamic radii fluctuate unpredictably

throughout the different R6G concentrations, with significant variability and loss of

reproducibility between individual experiment repetitions. Those differences between

structural stability as revealed by NMR and dynamic variability reported by FRAP

underscore the sensitivity of the silicate system to environmental conditions that alter

interparticle dynamics without disrupting the underlying silicate framework.

It is important to note, that minor variations in recovered hydrodynamic radii were

observed between successive experimental runs. In neat silicate samples, there is a

slight trend of decreasing radii over the course of repeated measurements, whereas in

dilute samples, a small increase is sometimes seen. These effects likely arise from subtle

changes in local dye distribution, transient particle rearrangements, or minor laser-

induced artefacts, rather than systematic changes in the silicate network itself. Given

the limited dataset, these variations cannot be definitively attributed to run sequence

effects, but they highlight the sensitivity of FRAP to dynamic sample conditions.

Together, these results highlight the distinct yet complementary insights provided

by FRAP and NMR. The NMR spectra confirm that dilution and sample differences

do not alter the silicate network structure; however, FRAP exposes a more nuanced

picture of sample behaviour, sensitive to viscosity, aggregation and dye-particle interac-

tions. These differences are not easily inferred from composition alone, reinforcing the

importance of using multi-modal approaches when characterising complex, multiscale

colloidal systems.

243



Chapter 10. Nanometrology of Sodium Silicates using Fluorescence Recovery After
Photobleaching and 29Si NMR Spectroscopy

10.4 Conclusions

This chapter explored the structural and dynamic behaviour of sodium silicate liquids

using a combination of 29Si NMR spectroscopy and FRAP. The primary aim was to

understand how the silicate network polymerisation, particle size, and mobility vary

with composition and dilution, and whether these differences manifest consistently

across structural and dynamic measurement techniques.

The NMR analysis of samples SD6521, SD6522, and SD6524, revealed no substantial

differences in the distribution of Q-species across the three silicates in both undiluted

and diluted conditions. The findings suggest that the core silicate framework remains

chemically and structurally intact regardless of dilution or subtle composition differ-

ences. No significant shifts in Q0–Q4 intensities were observed, confirming the stability

of the silicate network at the molecular level.

In contrast, FRAP measurements revealed clear differences in hydrodynamic radii.

Mono-exponential fits yielded sample sizes spanning 0.57–2.83 nm for SD6524 (small-

est), 1.82–7.98 nm for SD6521 (intermediate), and 6.45–10.73 nm for SD6522 (largest),

with bi-exponential modelling proving unreliable due to errors arising from overlapping

recovery kinetics. These results point to sample-specific variations in silicate speciation,

dye-surface interactions, and mesoscale organisation that are invisible to NMR. When

NMR and FRAP outcomes are combined, a complementary picture emerges: while

NMR confirms a uniform silicate speciation in all samples, FRAP uniquely resolves dif-

ferences in particle packing and dynamic behaviour, demonstrating that formulations

chemically indistinguishable by NMR can be dynamically distinct under FRAP.

Additionally, FRAP measurements on samples diluted to 50% revealed increased

variability and, at low dye concentrations, larger apparent radii, highlighting how re-

duced particle concentration amplifies the free-dye contribution and complicates accu-

rate size recovery. Furthermore, dilution lowers the viscosity, accelerating diffusion and

compromising the spatial confinement of the bleached spot, which in turn undermines

the reliability of multiexponential models in low-viscosity environments.

Together, the findings demonstrate that while NMR provides detailed insights into
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the chemical and structural connectivity of silicate networks, it is largely insensitive to

dynamic and supramolecular differences that can strongly influence particle behaviour.

FRAP captures this missing dimension, revealing aggregation, size, and diffusion be-

haviour that directly impact functional performance. Importantly, FRAP offers key

practical advantages over commonly used techniques like SAXS or SANS: it is faster,

more cost-effective and widely accessible, with CLSM equipped for FRAP being stan-

dard in many biological and materials science laboratories. While scattering techniques

can provide detailed and quantitative size distributions and even shed some light on

the particle shape and structure, FRAP can rapidly identify trends and anomalies

in complex or evolving colloidal systems, making it a valuable and powerful screening

tool. Moreover, the observed differences in FRAP-recovered sizes between silicates with

nominally identical molar ratios may reflect not only aggregation states or experimental

conditions but also intrinsic variations in source materials, such as differences in sand

purity, trace ion content, or synthesis protocols. These findings underline the potential

of FRAP as a practical and sensitive method for probing the functional dynamics of in-

dustrial silicate solutions where compositional control may be limited. The combination

of methods reveals a coherent picture: silicate polymerisation decreases systematically

with decreasing molar ratio, but the dynamic behaviour (e.g., mobility, dye binding,

aggregate disruption) is influenced by composition, concentration-dependent effects,

and particle interactions.

The insights presented in this chapter are particularly relevant for industrial and

geochemical applications, where silicate-based formulations’ performance often depends

on their molecular composition and mesoscale structural organisation.
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11.1 Conclusions

The central hypothesis of this thesis was that fluorescence-based techniques, when

combined with molecular simulations, provide a reliable and scalable framework for

characterising silica colloids and sodium silicate systems. Specifically, it was proposed

that FRAP could distinguish particle size differences in sodium silicate solutions that

remain invisible to 29Si NMR. This hypothesis has been broadly supported, though the

work has also highlighted important limitations and avenues for improvement.

