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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 2°Si 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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Chapter 1

Introduction

Sodium silicates, orwaterglass 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 1% and
18" 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 elds as catalysis [9], drug delivery [10], and nal 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, bu ering capacity, emulsifying
properties, nhon-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 scienti c 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, con rming 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 identi cation of many distinct silicate species
present [18{20]; however, it does not provide any quantitative data about the sizes of
the species. In?Si NMR spectroscopy, each silicate species has assigned \Q-units",
depending on their connectivity. This was rst introduced by Engelhardt et al. [21],
where ve main classes of NMR signals have been identi ed and labelled as™Qwhere Q
represents the fourfold coordinated silicon atom andn 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®Si enrichment.
These factors, combined with the potential challenges in spectrum assignment, make
NMR less practical, particularly for industrial application. Nevertheless, over time, 2°Si
NMR spectroscopy has identi ed more than fty distinct silicate species, signi cantly

enriching our understanding of silicate chemistry [13].

1.2 Fom Monomers to Colloids: Speciation in Sodium

Silicate Solutions

The chemistry of sodium silicate is highly dependent on its composition, particularly the
SiO2:Na,O 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 SiQ:Na,O ratios (below 1.6), the solutions
are dominated by small species such as monomers fand dimers (Q!). As the ratio
increases to between 2.0 and 3.0, larger cyclic and branched silicate structures {@nd

Q%) become more prominent, forming more complex oligomers and small clusters.
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When the SiO,:Na,O ratio exceeds 3.0, highly polymerised species ( emerge,
forming dense colloidal particles and three-dimensional networks characteristic of silica
gels. This increasing polymerisation re ects 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 con rmed 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: 295j NMR spectra of sodium silicate solutions with varying SiG:Na,O
ratios, showing Q' 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 S{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 in uence 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 re ned
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 uorescent 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 uorescent 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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