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Abstract 

Crystallisation is a widely used separation process for the purification of 

chemical and pharmaceutical compounds during manufacturing. Crystal 

nucleation is the first step in the crystallisation process and typically proceeds 

by means of a heterogeneous mechanism, where compounds originally 

dissolved in solution form a new crystal on surfaces such as vessel walls, 

impellers or particles suspended in solution.  

However, comprehensive understanding of crystal nucleation is still lacking 

despite decades of investigation dedicated into elucidating various nucleation 

mechanism elucidation. Heterogeneous nucleation is also influenced by the 

presence of a surface. Molecular level solution behaviour at surfaces is not 

well understood and it is usually assumed that the solution composition at the 

surface is the same as in the bulk solution. 

This thesis utilises surface measurement techniques, primarily surface 

plasmon resonance (SPR) spectroscopy, to conduct novel in situ 

measurements of aqueous solutions at solid interfaces and investigate the 

interfacial concentration enhancement when these solutions are in contact with 

a solid interface, which has been predicted in recent simulation studies.  

A comprehensive workflow was developed for in situ SPR measurements, 

modelling of SPR spectra and fitting of experimental data to provide 

quantitative assessment of interfacial concentration enhancement in solutions.  

The developed workflow was applied to undersaturated aqueous glycine and 

urea solutions on bare gold chips and on gold chips coated with an ultrathin 
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polystyrene layer. The results showed a strong evidence of interfacial 

concentration enhancement at both gold and polystyrene surfaces for glycine 

and urea solutions at all concentrations investigated. The investigated 

solutions were undersaturated to allow for development and validation of 

experimental protocols in the absence of crystal formation. However, the 

experimental protocols and workflows introduced here can be used to study 

supersaturated solutions, where the interfacial concentration enhancement 

effect confirmed in this work is expected to play a significant role in 

heterogeneous nucleation.  

Through systematic investigation of the effects of interfaces and solution 

concentrations on interfacial concentration enhancement in solutions, this 

work provides new insights into solution behaviour at interfaces and will help 

to develop better understanding of heterogeneous crystal nucleation 

phenomena. 
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Chapter 1 

1. Introduction 

This thesis focuses on probing the behaviour of aqueous solutions when 

placed in contact with a solid interface. In order to assess how this behaviour 

underpins the formative stages of crystal nucleation, it is important to outline 

the fundamentals of crystal nucleation theory. 

Crystallisation is an important separation process widely encountered in nature 

and in the industry. Whether it be the isolation of an active pharmaceutical 

ingredient (API) of interest in a pharmaceutical manufacturing process, the 

formation of ice in cold temperatures or production of salt from brine solutions, 

each process is linked by their dependence on a crystallisation process to yield 

the relevant crystal product. 

Crystallisation takes advantage of the first order phase transition which exists 

between a solid and liquid to drive crystal growth, which arises from departing 

equilibrium conditions in a multicomponent system.[1] In industrial 

crystallisation processes, this is achieved by using a thermodynamically 

metastable solution to facilitate the formation of clusters of molecules into a 

new stable phase in solution- the crystalline phase.[2, 3] Altering process 

conditions, such as temperature, composition and pH leads to the generation 

of a supersaturated solution and thus the required driving force to facilitate 

crystal nucleation and subsequent growth from solution. 
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Although crystallisation processes are widely seen and used, the ability to 

employ selective control measures that consistently yield desirable molecular 

and particulate features, such as polymorph selectivity and particle size,[4] is 

not yet commonplace. This stems from the lack of comprehensive 

understanding of the initial stage in the crystallisation process, crystal 

nucleation, which marks the first step in transitioning from the supersaturated 

liquid phase in solution to the solid crystalline phase.[1] 

This chapter introduces the two fundamental schools of thought on how crystal 

nuclei are generated with regards to the primary nucleation of crystals, where 

nuclei are generated from solution. The chemical and physical properties, such 

as the role of system thermodynamics and kinetics and how they in turn 

influence how nuclei are generated is detailed. This is then developed further 

through detailing the different nucleation mechanisms by which crystal nuclei 

are formed, including insight into how these processes occur, the main drivers 

in such processes and how experimental observations help to aid in 

understanding the key physical and chemical interactions which facilitate 

crystal growth.  

Research which has been undertaken in the field of heterogeneous nucleation 

is reviewed and the connection to interfacial properties outlined, before the 

work presented in this thesis is introduced with respect to the way in which it 

rationalises crystal nucleation. The main theoretical concept is presented, 

along with areas it seeks to address which other established nucleation 

theories do not currently encompass with adequate detail. Current 

shortcomings of the theory are also discussed to highlight that further work in 
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relation to better understanding crystal nucleation fundamentals is required to 

facilitate better understanding of the early stages of crystal growth across the 

field. 

Surface plasmon resonance spectroscopy studies are introduced and the 

conventional application of the technique which can be observed in the 

literature, which differs from the application within this research. Other surface 

measurement techniques are discussed to give context on other methods by 

which interfacial properties can be probed, before outlining why SPR 

spectroscopy was selected for this research. Finally, the main aims and 

objectives of the research are presented. 

1.1 Solubility, Supersaturation and Metastability 

Solubility is a thermodynamic parameter defined as the maximum amount of 

solute capable of dissolving in a solvent at a given temperature and pressure. 

The resultant solution is said to be saturated upon arriving at this condition, 

referred to as the solubility point, whereby the chemical potential of both the 

solution (ɛL) and solid (ɛS) phases are equal. Consequently, the difference in 

chemical potential between the two distinct phases at equilibrium is zero, as 

shown in equation 1.1 below. 

ɝʈ ʈ  ʈ π  (Eq. 1.1) 

Solubility is a key parameter when designing crystallisation processes, as 

knowing the solubility of a compound of interest in a prospective solvent 

system is necessary to subsequently tailor the process conditions to both 

facilitate and maximise crystal nucleation and growth. If the net difference 
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between the chemical potentials of the solid and liquid phase is negative, this 

indicates that the solution is undersaturated. Crystallisation relies on a driving 

force to generate crystal nuclei from solution, which is obtained when the 

amount of solute added to the solution exceeds the solubility point.  

A net positive difference in the chemical potential between the solid and 

solution phases in a system of interest generates the driving force for 

crystallisation - supersaturation.[5] Supersaturation can be expressed by one 

of two definitions; the supersaturation ratio (S) or relative supersaturation (ů). 

The supersaturation ratio is defined as follows: 

Ὓ  z (Eq. 1.2) 

Where S is the supersaturation ratio, c is the solution concentration and c* is 

the equilibrium saturation at a known temperature, T.[3] Relative 

supersaturation, by contrast, is expressed as: 

„  
 z
ᶻ Ὓ ρ (Eq. 1.3) 

The influence of temperature and concentration on crystal growth are 

characterised by solubility phase diagrams, which provide valuable information 

to aid in the design of a crystallisation process. An example solubility phase 

diagram is shown in Figure 1. 
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The solubility phase diagram is characterised by three distinct zones: the 

stable zone, metastable zone and labile zone. Within the stable zone, the 

observed solute concentration is lower than the equilibrium saturation at the 

given system temperature and therefore lies beneath the solubility line. As 

such, the solution is defined as undersaturated due the net negative difference 

in chemical potential between the solid and solution phase, which means that 

crystallisation will not be observed.[5] 

Manipulation of the temperature and concentration of the system will alter its 

solubility, leading to supersaturation generation, the necessary 

thermodynamic requirement for crystallisation to occur. By contrast, nucleation 

and crystal growth are not governed by the same thermodynamic drivers. 

Rather, they are the result of kinetic processes. The region of supersaturation 

Figure 1: A general solubility curve, which shows the relationship between 
temperature, concentration and solubility, with key regions and features 

highlighted. 
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which exists above the solubility curve can be further defined as either the 

metastable zone or labile zone depending on the composition of the system.  

The broken red line on the solubility curve represents the supersolubility curve, 

which is particularly sensitive to the speed at which solution supersaturation is 

achieved and how the process is attained, such as the involvement of solution 

agitation and foreign particles in solution which may act as trigger points for 

nucleation to occur. As a result, the exact position of the supersolubility curve 

is difficult to define precisely and thus will vary depending on real system 

properties.  

The region which exists between both the solubility and supersolubility curves 

is the metastable zone, which forms because of the need for nuclei to form 

before crystal growth can proceed. Within this region, seed crystals will form 

but the spontaneous growth of crystals will not be observed by means of a 

primary homogeneous nucleation mechanism. This is due to insufficient 

supersaturation necessary to overcome the kinetic barrier for nucleation and 

crystal growth. Beyond the supersolubility curve lies the labile zone, within 

which spontaneous crystallisation becomes more likely.[5] 

The ability to accurately distinguish the limits of the metastable zone and thus 

the nucleation behaviour of a system of interest allows for greater control of 

crystallisation processes, which is characterised by the metastable zone width 

(MSZW).[6] It is defined as the temperature difference which exists between 

the solution temperature where complete solute dissolution is observed and 

the temperature at which crystal formation is visually observed on decreasing 
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the system temperature.[1] The metastable zone width indicates the limits 

within which a crystallisation process can be operated where careful control of 

crystal size and size distribution are possible.[7] 

1.2 Crystal Nucleation Mechanisms 

As noted in the chapter foreword, there are two main theories by which crystal 

nucleation can be rationalised: classical nucleation theory (CNT) and non-

classical nucleation theory (sometimes referred to as two step nucleation), as 

illustrated in Figure 2. Such nucleation systems are referred to as primary 

nucleation systems, as they do not contain any traces of crystalline material 

within the system from the outset.[5] These systems proceed by means of 

either a homogeneous or heterogeneous nucleation mechanism, so called 

based on the physical state of the nucleating solution they characterise. 

Figure 2: Schematic highlighting the pathways by which single molecules can 
nucleate and subsequently form crystal structures by following either 
conventional classical nucleation or two step nucleation pathways.13 
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Secondary nucleation, where nucleating solutions are ñseededò with crystals 

to accelerate the induction of crystal structures, will not be discussed as it is 

not relevant to this research.  

1.2.1 Classical Nucleation Theory 

CNT was developed as a result of work carried out in the early 1900ôs by 

Gibbs, Volmer, Weber and a number of other researchers. For many years, 

CNT was the widely accepted as the definitive description of crystal nucleation 

and provides the foundation upon which ten Wolde and Frenkel went on to 

rationalise and propose that nucleation instead consists of two distinct steps 

in the late 1990ôs.[4, 8]  

Primarily based on the condensation of a vapour to generate a liquid, CNT 

formed the initial start point by which crystal nucleation from solution was 

rationalised.[5, 9] There were three main reasons which led to its adoption: the 

concept was easy to understand and translate to nucleation systems, there 

were few parameters required to physically describe the mechanism and it 

allowed for the nucleation rate to be calculated with relative ease as a result.[2] 

CNT is best explained by the mechanism which rationalises homogeneous 

nucleation. However, it can also be used to explain heterogeneous nucleation. 