The work began with molecular simulations (Chapter 6), where the dynamics of xan-

thene dyes, mainly R6G, in the presence of silica nanoparticles were investigated. These

studies achieved the objective of establishing a molecular-scale picture of dye–surface

interactions. Adsorption was shown to depend strongly on nanoparticle curvature, crys-

tallinity, and pH, with van der Waals forces revealed to play a more significant role than

commonly assumed. While these simulations were limited in system size and timescale,

they nonetheless provided crucial mechanistic insight into dye binding, directly inform-

ing the later experimental design. However, the simulations were restricted to spherical

nanoparticles, whereas literature indicates that sodium silicate species may adopt ellip-
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soidal or more irregular shapes. This geometrical simplification may have overlooked

anisotropic adsorption effects. Furthermore, binding free energy profiles were not com-

puted, meaning adsorption strength could only be inferred indirectly. Such profiles

would have provided a thorough thermodynamic analysis of adsorption to complement

the kinetic insights from residence times. Although considerable effort was invested in

calculating dimer binding energies using SMD and DFT, the strength of monomer–SNP

binding was not directly measured, which prevented a rigorous comparison of dye–dye

and dye–surface affinities in terms of binding strength.

Nevertheless, residence time analysis offered an indirect route to quantify binding

strength. By applying Eyring transition state theory, adsorption lifetimes in the range

of 1–100 ns were mapped onto activation free energies of ∼5–8 kcal·mol−1. These

barriers fall in the range characteristic of hydrogen bonds and weak electrostatic inter-

actions, aligning with the expected silanol–R6G chemistry. Importantly, this represents

the kinetic barrier to desorption rather than the full equilibrium binding free energy.

A rigorous ∆Gbind would require free energy methods such as PMF or metadynamics,

which remain a clear direction for future work.

Chapter 7 addressed the second objective by exploring R6G dimerisation in solution

and on nanoparticle surfaces. The results showed that dimerisation is favoured in

solution, competing with adsorption but rarely coexisting stably. Importantly, a new

methodology for estimating aromatic dimer binding energies using SMD was validated

against high-level DFT. This offered a computationally efficient tool for analysing non-

covalent interactions, though it remains approximate compared to ab initio methods.

Together, these studies confirmed the initial hypothesis that dye–dye and dye–surface

equilibria are key to understanding fluorescence signals in nanoparticle systems.

The comparison between SMD-derived work values and DFT also underscored a

systematic limitation. According to the Jarzynski equality, the true free energy is

always lower than the average non-equilibrium work, meaning SMD estimates should

systematically overbind relative to equilibrium values. This was consistent with the

observed overestimation of some dimer stabilities. Nevertheless, applying the same

protocol across systems ensured meaningful relative comparisons with DFT, even if
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absolute binding energies remain inflated.

The third objective, experimental validation through fluorescence methods, was

pursued in Chapters 8 and 9. Time-resolved anisotropy demonstrated that dye probes

can provide reproducible average particle sizes for sodium silicate oligomers, with re-

sults in close agreement with SAXS. The method proved robust, cost-effective, and

non-invasive, benefiting from the electrostatic labelling ability of R6G, which avoids

complex chemical modification. However, anisotropy was inherently limited to report-

ing mean hydrodynamic radii and could not resolve size heterogeneity. Moreover, dye-

to-particle ratios were not explicitly considered, which is now recognised as a critical

limitation. A naive calculation assuming dense spherical SNPs suggested unphysical

ratios (<10−5 dyes per particle), whereas correcting for polydispersity, porosity, and

anisotropy bias yields far more realistic values (0.01–1). This highlights that only a

subset of particles contributes to anisotropy signals and that labelling efficiency must

be carefully considered in future studies.

FRAP was then developed and validated as a nanometrology tool. In silica colloids

(LUDOX), FRAP successfully resolved distinct particle populations, outperforming

anisotropy in capturing polydispersity. The method’s sensitivity to viscosity, dye con-

centration, and model selection was both a strength and a limitation: when carefully

optimised, FRAP gave highly reliable results, but poor parameter choices introduced

artefacts. The work thus met the objective of establishing FRAP as a complementary

characterisation method, while also clarifying the conditions under which it is most

effective. One critical caveat, however, is that FRAP implicitly assumes stable dye

adsorption during the recovery period. Simulations demonstrated that adsorption is

in fact dynamic, with desorption occurring on nanosecond timescales. Fortunately, be-

cause this is several orders of magnitude faster than FRAP’s seconds-scale recovery,

the data still represent reliable ensemble averages. Nevertheless, at high dye concen-

trations, rapid adsorption–desorption cycles may increase the contribution of free dye

to recovery curves, subtly biasing apparent size estimates.

Finally, the hypothesis was directly tested in Chapter 10, where FRAP was ap-

plied to chemically similar sodium silicate samples. NMR confirmed consistent Q-
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species distributions across samples, yet FRAP revealed clear differences in particle

sizes and diffusion behaviour, supporting the hypothesis that FRAP captures struc-

tural dynamics invisible to conventional methods. These results are significant, showing

that supramolecular differences arising from synthesis or impurities can be resolved by

FRAP, even when local chemical composition remains unchanged.

Taken together, the thesis objectives were achieved as follows:

• Provided mechanistic insights through molecular-scale modelling, though re-

stricted by scale. Future work should incorporate non-spherical particle models

and compute binding free energies directly.