1.2.1.1 Homogeneous Nucleation 

Homogeneous nucleation involves the spontaneous generation of nuclei from 

solution and is the foundation upon which CNT  was adapted to explain crystal 

growth from nucleating solutions. Classical theories on homogeneous 
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nucleation are aligned in the belief that the early growth of the nucleus is the 

result of reacting molecules or ions forming clusters[5].  

However, these theories are not fully aligned on the degree of influence 

supersaturation, a main driver in crystal growth, influences the size of the 

critical nucleus. To fully understand CNT and the key physical quantities that 

influence this mechanism, it is important to consider both the thermodynamics 

and kinetics which underpin rationalising crystal nucleation in this way and the 

subsequent limitations it presents as a result.  

Underlying Thermodynamics and Kinetics 

CNT proposes that crystal growth stems from the clustering of small molecules 

to form a nucleus, the result of which is a change in the free energy of the 

system, ȹG.[10] When considering the thermodynamics that govern this phase 

transformation and the subsequent birth and growth of the crystal phase, the 

overall excess free energy of the system (ȹG) is determined to be the sum of 

two distinct free energy contributions: the surface (ȹGS) and volume (ȹGV) 

excess free energy.[5] 

The excess free energy that exists between the surface and bulk of particles 

in solution, ȹGS, favours the dissolution of clusters of molecules which would 

otherwise go on to form nuclei and gives rise to a positive free energy term.[5] 

This is generated because of the formation of the interface between the bulk 

solution and the newly formed crystal phase.[10] Therefore, by definition, it is 

the energy required to generate the solid structure from the nucleating 

solution.[9] This means that when small radii clusters exist in the solution, ȹGS 
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is the dominant energy contribution to the free energy of the system, increasing 

ȹG and thus leading to their dissolution.  

By contrast, the excess free energy that exists between an infinitely large 

particle (where radius r=Ð) and solute in the solution, ȹGV, is negative and 

characterises the phase change from liquid to solid in terms of intermolecular 

bonding which takes place.[9, 10] This is because the volume term favours the 

formation of nuclei as molecules aggregate, as the solid state is more stable 

than that of the liquid state.[4] This decreases the free energy of the system, 

in contrast to the surface term which favours dissolution of the nuclei and 

increases the free energy of the system. This relationship is expressed as 

follows: 

ЎὋ  ЎὋ  ЎὋ  (Eq. 1.4) 

ЎὋ τ“ὶ‎  “ὶЎὋ (Eq. 1.5) 

Where r is the radius of the growing nuclei (assumed to be an idealised 

spherical particle[10]), ɔ is the interfacial tension between the surface of the 

crystal and the solution which it is growing in and ȹGɜ is the free energy 

change of the transformation per unit volume.[5] As a result, the processes of 

growth and dissolution are in direct competition with one another, which 

influences the degree to which nucleation occurs.  

ȹGS and ȹGɜ, as can be seen in equation 1.4, do not have the same 

dependence on the radius of cluster r. This means that as a clusters size 

increases, the radius of the cluster approaches a maximum known as the 
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critical radii, rC, shown in Figure 3. This is the minimum size at which a nucleus 

is seen to be stable. When the cluster radius exceeds the critical radii, r>rC, 

the system free energy decreases and thus nucleation is the most 

energetically favourable process, leading to the formation and growth of stable 

crystal nuclei.[5, 9]  

 

 

 

 

 

 

 

Differentiating equation 1.5 with respect to radius r and setting dȹG/dr =0 

allows for the critical radius to be defined as follows: 

Ў
ψ“ὶ‎τ“ὶЎὋ π (Eq. 1.6) 

ὶ  
Ў
 (Eq. 1.7) 

Rearranging rC to solve for ȹGV and substituting into equation 1.5 then 

determines the minimum energy requirement for a stable nucleus to form, the 

critical free energy, ȹGCRIT: 

Figure 3: Diagram highlighting the observed free energy change in a 
supersaturated solution upon formation of a crystal nucleus with critical radii, 

rcrit. [5] 
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ЎὋ   (Eq. 1.8) 

ЎὋ τ“ὶ‎  “ὶ  (Eq. 1.9) 

ЎὋ “ὶ‎  “ὶ‎ (Eq. 1.10) 

ЎὋ “ὶ‎ (Eq. 1.11) 

The number of nuclei which form per unit time per unit volume defines the 

nucleation rate of the system, J. The nucleation rate is expressed as follows: 

ὐ ὃ Ὡὼὴ ὃÅØÐ
Ў

 (Eq. 1.12) 

Where A and B are the pre-exponential and thermodynamic factors, which 

govern the molecular kinetics of nucleation and the free energy barrier for 

nuclei formation, S is the supersaturation ratio, kB is the Boltzmann constant 

and T is the system temperature.[11] The nucleation rate, as seen in equation 

1.12 above, has a non-linear relationship with the supersaturation ratio S. The 

supersaturation ratio is the main driver of the crystallisation process and is the 

ratio of system concentration with system solubility at a given time.[3]  

When system concentration exceeds system solubility, this gives a positive S 

value which indicates the solution is supersaturated and that crystals present 

in the solution can grow. In contrast, when solubility exceeds concentration in 

a system, the solution is undersaturated and will lead to the dissolution of any 

crystals present, as mentioned in relation to the thermodynamic rationale.[3] 

Consequently, given the significance of the degree of supersaturation in the 
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system on its kinetics, small changes in S lead to nucleation rates which can 

be increased or decreased by several orders of magnitude.[11]  

1.2.1.2 Heterogeneous Nucleation 

Although more applicable to homogeneous nucleation, CNT can also be 

applied to heterogeneous nucleation mechanisms, which proceed due to the 

presence of foreign particles or surfaces in the nucleating solution. The 

presence of such particles or surfaces leads to a reduction in the surface 

energy of clusters with critical radii (rC) when they encounter them.[5] This 

leads to a lowering of the energy barrier required to pass the critical radius and 

facilitate the growth phase of crystal formation, meaning crystal formation is 

possible at lower supersaturation conditions.[12] The difference between 

heterogeneous and homogeneous nucleation and the way in which they 

generate crystal nuclei is highlighted in Figure 4. 

Consequently, this means that heterogeneous nucleation is more energetically 

favourable and thus less energy intensive than homogeneous nucleation, with 

the difference shown in Figure 5. The relationship between the homogeneous 

and heterogeneous nucleation free energy barriers is as follows: 

ЎὋ  •ЎὋ  (Eq. 1.13) 

Where ȹGCRIT
ô is the free energy barrier for heterogeneous nucleation and ű is 

an activity factor between zero and one.[1, 5] The activity factor is a scaling 

factor which accounts for the reduction of the interfacial energy between the 

solution and crystal due to its formation on the surface of the impurity or 

interface.[1] 
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Given that heterogeneous nucleation is concerned with nucleation on foreign 

surfaces and impurities, it is logical that the forces exerted between such 

surfaces and the nucleating solution will play a key role in the extent to which 

nucleation occurs. Specifically, the interfacial tensions (ɔ) between the growing 

cluster and the bulk solution, a foreign particle and the bulk solution and the 

foreign particle with the growing cluster play a key role in both the evolution 

and control of the crystal process over time.[1]  

 

 

Figure 4: Schematic outlining the two pathways by which primary nucleation 
proceeds, either a homogeneous or heterogeneous nucleation mechanism. 
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These parameters are given context by Figure 6, which illustrates the 

relationship between each respective interfacial tension to the system and 

highlights that the system kinetics are driven by the interaction of the interface 

with the bulk solution. Performing a force balance at the surface in the 

horizontal direction yields the following relationship: 

‎  ‎  ‎ ÃÏÓ— (Eq. 1.14) 

Where  ̒is the contact angle between the crystalline solid and the surface. The 

contact angle is related to the activity factor ű by means of the following 

equation, proposed by Volmer in 1939 [5]: 

•  
  

 (Eq. 1.15) 

This relationship allows for the activity factor to be determined based on the 

contact angle that exists between the growing face and the surface it is in 

Figure 5: Visual representation of the difference in free energy barriers 
observed for homogeneous and heterogeneous nucleation to proceed. [4] 
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contact with. As a result, the affinity the solution has for the surface and vice 

versa can be characterised. For example, when  ̒is equal to 180°, this would 

indicate that the crystal and the surface do not exhibit clear interactions with 

one another and that the free energy required for heterogeneous nucleation in 

this instance is equal to that of homogeneous nucleation.[2, 5] 

 

 

 

 

By contrast, a contact angle of 0° shows that the surface and crystal have a 

clear affinity for one another and the free energy of the system is zero. This is 

characteristic of secondary nucleation, where a solution is seeded with crystals 

to induce crystal growth. As such, heterogeneous nucleation is facilitated 

within the region 0°< ̒  <180°.[2, 5] 

Underlying Kinetics and Thermodynamics 

Heterogeneous nucleation and the rationale to how it proceeds classically is 

similar to that of homogeneous nucleation. Modelled on the formation of liquid 

droplets from the gaseous phase, a model system of which is shown in Figure 

7, the theory proposes that crystal growth stems from the clustering of small 

molecules to form nuclei, which leads to a change in the free energy of the 

system, ȹGCRITô.[10] The overall excess free energy (ȹGCRITô) is the sum of the 

Figure 6: Interfacial tensions observed at the interface between a nucleating 
solution, solid surface in contact with the solution and a forming crystalline 

solid. (Adapted from [6]) 
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two distinct free energy contributions to the system: the surface (ȹGS) and 

volume (ȹGV) excess free energy.[5] 

 

 

 

 

To express the overall free energy of the system, the surface and volume terms 

must be appropriately scaled to represent the spherical cap which forms when 

a liquid droplet contacts the surface. The volume term, ű, is defined above and 

the surface term, ,h is defined as follows [2]: 

‌  
 

 (Eq. 1.16) 

The free energy of the system, accounting for the additional surface energy 

term arising from the interaction between the liquid and the surface, is 

expressed below: 

ЎὋ  ЎὋ  ЎὋ ЎὋ  (Eq. 1.17) 

ЎὋ  “ὶ•ЎὋ τ“ὶ‌‎  “ὶÓÉÎ— ‎ ‎  (Eq. 

1.18) 

It is widely believed that the third term in equation 1.17, ȹGS1, contributes less 

towards the overall free energy of the system than if the same surface area 

was exposed to the gaseous phase as is observed for ȹGS2. This leads to the 

Figure 7: Interaction of a liquid droplet with a solid surface, the analogy by 
which heterogeneous crystal nucleation is rationalised. 
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free energy of formation of the cluster being lowered and a reduction in the 

free energy barrier for nucleation because of this. The reason for this reduction 

is believed to be the surface tension between the cluster and the surface being 

decreased.[2] However, the precise explanation of the drivers behind this 

observation are not fully understood.  

With regards to the kinetic description of the system where heterogeneous 

nucleation is facilitated, interaction with surfaces leads to a modification of the 

rate law used to characterise homogeneous nucleation. The modified kinetic 

relationship by which the nucleation rate is expressed for heterogeneous 

nucleation is as follows: 

ὐ ὃ  Ὡὼὴ ὃÅØÐ
Ў

 (Eq. 1.19) 

Where AHET and BHET are the kinetic and thermodynamic pre-factors 

accounting for heterogenous nucleation and ȹGCRIT
ô is the free energy barrier 

for heterogeneous nucleation to occur.[1]  

1.2.1.3 Effect of Interfacial Properties on Heterogeneous 

Significant efforts have been made in the last century to better understand the 

key drivers which rationalise heterogeneous nucleation mechanisms in an 

attempt to better understand the system on the molecular level and translate 

this knowledge to practical control measures in crystallisation processes. The 

exact means by which heterogeneous nucleation proceeds can be rationalised 

by a number of well-developed schools of thought, which are extensively 

covered in published literature.  
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Such studies identify epitaxial crystal growth, the influence of surface 

topography and the role of surface functionality within the nucleating solution 

as key descriptors in the way the phenomenon is understood.   

The proposed research aims to shed light on a recent discovery within the 

which assesses the role of Van der Waals forces on how heterogeneous 

nucleation Is both governed and rationalised, a point of discussion which has 

not made up a part of the standard knowledge in literature to date. The 

following assessment of the state of play within this area of research details 

these established schools of thought. 

Epitaxial Crystal Growth Mechanism 

Epitaxy is the process by which a material is deposited onto a substrate with 

similarities in both its functionality on the molecular scale and unit cell 

parameters.[13] These similarities result in the new solid phase being imparted 

with certain crystal orientations that lead to the functional groups on the 

substrate interacting with the solute molecules in a specific manner, in turn 

leading to molecular ordering of the new crystalline phase.[12, 13] The net 

result of the molecular ordering is the formation of ordered crystal lattices 

which match those of the substrate they were formed upon. 

Warzecha et al. undertook a study where a templated two step nucleation 

mechanism was observed in the formation of olanzapine dihydrate from 

anhydrous olanzapine. [14] This work contributes to the body of evidence 

which has been developed over the last two decades rationalising the two-step 
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nucleation mechanism and focused on assessing how surface topology, lattice 

matching and functionality all contribute to the successful two step mechanism. 

It was observed that the surface played a key role in the outcome of the 

polymorphic outcome for olanzapine crystallisation, with the stable 

thermodynamic form selectively crystallising on the main face of the 

polymorphic form I of olanzapine by way of templating on the surface. Although 

this is clearly evidence of epitaxy, further analysis of the surface highlighted 

the significance that intermolecular interactions play in facilitating the epitaxial 

mechanism.  

Ultimately, especially in the case of large-scale crystallisation, achieving such 

selectivity through epitaxy may not be uniformed across a surface due to the 

conflicting influence of the bulk system. As a result, further emphasis must be 

placed on the intermolecular interactions between the surface and the solute 

molecules in order to rationalise the early stages of nucleation and thus how 

epitaxy proceeds due to such interactions. 

Influence of Surface Interactions and Functionality 

As discussed previously, the presence of a surface lowers the free energy 

barrier for heterogeneous nucleation to take place and subsequently 

accelerates the rate at which crystals grow.[12] Having the ability to tune 

surfaces like these with precise characteristics that induce nucleation 

preferentially or quicker provides a key opportunity to gain greater control of 

crystallisation processes and subsequently manipulate conditions to suit 

desired specifications.  
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Diao et al. investigated the role which the surface chemistry and morphology 

of polymeric substrates have in the heterogeneous nucleation of aspirin. Using 

induction time and crystal orientation studies, they screened a range of 

substrates to assess which gave rise to the most effective crystal nucleation 

and the possible mechanistic drivers which play a part in this process, as well 

as probing how the surface chemistry influences the geometry of the crystals 

grown on respective surfaces.[15]  

Specifically, polymers with significant polarity and an abundance of hydrogen 

bonding sites, such as acrylic acid and 4-acryloylmorpholine, were found to 

induce nucleation far more successfully that comparative polymer substrates 

that were less polar.  

This is as would be expected, as large polarity differences between the 

substrate and the aspirin molecules would lead to the formation of favourable 

interactions and orientation of the aspirin molecules at the polymer surface. A 

particular observation of note was seen in the nucleation of aspirin both with 

and without 4-acryloylmorpholine present in the solution; as the polymer 

surface appeared to suppress bulk nucleation and enhance nucleation at the 

polymer-solution interface. This highlights the importance of correct polymer 

selection, as both surface polarity and the intermolecular interactions possible 

between the polymer and solution play a key role in determining the way liquid 

systems interact within the experimental setup. 

Through assessment of the crystallisation of seven different APIôs, Verma et 

al. assessed the impact of the presence and absence of a heterosurface 
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(micro-crystalline cellulose, a common pharmaceutical excipient) and thus how 

heterogeneous nucleation depends on surface functionality.[16] The assembly 

of molecules at the solid-liquid interface is the result of selective and specific 

interactions, which were investigated using a combination of experimental and 

simulation work with the aim to investigate the impact of hydrogen bonding 

between the excipient and API on heterogeneous nucleation. 

The study found two key factors which influenced the way crystallisation 

proceeded. The amount of time where a hydrogen bond was present between 

an API molecule and the surface is far greater than the time needed for API 

molecules to interact and bond to the growing crystal structure or interact with 

other API molecules in the bulk solution. This is due to the favourable 

energetics which result from formation of the stable crystalline phase, which 

encourages further crystal growth at the surface through interaction with 

further API molecules in the bulk solution. 

In addition to this, hydrogen bond complementarity between the surface and 

API molecules was also found to play an important role in the crystallisation 

process. When a surface was present that had a wealth of hydrogen bond 

donor groups, this led to favourable interactions with acetaminophen and 

carbamazepine, both of which have hydrogen bond donor groups. This leads 

to preferential growth of clusters with this functionality as opposed to those 

with hydrogen bond accepting groups which could not move from the bulk 

solution to form complimentary interactions at the equivalent surface. This is 

an interesting insight, as the published results place a particular emphasis on 

the role of hydrogen bonding between the surface and API molecules as the 
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key driver in the nucleation process, a stronger form of interaction than the Van 

der Waals forces other accounts believe have more significance in how 

molecules interact with heterosurfaces in the first instances. 

Surface Topography 

As well as the functionalisation of the surface, surface morphology (or 

topography) has been the focus of considerable research in recent years to 

assess how the structure of the surface upon which heterogeneous nucleation 

is induced may affect the degree of nucleation or indeed the selectivity of the 

crystal product which forms. This is significant as in-depth analysis at the 

nanometre scale sheds light on the activity of small molecules, which typically 

have a nucleus on the order of hundreds of angstroms in size. [12] Pores in 

surfaces intended for inducing heterogeneous nucleation are typically orders 

of magnitude larger and can subsequently give rise to molecular aggregation 

and similar events which promote nucleation at the surface. 

Di Profio et al. have a number of studies which look to provide insight into the 

role of topography in heterogeneous nucleation. One such example was the 

investigation of how polymeric films affect the degree of nucleation of 

acetaminophen, acetylsalicylic acid and glycine, specifically the role the 

nanostructure of the films plays in driving or suppressing nucleation. [17] 

Solute-polymer interactions were found to dictate if a surface was an effective 

heteronucleants or not, while the roughness of the surface did not appear a 

definitive factor in the degree of nucleation observed. 
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In the case of glycine, nucleation activity was more apparent when hydrophilic 

polymer surfaces were employed rather than comparative use of hydrophobic 

surfaces. Given the acidic and basic functionality present within the structure 

of glycine, through carboxylic acid and amine functional groups, this meant 

that favourable acid-base interactions with the hydrophilic surface could be 

formed.  

It was observed that some polymer surfaces, when the roughness of said 

surfaces were increased, led to slight enhancement of the nucleation rate. 

However, other surfaces assessed saw a reduction in the nucleation activity of 

the three molecules of interest. What this suggests is that while surface 

topography may play a part in affecting how nucleation proceeds, it is not the 

key driver.  

Instead, the way in which the surface and solute interact at the interface would 

appear to be the dominant effect which in turn facilitates surface topography 

further enhancing nucleation. For example, while a porous surface morphology 

may promote active nucleation sites to enhance nucleation, this will be 

redundant if there is not favourable interaction between the surface and the 

solute molecules in solution. This is where the need to fully rationalise and 

understand these interfacial processes in great detail becomes more apparent. 

Impact of Interfacial Effects on Nucleation 

A further means by which heterogeneous nucleation can be rationalised is that 

of the interactions observed between the solute molecules within the 

nucleating solution and the surfaces with which it shares close proximity. The 



25 
 

intermolecular interactions between adjacent atoms at the interface between 

the surface and solution, more commonly known as Van der Waals 

interactions, lead to directional alignment of the atoms based on their attraction 

or repulsion for one another. Research into whether or not this directional 

alignment can lead to preferential induction of nucleation or of the growth of 

more stable polymorphic forms of a molecule is ongoing and forms the 

background context within which the research proposed throughout is framed. 

Given that water molecules are considerably smaller than the protein 

molecules used, they can interact more readily with the surface. The net result 

of this is that, depending on the affinity the surface and protein have for one 

another, crystallisation was either inhibited by the formation of a water 

depletion layer or preferred. In the case of a methyl functionalised SAM, the 

lack of hydrogen bond acceptors on the surface means that Van der Waals 

interactions between the protein and the surface are facilitated, leading to an 

increased concentration of proteins at the surface and thus a localised protein 

concentration increase. 

Curcio et al. conducted a study in which six commercially available polymers 

were utilised as heteronucleants to assess how surface functionality regulates 

the rate of nucleation of acetaminophen (ACM).[18] The work identified that 

polymeric interfaces promote specific acid-base interactions and molecular 

reorganisation which enhance nucleation kinetics, while also demonstrating 

that surfaces which are unable to promote specific directional interactions 

between the polymer substrate and ACM inhibit its nucleation rate. 
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This study has relevance in relation to the nature of the polymeric substrates, 

which resemble the principle which would be followed in creating optical 

waveguide layers for OWS analysis. Being mindful of the material of 

construction and how its surface chemistry may interact with the model 

molecule of interest is important to ensure that promotion or inhibition of 

nucleation can be obtained. By trialling a variety of different polymer 

functionalities (including ester, aromatic and imide functionalities), this study 

provides insight into how ACM nucleation responds to different surfaces, from 

which the interactions observed can then be applied to this research to ensure 

that the polymeric surfaces created for experimental work are appropriate for 

the system of interest. 

Zhang et al. investigated how the use of functionalised self-assembled 

monolayers (SAMs) affects the crystallisation of proteins from solution and 

how the insight gained may give rise to a new technique for controlled 

crystallisation. By functionalising a glass substrate with a range of different 

functional groups (including methyl, sulfydryl and amino groups) and 

assessing how the respective groups influenced the crystallisation of two 

model proteins (lysosome and glucose isomerase), the group identified that 

dispersion forces played an important role in whether protein crystallisation 

was enhanced or suppressed.[19]  

The research identified that most crystals adhered to surface-water interfaces, 

which suggested that nucleation was specifically occurring at the interface. 