• Validated dye behaviour through photophysical characterisation and produced

reliable average size estimates, though unable to resolve heterogeneity. Explicit

treatment of dye/particle ratios remains necessary.

• Established FRAP as a powerful method for probing size distributions, with lim-

itations rooted in dye concentration and fitting models. The implicit assumption

of stable adsorption, although practically valid, should be treated with caution

in systems with higher dye exchange.

• Benchmarked fluorescence-obtained results against SAXS and NMR, demonstrat-

ing complementarity and highlighting FRAP’s unique sensitivity to mesoscale

dynamics.

Despite the limitations identified, such as resolution constraints in anisotropy mea-

surements, parameter sensitivity in FRAP, simplified simulation geometries, missing

data on monomer–SNP binding, unconsidered dye–particle ratios, and absence of bind-

ing free energy profiles, the thesis makes significant contributions. It demonstrates

that simple fluorescence techniques can uncover nanoscale features beyond the reach of

more traditional methods, and that computational and experimental approaches can

be effectively integrated to provide a multiscale picture of dye–silicate systems.

Future improvements could include adopting lifetime-gated FRAP, expanding

molecular dynamics simulations to larger assemblies with free energy calculations, and
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conducting systematic dye-labelling studies.

Ultimately, the core hypothesis has been confirmed: fluorescence-based nanometrol-

ogy, especially FRAP, offers a distinctive, affordable, and scalable method for character-

ising silica colloids and sodium silicates. While not replacing established techniques, it

provides complementary insights into dynamics and particle size heterogeneity, thereby

expanding the range of tools available for both academic and industrial use.

11.2 Future Outlook

With the core objectives of this thesis addressed, spanning molecular-level dye-

nanoparticle interactions to the practical application of fluorescence-based nanometrol-

ogy in industrial silicate systems, the final section outlines several directions for future

research building on the methodologies and insights developed here.

11.2.1 Future Directions in Computational Modelling of Dye–SNP

Interactions

This thesis has established a computational framework for understanding dye-dye and

dye-SNP interactions using classical MD, SMD and DFT approaches. While these

methods provided valuable insights into curvature-dependent adsorption, dye dimeri-

sation and the magnitude of binding energies, they were necessarily constrained by

assumptions of idealised geometry and force field accuracy. One clear direction for

future work involves extending the nanoparticle models beyond spherical approxima-

tions used here. In reality, SNPs, especially sodium silicates, often adopt ellipsoidal

morphologies, which can be either oblate (flattened) or prolate (elongated) [261]. In-

corporating these anisotropic shapes into simulations would provide a more realistic

representation of surface curvature heterogeneity and its influence on dye binding, ori-

entation, and mobility.

In addition to improved geometric realism, future studies could benefit from ad-

vanced sampling techniques and higher-level electronic structure methods. For in-

stance, the use of ab initio MD would allow explicit treatment of electronic effects
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during adsorption events, particularly important for charged dyes like R6G. Further-

more, enhanced sampling methods, such as umbrella sampling or metadynamics, can be

employed to map free energy profiles along dye-surface interaction coordinates, yielding

deeper insights into thermodynamic and kinetic effects of adsorption, desorption, and

orientation. This would help overcome the limitations of conventional MD, which can

miss rare events or underestimate energy barriers due to sampling of configurational

space.

Another key limitation of the present work is the assumption that the dye molecule

retains its charge state and molecular structure across all pH conditions. In reality, pH-

induced protonation or deprotonation could alter both the electronic distribution and

geometry of the dye, therefore influencing its interaction with the SNP surface. Future

computational studies should explicitly account for these protonation equilibria using

pKa prediction, quantum chemical tautomer scans, or constant-pH MD techniques to

more accurately model the pH-dependent behaviour.

To further improve the accuracy of the binding energy calculations, especially in

weakly bound or charge-transfer systems, methods beyond DFT should be consid-

ered. In particular, CCSD(T), often referred to as the “gold standard” in quantum

chemistry, can provide benchmark-quality interaction energies for selected dye–dye

or dye–surface configurations. Additionally, similarity-transformed equation-of-motion

coupled-cluster theory (STEOM-CCSD(T)) offers an appealing balance between com-

putational cost and excited-state accuracy, and can be used in conjunction with time-

dependent DFT to enhance the theoretical understanding of fluorescence spectra and

excited-state processes [370]. These methods would enable direct connections between

predicted electronic transitions and experimental observables, such as adsorption or

quenching effects, offering atomistic insight into the photophysics of dye–SNP systems

and dye aggregation mechanics.

Lastly, a crucial direction for future modelling involves the role of impurities in

nanoparticle formation and aggregation. Experimental FRAP results suggest that

seemingly identical silicate samples can differ significantly in diffusion behaviour, pos-

sibly due to uncontrollable trace elements or synthesis-related variability. Computa-
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tional studies could therefore explore the early-stage formation of silicate network from

individual silicon-oxygen tetrahedra in the presence of metal contaminants, such as

magnesium, aluminium, or iron, which may act as aggregation seeds. Understanding

how these ions affect network growth, structural compactness and dye-binding affinity

would provide much-needed context for interpreting differences in experimental mobil-

ity data and help identify hidden artefacts behind nanoparticle behaviour in industrial

silicate solutions.