The range of functional groups selected and proteins (with lysosome being 

positively charged and glucose isomerase negatively charged) allowed for 
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determining which SAM induced preferential nucleation of a particular proteins. 

In the solution, protein and water molecules were both capable of forming 

hydrogen bonds with the surface and as such were in direct competition to 

form surface interactions.  

The work of Boyes et al. also investigated the nanoscale interactions which 

govern heterogeneous nucleation, by assessing how glycine solution 

crystallises when graphene is utilised as a template for selective polymorph 

growth with varying levels of oxidation.[20] By assessing graphene as both an 

additive and a substrate for the crystallisation of glycine, it was found that 

graphene led to preferential crystallisation of the metastable Ŭ-polymorph over 

the unstable ɓ-polymorph and highlighted the importance of intermolecular 

interactions between the graphene surface and glycine molecules in directing 

selective polymorph formation.  

1.2.1.4 Rationalising CNT and its Limitations 

Given that CNT was developed initially from the model of vapour condensation 

to form a liquid, its validity in rationalising nucleation is underpinned by several 

predictions and assumptions. While helpful in explaining the underlying 

principles of the theory, these assumptions also mean that it is not widely 

applicable to most real systems, as they are based on ideal conditions not 

observed in real crystallisation processes. 

This is not easily achievable though, as the assumptions made to simplify the 

system are also the reason that it deviates from observed experimental results 

for such nucleation systems, as no real system will ever be close to this degree 
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of ideality.[21] For example, the assumption that nuclei structure (and by 

extension their surface tension) are the same as that of the new stable crystal 

phase which forms is a well-established idea in relation to CNT. However, a 

combination of computational and experimental work has since challenged its 

validity, which will continue as new experimental methods are utilised and 

direct measurement of the initial stages of crystal growth become more readily 

achievable with greater accuracy. 

Furthermore, it is assumed that the localised density and surface tension at 

the surface of the cluster are equivalent to that of the bulk solution and of an 

equivalent solid-solution interaction at a planar surface, respectively.[9] This 

means that both parameters are negligible, when they play an important part 

in influencing the way crystallisation proceeds. These points are important to 

consider when rationalising primary homogeneous nucleation, given it is the 

most widely used theory to characterise this mechanism.  

The key limitation of CNT though is that to be substantiated, it must be 

supported with quantitative experimental evidence. However, predictive 

nucleation kinetic models which are constructed based on CNT rationale do 

not generate nucleation rates reflective of observed nucleation kinetics from 

experimental studies. Small changes in system supersaturation can lead to 

nucleation rates that have orders of magnitude of difference between them.[11] 

To overcome this, the nucleation rate can be fitted to account for this 

discrepancy. However, this can lead to non-realistic physical parameters being 

predicted. The result is that neither approach can adequately capture system 

behaviour in the early stages of crystal nucleation. 
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One cause of this disagreement stems from the assumption of a steady state 

nucleation rate in CNT, which is calculated with the assumption that the size 

distribution of pre-nucleation clusters does not change with time.[9] This leads 

to a constant nucleation rate, which is not an accurate characterisation of the 

early stages of crystal nucleation, as a transition time is needed to establish 

such a steady state distribution of subcritical clusters. Within a real, physical 

system, this relaxation time varies from experiment to experiment and can 

outlast the lifetime of the supersaturated system of interest, meaning steady 

state nucleation does not occur.  

To be able to more accurately model nucleation kinetics, less reliance on the 

traditional simplifications required by CNT are needed. CNT has challenges in 

accurately reflecting experimental data well due to the pre-exponential factor 

in the rate equation typically being orders of magnitude too small to see a good 

agreement. This difference stems from a theoretical overestimation of the 

number of molecules which actually attach to the growing crystal nucleus and 

an assumption to neglect cluster movement and treat it ideally as a stationary 

object.[9] The attachment of molecules to the cluster is a major source of 

uncertainty, as the dynamics of molecular attachment to the nucleus cannot 

be directly observed in experiments. The crystal growth rate can be measured 

though, which is sensitive to supersaturation (the thermodynamic driver of 

crystal nucleation).[22] 

The pre-exponential factor (see equation 1.12) is related to the molecular 

kinetics of the nucleation process, namely the way in which molecules move 

in solution and in contact with pre-nucleation clusters. This is why CNT 
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nucleation rates must be scaled through the application of a fit-adjustment to 

fall in line with experimentally obtained nucleation rates.[9] In addition to 

overestimating the attachment of molecules to the cluster, this could also be 

due to there being fewer active nucleation sites than theorised with CNT. [11] 

1.2.2 Non-classical Nucleation Theory 

Advances in nucleation research resulted in the proposal of an alternative, 

non-classical description of how crystal nucleation occurs. The findings, based 

on experimental observations, represented a departure from the widely 

accepted understanding rationalised by CNT. As such, non-classical 

explanations of nucleation theory are concerned with heterogeneous 

nucleation rather than homogeneous nucleation, the premise from which CNT 

was rationalised. However, the initial stages of crystal nucleation are still not 

fully understood and research continues to this day hoping to better 

understand the fundamentals of crystal growth.[23]  

Two-step Nucleation Theory  

First proposed by ten Wolde and Frenkel in 1999 using a simulation-based 

approach[8], two step nucleation theory postulates that solute molecules do 

not directly incorporate to form a cluster during the initial stages of nucleation. 

Through their work on homogeneous systems, they found that deviating from 

the liquid-liquid critical point in the system (such as the critical temperature) in 

turn led to simultaneous fluctuations in both the localised density and structure 

observed.[8] This observation agrees with that outlined by CNT. However, 
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around the critical point, large density fluctuations were observed which led to 

identifying a new, two-step nucleation pathway.[9] 

Such density fluctuations were believed to be the result of the free energy 

barrier for crystallisation being reduced, which would in turn increase the 

nucleation rate by several orders of magnitude. For example, at temperatures 

above the critical temperature, nucleation was observed to occur via crystal 

clusters being formed. Below the critical temperature, liquid clusters formed 

instead. The deduction from this observation indicated that for critical nuclei to 

form and facilitate crystal growth, a liquid-like droplet must first form which 

allows crystal nucleation to proceed.[8, 9] 

Experimental evidence from such investigations has given rise to more 

qualitatively correct nucleation rates than those observed through CNT based 

modelling, providing insight on how nuclei form from solution during the initial 

stages of nucleation.[13]  

An example of such research is seen in the work of Vekilov, who postulates 

that during the transition between the liquid and solid crystalline phase it is 

more energetically favourable to form a liquid-like cluster.[1] This was 

observed from both experimental and simulation work which also investigated 

protein crystallisation. The research found that the high-density liquid-like 

clusters suspended in the nucleating solution facilitated subsequent formation 

of crystal nuclei, as shown in Figure 8.[4]  
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The mechanism was primarily investigated to better understand how the 

degree of supersaturation affected the nucleation rate of a model protein, 

lysosome. In doing so, key observations were made that challenged the 

assumptions of CNT. The observed nucleation rate was found to be several 

orders of magnitude less than the equivalent predicted nucleation rate when 

modelling based on CNT. Furthermore, temperature was found to have a 

significant impact on the nucleation rate also.  

While reducing system temperature (thus increasing the degree of 

supersaturation) led to an exponential increase in the nucleation rate, in line 

with the observation of CNT, a deviation was observed where a maximum was 

passed and the nucleation rate went on to decrease with increasing 

temperature.[24] The maximum is reached when the quantity of the 

intermediate (in this case the cluster) is at its maximum, with the subsequent 

decrease due to the consumption of the intermediate to allow crystal growth to 

take place.[25] Assessing the kinetics of such systems in this manner allows 

for real time tracking of the progress on nucleation, which can help shed further 

light on key system parameters that influence the nucleation rate. 

Figure 8: Key steps observed in the formation of crystals by means of a two-
step nucleation pathway. 
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Given detailed imaging techniques were not available to directly quantify why 

such conditions were observed, it was rationalised that the effects were indeed 

the result of crystal nucleation occurring within metastable liquid clusters.[23, 

24, 26] A subsequent modified nucleation rate was proposed, which is 

expressed as follows: 

ὐ  
    

Ў ᶻ
 

ȟ
Ў ᶻ

 (Eq. 1.20) 

Where k is a constant and scales the nucleation rate of crystals within clusters, 

ɖ is the viscosity within the cluster at a certain temperature and concentration, 

ud and uf are the effective rates of decay and formation respectively at a given 

concentration and temperature, ɲG2
* is the nucleation barrier of crystals within 

the cluster and ɲGC
* is the standard energy of the molecule within the cluster 

in excess to that of the surrounding solution in the system.[4] 

The modified rate law indicates that the presence of surfaces or impurities in 

the nucleating solution, which trigger heterogeneous nucleation, does not 

lower the nucleation barrier to enable more molecular clusters to attain the 

critical size required for crystal growth. This is postulated for CNT, whereas for 

two step nucleation it is proposed instead that alteration of the nucleation rate 

facilitates the formation of stable clusters for crystal growth.[13] 
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Generation of the initial dense liquid phase is a fast process, whereas the 

nucleation which then takes place within the cluster is comparably slower. As 

such, crystal nucleation is the rate determining step in the process. This gives 

rise to two distinct energy barriers, one for the liquid phase (ɲG1
*) and the other 

for the solid crystalline phase (ɲG2
*), both of which must be overcome for 

crystal growth to occur. These barriers are illustrated by the graph shown in 

Figure 9, which shows the comparative free energy requirements of the system 

as nucleation proceeds. 

Although this non-classical rationalisation of crystal nucleation provides a more 

reasoned qualitative description of the process as a whole, it does not provide 

resolutions to the identified issues that are presented with the classical 

understanding of nucleation. A key area of contention lies in the rationalisation 

Figure 9: Difference in magnitude of the free energy requirements of the 
system for two-step nucleation to proceed and subsequent crystal growth to 

be observed. [4] 
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of the pre-nucleation solution behaviour as outlined by the non-classical 

nucleation theory.  

While density fluctuations within the liquid cluster, subsequent ordering which 

yield critical nuclei with the same structure as that of the bulk crystal of interest 

and the aggregation of pre-nucleation clusters are all quite possible, it is 

important to acknowledge that this process is no different to liquid-liquid phase 

separation, often referred to as oiling out. Observed in the crystallisation of 

proteins and small molecules like glycine, this phase separation leads to a 

dispersion of concentrated drops of solution within a bulk solution of overall 

lower concentration.[11] 

These drops offer an alternative environment to the bulk solution within which 

crystal nuclei can form but, importantly, do not lead to a different route by which 

crystallisation proceeds. As a result, the formation of the concentrated liquid 

droplets within the bulk solution simply represent the formation of an additional 

bulk phase within which nucleation can occur. This means that while 

qualitatively the theory describes crystal nucleation with a reasonable 

approach, it does not offer a deeper level of insight than that which classical 

nucleation theories have already established with respect to the early structure 

of the nuclei when forming. 