11.2.2 Experimental Outlook: Enhancing Dye–Nanoparticle Charac-

terisation Techniques

While current work demonstrated that R6G can serve as a reliable probe for

fluorescence-based nanometrology due to the simple labelling procedure and its high

stability, one clear direction for experimental refinement involves the development and

use of dyes that covalently bind to silica nanoparticle surfaces. The current approach,

based on physisorption, inherently introduces free dye into the sample, which can sig-

nificantly bias diffusion measurements, particularly in low-viscosity or diluted systems,

by contributing faster-moving fluorescent species to the recovery signal. This artificially

lowers the measured hydrodynamic radii and complicates model selection. Employing

silane-functionalised fluorophores, which form stable Si–O–Si bonds with the nanopar-

ticle surface, would eliminate this issue by ensuring that all fluorescence originates

from particle-bound dye. This would improve measurement precision, reduce back-

ground signal variability, and ultimately enhance the reliability of FRAP-based size

determination across a wide range of systems.

A more advanced experimental direction involves the integration of time-resolved

FRAP (TR-FRAP) using SPAD array detectors. This approach would leverage the

distinct fluorescence lifetimes of free versus bound dye to decouple their contributions

during the recovery phase. Free dye, typically exhibiting shorter lifetimes, could be se-

lectively excluded or de-emphasised in the data analysis, allowing more accurate quan-

tification of nanoparticle-bound diffusion kinetics. Moreover, combining TR-FRAP

with fluorescence anisotropy imaging would yield a powerful hybrid platform capable
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of simultaneously determining rotational and translational diffusion. This would allow

for the extraction of both viscosity and particle size from a single measurement, elimi-

nating the need for independent viscosity calibration or prior knowledge of the sample’s

physical properties. Such a self-contained TR-FRAP-anisotropy setup would dramat-

ically streamline data acquisition and analysis, and make the method more broadly

applicable, particularly in high-throughput or industrial settings.

In parallel with these methodological developments, several key instrumental im-

provements could substantially enhance experimental performance. Replacing the cur-

rent mirror in the bypass path with a beamsplitter would eliminate the ∼1 s delay

between the bleaching and imaging, thereby reducing measurement artefacts caused

by early-stage diffusion. Similarly, a more powerful laser source would allow for faster

and more complete bleaching, minimising motion blur and initial recovery during the

photobleaching phase. Sample cooling could also be introduced to slow down molec-

ular diffusion, particularly useful for low-viscosity or highly dynamic samples, further

improving spatial confinement and measurement accuracy.

Beyond the optical setup, the development of a dedicated graphical user interface

for FRAP data analysis would greatly increase the accessibility and reproducibility of

the method, especially for non-expert users. Lastly, given the ease and speed with

which FRAP data can be generated, training ML models on a large, curated dataset

of silicate measurements could enable fast, automated prediction and classification of

nanoparticle sizes based on raw recovery curves. This would be particularly valuable

for industrial control workflows, where quick feedback is essential.

Finally, recent observations from SAXS and steady-state fluorescence measurements

have revealed the presence of intrinsic fluorescence in certain industrial silicate for-

mulations, likely originating from trace impurities such as iron (Fe3+) or chromium

(Cr3+) [371]. These metal ions are known to exhibit fluorescence under specific condi-

tions and may complicate the interpretation of dye-based measurements [372]. Their

presence also raises deeper questions about their role in the structural and dynamic

behaviour of silicate networks, potentially acting as nucleation points, aggregation cen-

tres, or quenching agents. Future experimental work should focus on systematically
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characterising the photophysical properties of these impurities across different formu-

lations, perhaps using spectrally resolved lifetime imaging or elemental analysis (e.g.,

ICP-MS) to quantify and isolate their effects. Understanding the contribution of these

metal impurities would not only improve data accuracy in fluorescence-based techniques

but also help establish impurity thresholds for quality control in industrial silicate pro-

duction. Such investigations could lead to better-defined specifications for raw material

sourcing and processing, and might even reveal opportunities for deliberately tuning

silicate properties via controlled impurity incorporation. Moreover, with the recent rise

in the accessibility and popularity of SPAD detectors, there is promising potential to

develop a novel, high-sensitivity fluorescence-based method for impurity quantification

in silicate systems, offering a fast, optical alternative to traditional elemental analysis.

11.3 Final Remarks

Taken together, the work presented in this thesis establishes a comprehensive and ver-

satile platform for the characterisation of silica-based nanomaterials, grounded in both

theoretical modelling and experimental innovation. From elucidating fundamental dye-

nanoparticle interactions at the molecular scale to developing practical, fluorescence-

based techniques for resolving particle sizes in chemically complex systems, this re-

search bridges critical gaps between computational chemistry, spectroscopy, and ap-

plied nanometrology. The integration of FRAP and fluorescence anisotropy as acces-

sible, cost-effective alternatives to traditional techniques represents a significant step

forward in the field, particularly for systems where standard methods fall short. The

computational strategies and experimental methodologies developed here not only im-

prove our understanding of silica nanomaterials but also provide a foundation for future

exploration of diverse soft-matter and colloidal systems. As nanotechnology continues

to intersect with industrial processing, biomedical diagnostics, and environmental mon-

itoring, the tools and insights introduced in this thesis will remain relevant, adaptable,

and impactful in both academic and applied contexts.
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TCL Script for Measuring COM Coordinates

The following TCL script is used to calculate and save the coordinates of the COM for

two selected residues during a molecular dynamics trajectory in VMD.