Consequently, new ideas which challenge these well-established theories 

must be considered and subsequently tested in order to translate this to the 

design and optimisation of more efficient crystallisation processes. 
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1.3 Interfacial Concentration Enhancement and its significance in rationalising 

heterogeneous crystal nucleation 

While CNT and non-classical nucleation theories have been the established 

schools of thought for many years, it is clear that more work is necessary to 

truly understand the key drivers behind this fundamental physical process. The 

work presented in this thesis seeks to contribute towards this furthering of 

understanding, challenging the established rationales with evidence that has 

not been previously considered. 

It is well understood and widely accepted, based on the rationale posed by 

CNT, that the presence of a surface or interface within a solution prior to 

nucleation will stabilise the growing nucleus and lead to a reduction in the 

surface energy of the nucleus. The result of this is a lowering of the free energy 

barrier and a subsequent enhancement of the nucleation kinetics. CNT 

postulates that the solution concentration is equivalent throughout the system 

of interest, meaning that the concentration of the bulk solution is the same as 

at the interface between the solid surface and the solution phase. The question 

to pose in challenge to this belief is simple ï is this truly the case? 

A recent approach to investigate this theory, utilising a combined 

computational and experimental approach on solutions of aqueous glycine, 

identified a preferential orientation and subsequent enhancement of the 

nucleation kinetics of glycine at a solution-oil interface when contrasted with a 

solution-air interface.[27] Subsequent molecular dynamics simulations 

identified markedly different interfacial behaviour to that observed in the bulk 

solution, which was attributed to an effect that facilitates heterogeneous 
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nucleation due to dispersion interactions between glycine molecules and the 

liquid interface. 

The key thoughts upon which this rationale stands are grounded in considering 

the two key drivers of crystal nucleation ï the thermodynamics and kinetics of 

the system. Although the behaviour observed at the interface was different, 

the chemical potential within the interfacial layer was believed to be equivalent 

to that of the bulk solution This is believed to be the result of an attractive 

potential between glycine molecules and the interface being in mutual 

equilibrium with the bulk solution. This behaviour aligns with observations from 

previous studies investigating the formation of mesoscale clusters of glycine 

molecules within aqueous solutions.[28] 

It is therefore evident that if this interfacial effect does not stem from 

thermodynamic drivers of crystal nucleation, it must be the result of the kinetics 

directly influencing the local concentration at the solid-liquid interface. 

Specifically, it is the direct result of the attachment frequency of molecules to 

growing pre-nucleation clusters and the free energy barrier of the nucleus 

bound at the surface. 

Nucleation occurs as the result of consecutive attachments and detachments 

of molecules to form differently sized clusters of the nucleating phase in 

solution. The kinetics of this process are governed by the frequency of those 

attachments, which are believed to be directly proportional to local 

concentration. As a result, the surface facilitates an enhanced frequency of 

this behaviour with respect to the bulk solution, an increase in the nucleation 
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rate and a subsequent increase in the local concentration at the surface with 

respect to the bulk solution. 

In addition to the influence of the relative attachment frequency on the local 

concentration at the surface, the energetics with respect to the free energy 

barrier for nucleation also play a part in driving this behaviour. CNT outlines 

that heterogeneous nucleation occurs at a faster rate due to a reduction in the 

crystal surface energy when close to a surface or interface, thus leading to a 

reduction in the energy barrier which must be overcome for nucleation to occur. 

The activation energy necessary to facilitate nucleation depends on the 

nucleusô surface tension. Solute molecules within close proximity to a surface 

are less well bound to neighbouring molecules than those in the bulk solution, 

meaning the contribution they provide to the free energy of the new phase is 

greater. Consequently, exposure of the nucleus to a localised region of the 

solution with a higher concentration than that of the bulk solution results in a 

reduction in the surface energy. This is unexpected, as it would be expected 

that the surface free energy would increase in an attempt to destabilise the 

growing nucleus. Instead, the barrier to nucleation lowers due to the nucleation 

free energy barrierôs joint dependence on both surface tension and solution 

composition. 

The key question that stems from this is the need to consider how the solution 

behaviour differs from the region in direct contact with a nucleus, specifically 

the face not in contact with the interface, to that of the bulk solution.  Surface 

energetics and molecular orientation can shed light on this effect and both offer 
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plausible explanations for the drivers behind such behaviour. However, neither 

are directly investigated within this thesis.  

Presently, neither classical nor non-classical rationalisations of crystal 

nucleation are able to comprehensively describe nucleation from both a 

qualitative and quantitative perspective. The work presented in this thesis does 

not provide immediate answers to the questions consistently leveraged at both 

schools of thought and further investigation will be needed to fully develop this 

understanding and rationale. However, it is clear that this reasoning must be 

accounted for when establishing new theories for the early stages of crystal 

nucleation due to the marked difference observed in interfacial behaviour when 

contrasted to that of bulk solution dynamics. 

1.4 Surface Plasmon Resonance Spectroscopy 

Significant research and development in the last forty years has seen 

advancements in optical sensing, more specifically surface plasmon 

resonance (SPR) sensing and its wide-ranging applications.[29] As such, this 

has seen SPR gain popularity and subsequently adoption in commercial 

applications, largely because of its label-free, highly sensitive range of 

detection to characterise biomolecular binding processes and interactions.[30, 

31] [32] 

SPR sensors are widely used as thin-film optical refractometers to detect 

changes in the refractive index of a sample medium of interest. By monitoring 

these shifts, SPR sensors can detect biomolecular interactions, chemical 

reactions, and environmental changes.[33] The ability of such sensors to 
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perform highly sensitive measurements through the detection of changes in 

the refractive index at the surface of thin metal films without molecular labelling 

makes them incredibly useful,[34] especially when considering the behaviour 

of solutions prior to crystal nucleation in contact with different interfaces. 

Example processes include antigen-antibody interactions for immunosensing, 

genetic analysis through assessment of protein-DNA interactions and cancer 

biomarker detection, all of which can be undertaken through the application of 

SPR spectroscopy. This is extremely beneficial to patients, as it facilitates early 

disease detection and the ability to develop drugs to treat diseases at an 

increased rate.[29] 

Although widely applied to biosensing, SPR spectroscopy is not limited to 

biomolecular sensing. It is also an incredibly useful technique for application 

in chemical sensing, such as in the real-time detection of hazardous chemicals 

and gases by measuring changes in their refractive index. For example, SPR 

can be used to monitor hydrocarbons, aldehydes and alcohols in vapours 

through the use of polyethylene glycol thin films.[29] SPR sensors also see 

application in food safety and environmental monitoring applications, using the 

enhanced sensitivity for the detection of contaminants and toxins. This 

includes, but is certainly not limited to, the detection of pesticides in water and 

the detection of heavy metals (such as copper and lead) in water when coupled 

with anodic stripping voltammetry.[29] 
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1.5 Other Surface Measurement Techniques 

Although the surface selectivity of SPR spectroscopy makes it an interesting 

proposal for assessing surface-solution interactions, there are other means by 

which these interactions could be investigated.  Atomic force microscopy, 

spectroscopic ellipsometry and optical waveguide spectroscopy are examples 

of other techniques utilised for the measurement of surfaces, which are 

outlined below. 

Atomic Force Microscopy 

Atomic force microscopy (AFM) is a high-resolution scanning probe 

microscopy technique used in the analysis of surfaces at the nanoscale. AFM 

provides real time microscopy by way of its method of data acquisition, 

whereby a sharp tip is mounted on a cantilever over a sample. The tip is then 

moved in three dimensions, with a laser beam reflected from the cantilever to 

a photodiode detector. [35] The deflection of the cantilever then provides 

height information about the sample through the monitoring of laser reflection, 

which can be related to atomic-scale morphological information about the 

given sample. 

There are two main methods by which AFM can be performed: contact or non-

contact (dynamic) mode. In contact mode, the most commonly applied AFM 

measurement method, the tip remains in continuous contact with the sample 

surface and deflection of the cantilever is monitored to construct high- 

resolution topological images of the surface. The tip can also be placed in 

tapping mode, where the cantilever instead oscillates at its resonance 
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frequency, periodically tapping the sample surface. This is generally more 

applicable for use in the study of biological material or polymers.[36]  

In non-contact mode, the tip oscillates just above the sample surface, which in 

turn leads to the detection of interactions such as van der Waals forces. This 

method benefits from being able to provide high resolution images without 

physical contact being made between the tip and sample surface. The 

schematic in Figure 10 below shows the difference between the two 

measurement modes. 

 

Figure 10: Examples of the two main methods of operation for atomic force 
microscopy: contact and dynamic mode. [36] 

AFM is widely used for the characterisation of thin films, nanoparticles and 

nanostructures given its ability to provide real time imaging. Additionally, it can 

be used to measure mechanical properties of a surface, such as the Youngôs 

modulus of soft materials like biomolecules. As a result, AFM sees widescale 
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use in material science and biomolecular research, nanotechnology and 

metallurgy, where precise information about the nanoscale characteristics of a 

surface are essential. 

Spectroscopic Ellipsometry 

Spectroscopic ellipsometry is a commonly used and effective means by which 

to measure ultrathin films. It is a highly sensitive technique, with the ability to 

measure transparent films down to a thickness limit of one angstrom and 

repeatable measurements of a materialôs dielectric properties.[37]  

A non-destructive technique, ellipsometry relies on the changes to the 

polarisation state of an incident light source, typically ultraviolet-visible (UV-

Vis), upon striking a thin film sample through the use of polarisers, with the 

light reflected indirectly from the sample.[38, 39] A schematic of a commonly 

used spectroscopic ellipsometer, a rotating analyser spectroscopic 

ellipsometer, is shown in Figure 11 below. 

 

Figure 11: Schematic diagram of a spectroscopic ellipsometer, with a rotating 
analyser configuration. [37] 

Like SPR spectroscopy, ellipsometry is unable to directly measure film 

thickness and relies on the deployment of models to characterise experimental 
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data. This means that for ex-situ measurements, characterisation of a wide 

range of film properties, such as; layer thickness surface roughness and 

composition can be determined.  

Conversely, in-situ measurements can be used to determine nucleation and 

growth parameters of thin films as they are formed on a surface.[38] While the 

technique offers a fast, non-destructive analytical technique, the mathematical 

analysis which is required to extract optical properties from the raw data is not 

straightforward. [39]  

Furthermore, it is best suited to samples which are homogeneous and of 

sufficient thickness, meaning that application to heterogeneous systems 

requires approximations which may lead to non-realistic optical parameters. 

Optical Waveguide Spectroscopy 

In addition to SPR spectroscopy, optical waveguide spectroscopy (OWS) can 

also be employed for analysis of interfacial processes through the excitation of 

surface plasmons. The underlying principles of the technique are similar to that 

of the Kretschmann configuration employed for SPR sensing under ATR 

conditions and as such can offer at least comparable levels of sensitivity in the 

measurements which can be obtained. The following section outlines the 

fundamental principles behind the utilisation of optical waveguides (OWG) and 

the configurations and methods of construction employed to generate them. 

Deposition of a coating layer onto a glass substrate with a refractive index 

equal to that of the glass prism used in the experimental setup [40], such as 

thin layer of high refractive index waveguiding material,[41] gives rise to 
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additional film resonances which can be observed when performing angular 

reflectivity scans of a sample. Such resonances are characterised by narrow 

dips in the system response and are the result of the incident light source 

exciting guided optical modes within the deposited film.[40]  

In order to ensure that there are no breaks in the media the incident light 

source passes through to reach the waveguide-metal interface, specifically 

between the prism and the glass substrate, refractive index matching oil is 

applied to the prism surface to ensure optical consistency in the system and 

minimise inaccuracy in the recording of measurements.  

As a result of the way in which the system is configured, incident light 

propagates exclusively within the structure of the deposited waveguide.[42] 

These resonances propagate as bound electromagnetic waves and have a 

characteristic evanescent tail, which decays exponentially away from the 

metal-waveguide interface into both the waveguide and sample being 

analysed, exciting surface plasmons at the outer boundary of the metal 

layer.[34, 40, 42] A typical experimental setup and the response such a system 

produces is shown in Figure 12 below, which is an example of the most 

commonly utilised waveguide configuration in optical sensing, a planar OWG: 
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The momentum of these guided electromagnetic modes in the x direction of 

travel is greater than that of the corresponding photons in free space, hence 

the need to couple the light source, as is the case for the Kretschmann 

configuration of the SPR sensor, using a high refractive index glass prism to 

ensure momentum matching of the bound waves and the incident photons.[40] 

As shown in Figure 12, a waveguide with a set thickness has a number of 

modes, with their corresponding positions in the angular reflectivity scan 

dependant on both the wavelength of the incident light source and the 

respective refractive indexes observed in the experimental system. Changes 

in the conditions at the surface of the OWG structure change the refractive 

index, which in turn lead to minor shifts in the coupling angle.[42] Comparison 

of such changes can be used to determine key information about the system 

characteristics, such as the concentration of the sample at the interface or the 

x 

z 

y 

Figure 12: Experimental configuration and resultant angular response curve 
of a typical OWG experimental setup. [40] 
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thickness of a layer if molecules have adsorbed at the metal-dielectric 

interface. 

Typically, OWG are produced from polymeric materials by spin coating layers 

of polymer onto the glass substrate to produce an OWG of the desired 

thickness. Examples include polystyrene[43], poly(methyl methacrylate) 

(PMMA), polycarbonate (PC) and polyurethane (PU).[44] 

Generation of the bound electromagnetic waves that give rise to the sensing 

effect is not possible without total internal reflection occurring at both the prism-

waveguide and metal waveguide-interfaces.[40] For total internal reflection to 

occur, the refractive index of the OWG must exceed the refractive indexes of 

both the glass prism and dielectric medium.  

This scenario is shown in Figure 13; where n1, n2 and n3 are the refractive 

indexes of the glass prism, OWG and dielectric medium, respectively. 

Consequently, n1<n2>n3 satisfies the required conditions for total internal 

reflection to occur, which traps the light within the waveguide film and 

generates the guided electromagnetic mode that give rise to the sensing 

effect.[40, 44] 

 

 

 

 

 

Figure 13: Geometry of an OWG, indicating the three regimes of differing 
refractive index the incident light passes through. [40] 
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Justification for use of SPR Spectroscopy 

SPR spectroscopy is capable of probing interfacial behaviour as a result of its 

sensitivity directly at the solid-sample interface, which gives the ability to 

measure the thickness of a layer of molecules bound at the solid surface 

without detecting possible artefacts in the signal response caused by bulk 

solution measurement artefacts.  

Consequently, SPR spectroscopy facilitates selective characterisation of this 

region relative to the properties of the bulk medium. For example, in an 

aqueous solution of glycine, SPR spectroscopy can be applied to sense 

localised concentration differences at the solid-liquid interface relative to the 

composition of the bulk solution. If the refractive index of the bulk solution is 

known, a representative model system can be built to determine the thickness 

of this interfacial layer of molecules.  

Conversely, if the refractive index of the layer is unknown, a layer thickness 

can be assumed that facilitates quantification of the refractive index of the 

interfacial layer and subsequently the density of the layer. Due to the direct 

relationship between refractive index and concentration, this gives an 

indication of the solution density within this interfacial layer with respect to the 

bulk solution density. Neither measurement is entirely conclusive though, as 

each carries an associated degree of error by either assuming a layer 

thickness or refractive index. The result is a trade-off which the user must 

assess to establish which parameter is of more importance for 
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characterisation. It was decided that based on this enhanced selectivity, SPR 

spectroscopy would be utilised in this research. 

Furthermore, application of top down techniques such as ellipsometry and 

reflectometry were not considered, as they required looking through a sample 

cell as opposed to sensing within the cell as is the case for SPR spectroscopy. 

The inherent risk of sensitivity results caused by this top down approach were 

deemed undesirable given the level of sensitivity the proposed measurement 

in this research require. 

1.6 Research Aims and Objectives 

The work presented within this thesis can be can be briefly summarised as 

aiming to achieve the following high level aims: 

¶ Determine whether SPR spectroscopy has the required sensitivity to 

detect interfacial concentration enhancement in situ. 

¶ Probe interfacial effects in undersaturated solutions of aqueous 

pharmaceuticals on gold surfaces. 

¶ Assess whether functionalisation of gold surfaces with a hydrophobic 

interface leads to a change in interfacial solution behaviour. 

In Chapter 3, total internal reflection reflectometry and surface plasmon 

resonance spectroscopy are utilised sequentially to probe whether the 

experimental setup developed for this work has the necessary sensitivity to be 

able to accurately determine bulk solvent properties (critical angle for total 

internal reflection and solvent relative permittivity) and interfacial properties 

(SPR coupling angle minima). These metrics are key to probing interfacial 
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concentration enhancement and therefore establishing how precisely they can 

be characterised is a key foundation upon which the work is based upon. 

In Chapter 4, the critical angle and SPR coupling angle minima are utilised to 

capture interfacial concentration enhancement in situ. This is achieved through 

comparison of refractive index matched aqueous glycine solutions, with 

solvent reference measurements of binary solvent systems (1-propanol ï 

methanol mixtures) and pure component solvents (ethanol). 

In Chapter 5, this work is extended to solutions of aqueous urea, which has a 

higher solubility in water than glycine. This allows for a wider range of pure 

component solvents to be probed as reference solvents for refractive index 

matched urea solutions. 

In Chapter 6, using the findings of Chapters 4 and 5 as a basis, gold chips are 

functionalised with ultrathin polystyrene layers on their surface before again 

performing measurements of solvent reference mixtures and pure component 

solvents, alongside the refractive index matched concentrations of aqueous 

glycine solutions. In doing so, the aim was to assess the influence of ultrathin 

hydrophobic interface on interfacial concentration enhancement and whether 

the enhanced hydrophobicity with respect to bare gold chips would lead to a 

change in the degree of interfacial concentration enhancement observed in 

situ. 
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Chapter 2 

2. Materials and Methods 

2.1 Introduction 

In this chapter, the model compounds utilised in this research are outlined and 

described briefly to highlight why they were selected for use. The fundamental 

theory of both total internal reflection and surface plasmon resonance is then 

detailed, along with a description of surface plasmon resonance spectroscopy.  

The spectrometer setup is outlined in detail for both the Total Internal 

Reflectometry (TIR) and Surface Plasmon Resonance (SPR) Spectroscopy 

configurations utilised to measure pure solvents, binary solvent mixtures and 

aqueous solutions of glycine and urea, along with the practicalities of operating 

the experimental setup to perform such measurements. The Winspall program, 

used to develop model representation so experimental measurements, is also 

detailed in how it operates and its limitations. 

Additionally, the standardised experimental procedures utilised for contact 

angle microscopy (used to assess macroscale surface-solution interactions) 

and optical microscopy (used to assess the macroscale surface environment 

upon which solvents and solutions were placed into contact with) are also 

detailed. 
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2.2 Materials 

2.2.1 Glycine 

The small molecule glycine is primarily utilised in this work as a model 

compound to study interfacial interactions at solid-liquid interfaces. Glycine is 

a simple, non-essential amino acid which plays an important physiological role 

in mammals, supporting metabolic processes, as well as neurological function 

and immune response within the human body.[45, 46] In addition to its 

importance to physiological processes, glycine is also widely applied to 

pharmaceutical research as an ideal model system. This is due to glycineôs 

molecular simplicity, ease of handling, known physical forms and low cost, all 

of which make it especially useful for when trying to better understand 

crystallisation processes. The structure of glycine and its relevant zwitterion, 

the form it adopts in neutral solutions, can be seen in Figure 14 below. 

 

 

 

Glycine is a polymorphic molecule and consequently forms three distinct 

polymorphs under ambient conditions; alpha (Ŭ), beta (ɓ) and gamma (ɔ). Of 

these three forms, the ɔ form is the most thermodynamically stable polymorph, 

with Ŭ and ɓ forming metastable polymorphs, where the ɓ form is least stable.  

Each polymorph can be preferentially formed depending on the crystallisation 

method selected. For example, Ŭ-glycine is the dominant polymorph observed 

Figure 14: Chemical structure (left) and zwitterionic form (right) of glycine. 
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in cooling crystallisation processes, where crystals form from pure aqueous 

solution and can transform to the stable gamma form by way of a solution-

mediated polymorphic transformation. [47, 48] However, for antisolvent 

crystallisation processes, ɓ-glycine becomes the dominant polymorph formed 

and can be seen to transform to the more stable Ŭ form due to solution 

mediated polymorphic transformation. [48, 49] With regards to the formation of 

ɔ-glycine, crystallisation processes where solution pH is altered to yield acidic 

or basic conditions have been found to preferentially yield the stable ɔ-

polymorph.[50, 51] 

2.2.2 Urea 

In addition to the use of glycine, urea was also utilised to probe solid-liquid 

interfacial interactions. Urea is a white, colourless crystalline organic solid, [52] 

with uses in fertilizers, feed supplements and as a precursor for polymers and 

resins. It is synthesised industrially from the reaction of both ammonia and 

carbon dioxide at high temperature and pressure.[53] Much like glycine, its 

molecular simplicity, in combination with both fast nucleation and growth 

kinetics, means that urea has been extensively studied. This makes it an 

attractive small molecule for the research of crystal nucleation fundamentals. 

The structure of urea is shown in Figure 15 below. 
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Upon crystallisation from aqueous solution, urea forms long, needle-like 

crystals. There are three extensively characterised polymorphs - Form I (the 

most stable under ambient conditions), Form III & Form IV (both of which are 

high pressure forms)- with up to five known polymorphs observed in the 

literature. [54, 55] 

2.2.3 Polystyrene 

Polystyrene is a commonly used polymer in materials science research, 

primarily due to its well-defined surface chemistry when deposited upon a 

surface of interest, chemical inertness and hydrophobicity, weak electron 

donor phenyl rings and absence of polar functional groups. This makes it 

especially useful for the investigation of surface-liquid interfacial interactions. 

The monomer structure is shown in Figure 16 below. 