# Daniel Doveiko January 6th 2022

# daniel.doveiko.2018@uni.strath.ac.uk

# script to save coordinates of 2 COM of any selected residues

# it creates a file coordinates.dat with the data

# to use: >source COMcoord.tcl

# >measure_coordinates "protein and resid X" "protein and resid Y"

proc measure_coordinates { selstring1 selstring2 {molID {top}} {weight {}} } {

set sel1 [atomselect $molID $selstring1]

set sel2 [atomselect $molID $selstring2]

set numframes [molinfo top get numframes]

set output [open "coordinates.dat" w]

puts $output "Frame\tx-coord\ty-coord\tz-coord\tx-coord\ty-coord\tz-coord"

for {set i 0} {$i < $numframes} {incr i} {

animate goto $i

if {![llength $weight]} {

set cent_sel1 [measure center $sel1]

set cent_sel2 [measure center $sel2]

} else {
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set cent_sel1 [measure center $sel1 weight $weight]

set cent_sel2 [measure center $sel2 weight $weight]

}

puts $output "$i\t$cent_sel1 $i\t$cent_sel2"

}

$sel1 delete

$sel2 delete

unset numframes

unset output

}

System composition for simulations used in subsec-

tion 6.3.3

System # of R6G R6G # of SNP SNP Cl− # of Na+ per NP / SNP charge Water Total

40qSNP7 6 64 1 3,141 6 51 80,118 83,700
40qSNP12 6 64 1 3,077 6 116 80,612 84,195
40cSNP7 6 64 1 2,725 6 58 81,832 85,005
40cSNP12 6 64 1 2,638 6 155 80,292 83,475
20qSNP7 6 64 3 436 6 11 82,731 84,462
20qSNP12 6 64 3 421 6 27 84,153 85,887
20cSNP7 6 64 3 376 6 17 83,325 84,894
20cSNP12 6 64 3 354 6 39 81,861 83,430

Table 1: System composition. From left to right: the number of R6G molecules, the
number of atoms within one R6G molecule, the number of SNPs added into the system
and number of atoms involved in SNPs, number of Cl− ions, number of Na+ ions and
number of water atoms are listed.
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Dilution Measurements

Figure 1: Fluorescence intensity decays of (a) R6G in NaOH, (b) R6G-silicate complex;
(c) RB in sodium silicate.
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SiO2 (%) [NaOH] (M) T1 (ns) B1 (%) T2 (ns) B2 (%) C (%) χ2

27.0 2.0 3.42 82.43 0.94 8.01 9.56 1.23
24.3 1.8 3.46 88.30 0.79 5.19 6.50 1.13
21.6 1.6 3.51 93.43 0.58 3.43 3.14 1.18
18.9 1.4 3.55 93.06 0.57 3.59 3.35 1.12
16.2 1.2 3.55 95.23 0.45 3.63 1.15 1.05
13.5 1.0 3.65 94.19 0.59 2.16 3.65 1.09
10.8 0.8 3.73 93.98 0.69 1.14 4.58 1.16
8.1 0.6 3.81 93.39 1.43 1.66 4.95 1.19
5.4 0.4 3.89 93.58 1.78 2.53 3.89 1.18
2.7 0.2 3.98 95.87 0.61 1.40 2.73 1.13
0.0 0.0 4.18 97.20 - - 2.80 1.07

Table 2: Fitting results for the R6G intensity decays in sodium silicate

SiO2 (%) [NaOH] (M) T1 (ns) B1 (%) T2 (ns) B2 (%) C (%) χ2

27.0 2.0 1.69 90.62 0.38 5.62 3.76 0.97
24.3 1.8 1.70 90.25 0.38 5.94 3.81 1.08
21.6 1.6 1.69 92.47 0.24 4.58 2.94 1.04
18.9 1.4 1.69 91.54 0.31 5.36 3.09 0.99
16.2 1.2 1.72 93.32 0.22 3.23 3.45 1.08
13.5 1.0 1.71 94.33 0.30 2.12 3.55 1.04
10.8 0.8 1.73 92.31 0.33 3.78 3.91 1.13
8.1 0.6 1.69 93.84 0.16 2.78 3.38 1.17
5.4 0.4 1.65 93.85 0.22 1.87 4.28 1.16
2.7 0.2 1.68 94.49 0.18 2.03 3.48 0.97
0.0 0.0 1.67 94.15 0.17 2.78 3.06 0.95

Table 3: Fitting results for RB intensity decays in sodium silicate.
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SiO2 (%) [NaOH] (M) Φ (ns) R0 χ2

27.0 2.0 1.16 0.17 1.10
24.3 1.8 0.84 0.13 1.10
21.6 1.6 0.40 0.31 1.11
18.9 1.4 0.44 0.21 1.05
16.2 1.2 0.27 0.29 1.07
13.5 1.0 0.19 0.33 1.26
10.8 0.8 0.24 0.28 1.08
8.1 0.6 0.17 0.34 1.18
5.4 0.4 0.19 0.22 1.19
2.7 0.2 0.14 0.35 1.12
0.0 0.0 0.16 0.20 1.06

Table 4: Anisotropy fitting results for the R6G-silicate complex.

SiO2 (%) [NaOH] (M) Φ (ns) R0 χ2

27.0 2.0 0.54 0.17 1.00
24.3 1.8 0.46 0.19 1.00
21.6 1.6 0.41 0.20 1.07
18.9 1.4 0.35 0.20 0.96
16.2 1.2 0.32 0.18 1.02
13.5 1.0 0.40 0.15 1.14
10.8 0.8 0.30 0.18 1.22
8.1 0.6 0.25 0.21 1.03
5.4 0.4 0.26 0.15 1.07
2.7 0.2 0.22 0.16 1.19
0.0 0.0 0.22 0.22 1.01

Table 5: Anisotropy fitting results for RB in silicate solutions.

Dye Hydrodynamic Radii

Counts Φ (ns) R0 χ2 RH (Å)

5000 0.211 0.31 1.08 5.88
10000 0.178 0.38 0.98 5.56
15000 0.212 0.32 1.06 5.89
20000 0.227 0.31 1.05 6.03
25000 0.208 0.34 1.05 5.85
30000 0.220 0.32 1.00 5.96

Table 6: R6G hydrodynamic radius (RH) at different photon count levels with corre-
sponding anisotropy parameters and goodness-of-fit χ2.

259



Chapter 11. Final Remarks and Future Outlook

Counts Φ (ns) R0 χ2 RH (Å)

5000 0.189 0.31 1.08 5.67
10000 0.194 0.33 1.09 5.72
15000 0.195 0.34 1.02 5.73
20000 0.195 0.31 1.08 5.73
25000 0.190 0.31 1.11 5.68
30000 0.197 0.30 1.14 5.75

Table 7: RB hydrodynamic radius (RH) at different photon count levels with corre-
sponding anisotropy parameters and goodness-of-fit χ2.

Temperature-Controlled Measurements

Figure 2: Fluorescence intensity decays at different temperatures (a) R6G-Silicate com-
plex; (b) RB in Sodium Silicate.

T (◦C) T1 (ns) B1 (%) T2 (ns) B2 (%) C (%) χ2

12 3.47 75.88 1.01 10.73 10.72 1.19
18 3.45 81.34 0.89 9.40 9.27 1.29
24 3.42 84.90 0.82 6.30 8.80 1.20
29 3.41 86.69 0.96 5.31 8.00 1.21
35 3.35 89.23 0.95 3.01 7.75 1.23
39 3.33 90.74 1.16 3.06 6.21 1.18
46 3.22 92.52 0.88 2.09 5.38 1.15
53 3.11 94.46 – – 5.54 1.18

Table 8: R6G fluorescence intensity decay fitting parameters across a temperature
range. The parameters T1 and T2 represent decay times, B1 and B2 the corresponding
amplitudes, C is the scattered light contribution, and χ2 indicates the goodness of fit.
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T (◦C) T1 (ns) B1 (%) T2 (ns) B2 (%) C (%) χ2

12 2.25 87.51 0.59 8.73 3.76 1.07
18 1.93 88.01 0.48 8.04 3.94 0.98
24 1.56 88.30 0.35 6.73 4.97 1.19
29 1.39 87.98 0.33 5.88 6.14 1.01
35 1.15 87.13 0.27 6.85 6.02 1.24
39 1.06 82.52 0.43 9.18 8.30 1.21
46 0.90 68.53 0.47 19.91 11.57 1.09
53 1.13 7.51 0.65 79.36 13.14 1.25

Table 9: RB fluorescence intensity decay fitting parameters across a temperature range.
T1 and T2 represent decay times, B1 and B2 the respective amplitude contributions, C
is the scattered light contribution, and χ2 indicates the goodness of fit.

T (◦C) Φ (ns) R0 χ2

12 1.17 0.17 1.11
18 0.76 0.13 1.06
24 0.82 0.10 1.09
29 0.51 0.15 1.05
35 0.44 0.17 1.14
39 0.32 0.22 1.05
46 0.18 0.34 1.10
53 0.22 0.25 1.05

Table 10: Anisotropy fitting results for the R6G–silicate complex across a temperature
range. Φ represents the rotational time, R0 is the initial anisotropy, and χ2 denotes
the goodness of fit.

T (◦C) Φ (ns) R0 χ2

12 0.72 0.17 1.15
18 0.53 0.17 1.12
24 0.54 0.12 1.10
29 0.37 0.13 1.12
35 0.23 0.12 1.16
39 0.29 0.11 1.15
46 0.19 0.10 1.18
53 0.14 0.09 1.16

Table 11: Anisotropy fitting results for RB in sodium silicate as a function of temper-
ature. Φ is the rotational time, R0 the initial anisotropy, and χ2 denotes the goodenss
of fit.
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Multiplexed Time-Resolved Measurements

Figure 3: Fluorescence intensity decays for the multiplexed measurements.