 

Figure 15: Chemical structure of urea. 
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Numerous studies in literature have observed that the presence of a 

polystyrene interface in induction time measurements will enhance primary 

nucleation kinetics of various active pharmaceutical ingredients, making it 

especially relevant when trying to establish the key drivers behind such 

enhanced nucleation rates. [15, 18, 56] Ultrathin polystyrene films can be 

produced using spin coating, whereby polystyrene is dissolved in toluene, 

pipetted onto a surface of interest and then dispersed across the surface at a 

set spin speed. Polymer concentration and spin speed variation will yield 

thicker or thinner films as desired.[57, 58] 

2.3 Experimental Methods 

The following section outlines the fundamental theory behind the 

spectroscopic methods utilised in this work, as well as the experimental 

methods used for in situ surface-solution measurements, representative model 

systems used to rationalise these measurements and the imaging tools used 

for macro scale investigation of surface-solution interactions. 

Figure 16: Chemical structure of polystyrene. 
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2.3.1 Total Internal Reflection 

When light travels from one medium to another, both the speed and 

wavelength of the light source change but its frequency remains constant. 

Therefore, for a light source of a fixed wavelength, the change in speed that 

occurs when light moves into the new medium leads to refraction of the light 

at the interface between these two media. Measuring the angle at which the 

incident light source strikes, normal to the interface, allows for the angle of 

transmitted light to be determined by Snellôs law, given in Equation 2.1 below 

and visually displayed in the schematic in Figure 17. 

ὲίὭὲ—  ὲίὭὲ—   (Equation 2.1) 

 

Figure 17: Schematic detailing the refraction of an incident light source on 
moving from a material of lower refractive index n1 to one of a higher 

refractive index n2. 

Figure 16 shows that when light moves from the medium with refractive index 

n1 (e.g. air) to the medium with refractive index n2 (e.g. glass), the light bends 

towards the normal. Contrastingly, were the light to move from glass to air, the 
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light would bend away from the normal. As a result, an angle exists at which 

light travelling from a lower refractive index material to one with a higher 

refractive index will be refracted at 90°. This is the critical angle for total internal 

reflection, which is shown in Figure 18. 

 

Figure 18: Critical angle for total internal reflection, where incident light is 
refracted along the interface between the two media. 

Using Snellôs Law, where the angle of the refracted light is 90Á, it is possible to 

calculate the critical angle for total internal reflection, shown below in Equation 

XX.  

—  ίὭὲ  (Equation 2.2) 

If the angle of incidence were to exceed this critical angle for total internal 

reflection, this would lead to the sine of the refracted light being greater than 

one, which cannot be solved. Consequently, in this scenario, the incident light 

source is reflected off the interface in its entirety, thus obeying the law of 

reflection.  
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2.3.2 Surface Plasmon Resonance & Evanescent Waves 

SPR is surface sensitive because the technique is able to excite the coherent 

oscillation of free outer electrons on a metal surface with an incident light 

source under momentum-matching conditions. This is possible under 

attenuated total internal reflection conditions (ATR) and backside 

illumination,[29] where the incident light travels through a semi-transparent 

metal layer deposited on a glass substrate and excites surface plasmons 

oscillations (SP) on the other side of the metal layer (i.e., ñtopò surface) that is 

exposed to the dielectric medium directly above it.[59]  

The resulting SP propagates along the surface of the metal film and is a mode 

of guided evanescent electromagnetic field.[34] A metal film is necessary 

because coupling of the incident light into SPs requires a higher propagation 

constant in the metal layer than in the outside dielectric medium. Moreover, 

attenuated total reflection using a prism constructed from high refractive index 

glass is employed so that the incident light can acquire a sufficiently high 

wavevector for SP coupling at relatively low incident angles, to facilitate 

measurement acquisition.[34] 

This configuration is shown in Figure 19, where the generated electromagnetic 

waves, bound at the interface between the metal and dielectric medium, 

propagate along its surface in the z-direction. These waves are TM-polarized 

(transversal magnetic or p-polarised).[29] Referred to as evanescent waves, 

they are generated when an optical reflection takes place and serve as the 

means by which light identifies the surrounding environment it is passing 

through.  
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Evanescent waves propagate in the z-direction, as seen in Figure 19, across 

the surface of the thin metal film at its interface with a dielectric medium (such 

as a liquid sample of interest). A further component of the wave travels in the 

x-direction of travel, where it penetrates the dielectric medium and its intensity 

decays exponentially with increased distance from the metal surface. It is this 

component of the wave that facilitates real time sensing of the region directly 

above the metal film. The interface is illuminated selectively, with the wave 

intensity decreasing as it moves towards the bulk system and subsequently 

not probing the bulk medium with the same selectivity as at the interface.  

Figure 19: Schematic diagram detailing how evanescent waves are 
generated within an SPR sensor configuration. The light reflected back from 
the metal surface, when collected by a photodiode detector, gives rise to the 
characteristic SPR spectral response shown on the right ride of the figure. 
These spectra are characterised by two key figures of merit ï the critical 

angle of total internal reflection and the SPR coupling angle minima. 
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2.3.2.1 SPR Sensor Configuration and Operation 

Surface plasmon resonance sensors, as explained above, are optical sensors 

which utilise the excitation of surface plasmons to conduct accurate small-

scale measurements.[34] Of the coupling methods commonly used to directly 

induce SP excitation, the use of high refractive index glass prisms is most 

widely seen in literature. Specifically, the Kretschmann configuration is viewed 

as the ñgo toò geometry to adopt, due to its experimental simplicity. 

The Kretschmann Configuration 

The Kretschmann configuration is a commonly used setup for conducting SPR 

experiments. It consists of a thin metal film layer, typically gold or silver due to 

their stability and optical properties,[29] which is deposited on the surface of a 

glass substrate. The glass surface and low loss metal layers do not have a 

strong adhesion for one another, though this is typically overcome through the 

deposition of a thin layer of chromium on the glass substrate upon which the 

thin metal film can be deposited.[60]  

The thickness of the typical metal film, whether it is gold or silver, is of particular 

significance due to the nature of the evanescent wave from which the 

information about the system of interest is obtained. Careful optimisation of 

this layer in necessary to maximise the sensitivity of the sensorôs response, as 

too thick a layer will dampen the observed signal. Within the literature for this 

field of research, the common convention is for the metal layer to be 

approximately 50 nm in thickness.[29, 61]  
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With regards to operation of the sensor in this configuration, a monochromatic 

light source, such as a He/Ne laser beam, is passed through the high refractive 

index glass prism and the glass substrate upon which the metal layer is 

deposited.[29, 40] A refractive index matching oil is applied to the surface of 

the prism prior to addition of the gold chip, to ensure that the light source has 

constant optical contact between the two surfaces. Upon striking the chip 

surface, the light source is reflected at the interface between the substrate and 

the metal layer. Upon contacting the metal layer, the light source excites SPs, 

which generate evanescent waves as they oscillate. As noted in Section 

2.1.1.1, evanescent waves exhibit an exponential energy decay with 

increasing distance from the metal surface and into the liquid sample of 

interest.[29, 30, 40] The light which penetrates the liquid sample senses 

changes in the refractive index distribution at the metal-dielectric interface, 

which leads to a change in the effective refractive index of the dielectric.[34, 

60] This process only occurs at a certain angle of incidence, referred to as the 

resonance angle (ɗSPR).  

A detector is placed in contact with the glass prism, which identifies the 

intensity of light which is bounced back from the metal surface. The electrical 

signal detected is then amplified and presented as an SPR response curve, 

which plots reflectivity against the incident angle of the laser source with the 

metal-prism interface.  

The generated spectrum has two key features which are of importance for 

analysing an experimental system; the critical (ɗcritical) angle and ɗSPR, which 

were highlighted in Figure 19. As the angle of incidence of the incident laser 
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source is cycled through the specified angle range of the user, a portion of the 

incident light is reflected. This can be due to either reflection of the light at the 

interface between the metal and the glass prism or by total internal reflection 

of the light, where the angle of incidence exceeds the critical angle.[34]  

The position of ɗcritical depends solely on the difference between the dielectric 

constants of the metal surface and the liquid sample directly above it. This 

makes the critical angle an important means by which comparisons can be 

made against standard measurements. Changes to the liquid sample system 

that occur at the sensor surface also result in a change in ɗSPR. The 

characteristic dip in the spectrum, observed as the intensity minima in Figure 

19, is generated by the coupling of light with surface plasmons.[62] The 

interaction between the surface plasmons and the incident light leads to the 

intensity of the reflected light approaching a minimum, at which point the 

surface plasmons are excited by the incident light where the reflected light is 

close to zero (ɗSPR).  

The observed surface conditions at the metal-dielectric interface also change 

how the SPR response is characterised. This is represented by the SPR 

response curve shifting left or right due to changes in the refractive index of 

the liquid sample, linked to the dielectric constant by the following relationship: 

‐  ὲ 

For example, if an experimental system is used such as the one illustrated in 

Figure 19, typically a solution of interest will be pumped into the flow cell by 

exchanging it with a pure solvent to distinguish between the different 
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regimes.[60] In turn, this will lead to the observed ɗSPR being shifted, which can 

be tracked in real time by means of repeated scans of the system response. 

This is referred to as angle tracking and will form an integral part of the 

experimental work conducted in this research.  

Measuring the difference between such measurements allows for 

determination of the local concentration at the metal-dielectric interface and 

adsorption or interaction of molecules with the metal surface, which drives this 

change in the detected optical conditions. 

2.3.2.2 Minimising system limitations through sensitivity and selectivity 

enhancement  

Although SPR sensors are both highly effective and incredibly useful, they are 

not without their limitations. A variety of factors, if not carefully optimised, can 

lead to a reduction in the sensitivity of the instrument and the measurement it 

generates. In a theoretically idealised SPR experimental setup, there are no 

losses in signal intensity due to chip preparation or spectrometer setup. The 

generated SPR curves from such a setup would show well resolved spectra, 

where the critical and coupling angles have a high signal to noise ratio and 

thus can be clearly distinguished.  

Although it is possible in an experimental setup to achieve high quality SPR 

curves with well resolved spectral features, this can only be done by utilising a 

range of tools to minimise any potential external influences on the quality of 

the SPR curves generated by the setup as far as practicable. Ultimately, 
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improvements to the experimental setup and preparation of gold chip 

substrates are the key means by which system sensitivity can be improved. 

With regards to chip preparation, employing measures to minimise substrate 

roughness, having an awareness of how changes in the relative dielectric 

constants of the metal and the liquid sample influence the response and 

selecting the optimal thickness of the metal film are key considerations.  The 

thickness of the thin metal film, which can be considered as both the adhesive 

chromium layer and the gold film itself, play a significant role in the level of 

response generated by the SPR spectrometer when performing 

measurements.  

If not selected carefully, all key characteristics of the SPR response used to 

determine interfacial enhancement in the liquid sample, such as the minimum 

reflectivity observed and the sensitivity of the sensor, are diminished.[63] 

Consequently, optimisation of the metal layer is a key means by which 

sensitivity enhancement can be obtained. 