Figure 4: Anisotropy decays for the multiplexed measurements.
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Appendix C: Additional Data for

Chapter 10

Element SD6521 SD6522 SD6524

Al 118 146 121
Ba 1.2 1.4 5.1
Ca 7 9.4 8.3
Cd 0.01 0.01 <0.02
Co 0.05 0.07 0.1
Cr 0.12 0.27 0.33
Cu 0.07 0.12 0.16
Fe 16.7 31.6 76
K 42.6 – 46
Mg 2.1 5.5 5.4
Mn 0.24 0.51 0.58
Mo 0 0 <0.02
Ni 0.03 0.04 0.14
PO4 3.1 3.8 15.1
Pb 0.11 0.11 0.14
Ti 17.6 39.1 40
Zn 0.18 0.22 0.41
As 0.03 0.05 0.36
Hg – 0 <0.02
Se 0.01 – <0.02
Sb – 0 <0.02
V – 0.13 0.48

Table 12: Elemental analysis by ICP in parts per million (ppm) for three silicate
samples. Data provided by PQ Silicas in private correspondence.
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[23] Böschel, D., Janich, M., and Roggendorf, H., “Size distribution of colloidal silica

in sodium silicate solutions investigated by dynamic light scattering and viscosity

measurements,” Journal of Colloid and Interface Science, Vol. 267, No. 2, 2003,

pp. 360–368.

[24] Jansson, H., Bernin, D., and Ramser, K., “Silicate species of water glass and

insights for alkali-activated green cement,” AIP Advances, Vol. 5, No. 6, 06 2015,

pp. 067167.

266



Bibliography

[25] Bass, J. L., Turner, G. L., and Morris, M. D., “Vibrational and 29Si NMR spectro-

scopies of soluble silicate oligomers,” Macromolecular Symposia, Vol. 140, Wiley

Online Library, 1999, pp. 263–270.

[26] Halasz, I., Agarwal, M., Li, R., and Miller, N., “Molecular spectroscopy of alkaline

silicate solutions,” Studies in Surface Science and Catalysis, Vol. 174, Elsevier,

2008, pp. 787–792.

[27] Halasz, I., Agarwal, M., Li, R., and Miller, N., “What can vibrational spec-

troscopy tell about the structure of dissolved sodium silicates?” Microporous

and Mesoporous Materials, Vol. 135, No. 1-3, 2010, pp. 74–81.

[28] Dupuis, R., Rodrigues, D. G., Champenois, J.-B., Pellenq, R. J., and Poulesquen,

A., “Time resolved alkali silicate decondensation by sodium hydroxide solution,”

Journal of Physics: Materials, Vol. 3, No. 1, 2020, pp. 014012.

[29] Wijnen, P., Beelen, T. P., and Van Santen, R. A., “Silica gels from aqueous

silicate solutions,” The Colloid Chemistry of Silica, Vol. 234, 1994, pp. 26–517.

[30] Uskoković, V., “Dynamic light scattering based microelectrophoresis: main

prospects and limitations,” Journal of Dispersion Science and Technology, Vol. 33,

No. 12, 2012, pp. 1762–1786.

[31] Nordström, J., Nilsson, E., Jarvol, P., Nayeri, M., Palmqvist, A., Bergenholtz,

J., and Matic, A., “Concentration-and pH-dependence of highly alkaline sodium

silicate solutions,” Journal of Colloid and Interface Science, Vol. 356, No. 1, 2011,

pp. 37–45.

[32] Lunevich, L., Sanciolo, P., Smallridge, A., and Gray, S., “Silica scale forma-

tion and effect of sodium and aluminium ions-29 Si NMR study,” Environmental

Science: Water Research & Technology, Vol. 2, No. 1, 2016, pp. 174–185.

[33] Tleugabulova, D., Zhang, Z., and Brennan, J. D., “Evolution of sodium silicate

sols through the sol-to-gel transition assessed by the fluorescence-based nanopar-

267



Bibliography

ticle metrology approach,” The Journal of Physical Chemistry B, Vol. 107, No. 37,

2003, pp. 10127–10133.

[34] Tleugabulova, D., Zhang, Z., Chen, Y., Brook, M. A., and Brennan, J. D., “Flu-

orescence anisotropy in studies of solute interactions with covalently modified

colloidal silica nanoparticles,” Langmuir, Vol. 20, No. 3, 2004, pp. 848–854.

[35] Yip, P., Karolin, J., and Birch, D. J., “Fluorescence anisotropy metrology of elec-

trostatically and covalently labelled silica nanoparticles,” Measurement Science

and Technology, Vol. 23, No. 8, 2012, pp. 084003.

[36] Zehentbauer, F. M., Moretto, C., Stephen, R., Thevar, T., Gilchrist, J. R., Pokra-

jac, D., Richard, K. L., and Kiefer, J., “Fluorescence spectroscopy of Rhodamine

6G: Concentration and solvent effects,” Spectrochimica Acta Part A: Molecular

and Biomolecular Spectroscopy, Vol. 121, 2014, pp. 147–151.

[37] Kubin, R. F. and Fletcher, A. N., “Fluorescence quantum yields of some rho-

damine dyes,” Journal of Luminescence, Vol. 27, No. 4, 1982, pp. 455–462.

[38] Doveiko, D., Kubiak-Ossowska, K., and Chen, Y., “Impact of the Crystal Struc-

ture of Silica Nanoparticles on Rhodamine 6G Adsorption: A Molecular Dynamics

Study,” ACS Omega, Vol. 9, No. 3, 2024, pp. 4123–4136.

[39] Doveiko, D., Martin, A. R., Vyshemirsky, V., Stebbing, S., Kubiak-Ossowska,

K., Rolinski, O., Birch, D. J., and Chen, Y., “Nanoparticle Metrology of Silicates

Using Time-Resolved Multiplexed Dye Fluorescence Anisotropy, Small Angle X-

ray Scattering, and Molecular Dynamics Simulations,” Materials, Vol. 17, No. 7,

2024, pp. 1686.

[40] Sen, T. and Patra, A., “Resonance energy transfer from rhodamine 6G to gold

nanoparticles by steady-state and time-resolved spectroscopy,” The Journal of

Physical Chemistry C, Vol. 112, No. 9, 2008, pp. 3216–3222.

268



Bibliography

[41] Barzan, M. and Hajiesmaeilbaigi, F., “Effect of gold nanoparticles on the optical

properties of Rhodamine 6G,” The European Physical Journal D, Vol. 70, 2016,

pp. 1–6.

[42] Vogel, R., Meredith, P., Harvey, M., and Rubinsztein-Dunlop, H., “Absorption

and fluorescence spectroscopy of rhodamine 6G in titanium dioxide nanocompos-

ites,” Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy,

Vol. 60, No. 1-2, 2004, pp. 245–249.

[43] Ren, H., Kulkarni, D. D., Kodiyath, R., Xu, W., Choi, I., and Tsukruk,

V. V., “Competitive adsorption of dopamine and rhodamine 6G on the surface

of graphene oxide,” ACS Applied Materials & Interfaces, Vol. 6, No. 4, 2014,

pp. 2459–2470.

[44] Zhang, K., Yu, S., Jv, B., and Zheng, W., “Interaction of Rhodamine 6G

molecules with graphene: a combined computational–experimental study,”

Physical Chemistry Chemical Physics, Vol. 18, No. 41, 2016, pp. 28418–28427.

[45] Chen, J., Zheng, A., Chen, A., Gao, Y., He, C., Kai, X., Wu, G., and Chen, Y.,

“A functionalized gold nanoparticles and Rhodamine 6G based fluorescent sensor

for high sensitive and selective detection of mercury (II) in environmental water

samples,” Analytica Chimica Acta, Vol. 599, No. 1, 2007, pp. 134–142.

[46] Dhanya, S., Joy, J., and Rao, T. P., “Fabrication and characterization of rho-

damine 6G entrapped sol–gel film test strip for virtually specific and sensitive

sensing of nitrite,” Sensors and Actuators B: Chemical, Vol. 173, 2012, pp. 510–

516.

[47] Trinh, T. T., Jansen, A. P., and van Santen, R. A., “Mechanism of oligomerization

reactions of silica,” The Journal of Physical Chemistry B, Vol. 110, No. 46, 2006,

pp. 23099–23106.

269



Bibliography

[48] Trinh, T. T., Jansen, A. P., van Santen, R. A., and Meijer, E. J., “Role of water

in silica oligomerization,” The Journal of Physical Chemistry C, Vol. 113, No. 7,

2009, pp. 2647–2652.

[49] White, C. E., Provis, J. L., Kearley, G. J., Riley, D. P., and Van Deventer, J. S.,

“Density functional modelling of silicate and aluminosilicate dimerisation solution

chemistry,” Dalton Transactions, Vol. 40, No. 6, 2011, pp. 1348–1355.

[50] Malani, A., Auerbach, S. M., and Monson, P. A., “Probing the mechanism of

silica polymerization at ambient temperatures using Monte Carlo simulations,”

The Journal of Physical Chemistry Letters, Vol. 1, No. 21, 2010, pp. 3219–3224.

[51] Jing, Z., Xin, L., and Sun, H., “Replica exchange reactive molecular dynamics

simulations of initial reactions in zeolite synthesis,” Physical Chemistry Chemical

Physics, Vol. 17, No. 38, 2015, pp. 25421–25428.

[52] Zhang, X.-Q., Trinh, T. T., van Santen, R. A., and Jansen, A. P., “Mechanism

of the initial stage of silicate oligomerization,” Journal of the American Chemical

Society, Vol. 133, No. 17, 2011, pp. 6613–6625.

[53] Pereira, J., Catlow, C., and Price, G., “Silica condensation reaction: an ab initio

study,” Chemical Communications, , No. 13, 1998, pp. 1387–1388.

[54] Henschel, H., Schneider, A. M., and Prosenc, M. H., “Initial Steps of the Sol-

Gel Process: Modeling Silicate Condensation in Basic Medium,” Chemistry of

Materials, Vol. 22, No. 17, 2010, pp. 5105–5111.

[55] Pereira, J., Catlow, C., and Price, G., “Ab initio studies of silica-based clusters.

Part I. Energies and conformations of simple clusters,” The Journal of Physical

Chemistry A, Vol. 103, No. 17, 1999, pp. 3252–3267.

[56] Pavlova, A., Trinh, T. T., van Santen, R. A., and Meijer, E. J., “Clarifying

the role of sodium in the silica oligomerization reaction,” Physical Chemistry

Chemical Physics, Vol. 15, No. 4, 2013, pp. 1123–1129.

270



Bibliography

[57] Rao, N. Z. and Gelb, L. D., “Molecular Dynamics Simulations of the Polymer-

ization of Aqueous Silicic Acid and Analysis of the Effects of Concentration on

Silica Polymorph Distributions, Growth Mechanisms, and Reaction Kinetics,”

The Journal of Physical Chemistry B, Vol. 108, No. 33, 2004, pp. 12418–12428.
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Higher order equivariant message passing neural networks for fast and accurate

force fields,” Advances in Neural Information Processing Systems, Vol. 35, 2022,

pp. 11423–11436.
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