As previously noted, a surface adhesion layer exists between the glass prism 

and the gold film to stabilise it.[61] Ekgasit et al. (2005) conducted a study 

whereby they looked to investigate the influence of the metal film thickness on 

the experimentally generated SPR response, identifying that the resonance 

angle increases slightly as the thickness of the metal film increases and the 

reflectance observed depends strongly on the thickness of the metal film.[61]  

The study found that while the sensitivity of the observed reflectance changes 

decreased when employing thicker chromium layers and thinner gold film 
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layers, the sensitivity of the measurement of ɗSPR was unaffected by these 

variations in the thickness of the metal film. An important point to note though 

is that while the position of the ɗSPR may be unchanged, the sharpness of the 

minima will be reduced due to this change in layer thickness. This, coupled 

with an excessively noisy experimental response, could lead to a less accurate 

quantification of ɗSPR.  

Reflectivity changes play an important part in inferring valuable information 

about the experimental system, such as local concentration and chip layer 

thickness. As such, it is important to ensure careful optimisation of the metal 

film to attain highly sensitive reflectivity data about the system. 

A further consideration which can be altered to maximise sensitivity is 

assessing the degree of roughness which is observed on the metal surface, 

which stems from the chip preparation process. If the surface of the gold layer 

is excessively rough, this will lead to the SPs scattering upon striking the 

surface in different directions.[63]  

The result of this unwanted scattering is a broadening of the dip observed in 

the SPR response, the minima around ɗSPR. Furthermore, in the context of this 

research, defects on the metal surface may act as ideal nucleation sites from 

which nuclei could form and subsequently induce crystal growth. As such, 

ensuring the surface is as smooth as possible is important to ensure as clear 

a response as possible is obtained and that unwanted side processes at the 

metal-dielectric interface are minimised. 
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Alongside improvements to chip preparation, sensitivity can be further 

improved with refinements to the experimental setup itself. One such example 

is the obtainable angle resolution of the instrument and how repeatable the 

alignment of the glass prism is, as this will influence the instruments sensitivity. 

If the critical and coupling angles cannot be accurately quantified by the 

experimental setup, or there is considerable scattering of the signal response 

in these regions, this will limit the precision with which these parameters can 

be determined. However, attention must also be paid to the solution being 

analysed to minimise background noise during signal processing which may 

hide key system features. 

To mitigate potential inaccuracies in measurements or excessive background 

noise when sampling, there are techniques and examples of good practice 

available which can enhance both the selectivity and sensitivity of SPR 

sensors and the experimental sensitivity which can be obtained from the 

instrument. Hardware changes to the system such as the use of a lock in 

amplifier, which processes the generated response signal and recovers 

signals buried within the noise of the system or the use of an improved detector 

with a larger active surface area are practical alterations which can lead to 

additional significant improvements in the degree of sensitivity attainable by 

the sensor system. Incorporating these methods into the operation of SPR 

sensor operation is a worthwhile practice, as it enables closer inspection of 

chips in contact with liquid samples and thus the inference of further 

information about the system of interest. 
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In combination with the influence metal film thickness and morphology have 

on these surface measurements, the sample solution in contact with the 

surface also plays a key role in determining the degree of sensitivity with which 

measurements can be made. In the context of this research, an emphasis is 

placed on assessing interfacial processes, which are typically observed at the 

nanoscale.  

Excessive noise from the bulk solution can lead to a dampening of the signal 

received from the detector in analysing the experimental system, which can 

interfere in identifying the finer details within a given SPR response. A practical 

alteration can be the choice of solvent within which the compound of interest 

(glycine in this instance) is dissolved to form a solution. This is important as 

failing to consider such a step would mean not recognising the need to reduce 

the amount of background noise in the experimental system as much as 

possible.  

Selection of a solvent system with optical properties similar to that of the 

solution of interest means that the optical response can be calibrated prior to 

measurement, then exchanged with the solution of interest to perform the 

desired measurement. Comparison of the response of each system identifies 

noise present in the bulk solution and thus makes rationalising the information 

present in angular reflectivity scans less troublesome.  

2.3.3 Gold Chip Preparation 

The application of gold layers to the LASFN9 glass slides was undertaken at 

the Molecular Sciences Research Hub (MSRH), Imperial College London. 
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Prior to chromium and gold layer deposition, LASFN9 slides were thoroughly 

cleaned using a Hellmanex washing procedure. Slides were first wiped with an 

ethanol-soaked Kim wipe to remove residue, before being placed into a 

polypropylene Coplin staining jar and covered with a 1% Hellmanex-water 

solution and sonicated (10 minutes). The solution was discarded and the jar 

flushed repeatedly with water, before being filled with water and sonicated (10 

minutes). Slides were then removed from the jar and rinsed with ethanol, 

before being dried under a stream of nitrogen gas and stored in plastic slide 

tubes ready for deposition. 

2.3.4 SPR Spectrometer Setup 

The experimental setup consists of a monochromatic, 632.8 nm laser source 

(He/Ne, R-30989, Research Electro Optics Inc, Colorado, USA) directed 

towards a high refractive index glass prism through an optical chopper (SR540, 

Stanford Research Systems, California, USA). The chopper was utilised to 

modulate the intensity of the output beam from the light source. Further 

modulation of the light intensity being directed towards the prism was achieved 

down line from the chopper through use of a sequence of mirrors and 

polarisers. (Thorlabs Inc., New Jersey, USA) 

The glass prism was held in a 3D printed holder and mounted upon a rotation 

stage (Hans Huber AG, Germany), which allows for the incident light source to 

strike the glass prism across a range of incident angles. The intensity of the 

light reflected back from the prism was detected through use of a large area 

silicon biased photodetector, equipped with a 50 ɋ BNC terminator and two 

convex N-BK7 glass lenses, used to direct the reflected beam spot from the 
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prism to the centre of the detectorôs active area (all produced by Thorlabs Inc., 

New Jersey, USA).  

The detector setup is utilised in combination with a lock-in amplifier (SR350, 

Stanford Research Systems, California, USA). Temperature was monitored 

through use of an HH309A Data logger thermometer (Omega Engineering, 

Manchester, U.K), with one thermometer probe monitoring laboratory 

temperature and a further probe monitoring the temperature as close to the 

chip surface as was practicable. An image of the experimental setup is shown 

in Figure 20 below. 

Figure 20: Image of the experimental setup utilised for surface 
measurements in this research. Section A shows the optical setup 

components, which include the laser source and a number of polarisers and 
mirrors which are used to direct the light towards the glass prism and 

modulate the intensity of the incident light. The inset, denoted ñBò, shows the 
prism with the PTFE flow cell and plastic endcap in position for measurement 
acquisition and the path of the incident light to the prism face and on to the 
photodiode detector. ñCò denotes the optical stage upon which the glass 
prism sits, ñDò the photodiode detector and ñEò the data logger thermometer. 
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A 3D printed Polytetrafluoroethylene (PTFE) flow cell with inlet and outlet 

injection ports was placed on the chip and an airtight seal was formed by 

placing a transparent microscope slide on top of the flow cell. The configuration 

was secured by screwing a plastic cover piece onto the top of the glass slide 

and placed on the goniometer stage. The configuration was aligned to the 

incident laser beam at a range of angles in air (20, 45- and 60-degrees angle 

of incidence) to ensure generation of accurate reflectivity spectra, after which 

measurements could be obtained. A schematic diagram of the experimental 

setup is shown in Figure 21 below. 

 

 

 

Figure 21: Schematic detailing the experimental configuration adopted for 

SPR measurements of pure solvents, binary solvent mixtures and aqueous 

solutions of glycine and urea, respectively. 
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2.3.5 Model System Generation 

To analyse the data generated by the spectrometer, representative model 

systems were generated using the Winspall program. Developed by the Max 

Planck Institute, Winspall implements a standard transfer-matrix calculation of 

the light propagating through the experimental system of interest, thus solving 

the Fresnel equations for light transmission and reflectance at an interface. 

[64] The Fresnel equations assume perfectly flat interfaces between layers of 

uniform thickness and optical properties, meaning that this idealised condition 

is a limitation inherent in using Winspall models. Winspall provides a means 

by which the Fresnel equations can be solved, layer thicknesses can be 

determined and subsequent relative permittivity values can be calculated. The 

procedure followed to generate such model systems for both TIR reflectivity 

and SPR spectroscopy scans is outlined as follows. 

Model systems for TIR measurements of solvents begin with fixing the glass 

prism dielectric constant. The prism dielectric constant is fixed and kept 

constant for each individual set of measurements, having confirmed the prism 

refractive index through repeated measurement of the prism in air. 

Experimental measurements are then imported to Winspall and the bulk 

solvent permittivity is fitted to the TIR scan of the respective solvent, thus 

determining the critical angle of the solvent also. 

In the case of SPR scans, a model system of the gold chip in air is first 

generated. Prior to model development, the glass prism dielectric constant is 

fixed and kept constant throughout for each set of measurements, having 

confirmed the prism refractive index through repeated measurement of the 
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prism in air. The experimental measurement of the chip in contact with air is 

then imported to Winspall and the gold and chromium layer thicknesses are 

measured and fixed.  

The real and imaginary components of the chromium refractive index are fixed, 

with the real and imaginary components of the gold refractive index fitted. The 

fitting procedure yields an idealised, representative model of the experimental 

data, as well as both the thickness and refractive index of each layer which 

achieve the best available fit to the experimental measurement. As such, the 

representative thicknesses of gold and chromium can be accurately 

characterised.  

Having accurately characterised the gold chip of interest, model systems are 

generated for water, pure solvents, binary solvent mixtures or aqueous 

solutions of glycine or urea, respectively. This is achieved by fitting the bulk 

solution refractive index and real and imaginary components of the gold layer 

refractive index to the respective experimental measurement of interest.  

2.3.6 Contact Angle Measurements 

Contact angle measurements were performed using a Krüss DSA30 Contact 

Angle Measuring System as a way by which the properties of bare gold chips 

and chips coated with ultrathin polystyrene layers could be assessed for their 

influence on aqueous glycine solutions of varying bulk glycine concentration. 

The theory and importance of critical angles with respect to heterogeneous 

nucleation are covered in Section 1.2.1.2. 
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Contact angles are specific to given liquid systems in contact with a respective 

solid surface and determined from the interactions observed between the solid, 

liquid and gaseous phase when a droplet is placed in contact with a surface. 

They are typically measured by depositing a drop of liquid on a given solid 

surface using a syringe filled with a liquid of interest. The instrument, through 

use of a camera and accompanying software will then capture and analyse the 

shape of the liquid droplet placed in contact with the surface of interest. This 

method of contact angle determination is known as the sessile method, where 

the droplet sits on the surface and the three-phase boundary is stationary.  

The wetting capacity of a surface is related to the contact angle. For example, 

as the contact angle decreases below 90°, a surface exhibits increasingly more 

hydrophilic behaviour. By contrast, the contact angle exceeding 90° is 

characteristic of a ñsuper hydrophobicò surface. An image of the experimental 

setup is shown in Figure 22. 

Figure 22: Contact angle measurement setup and accompanying software 
interface used for measurement acquisition and subsequent data analysis. 
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2.3.6 Optical Microscopy 

Optical microscopy was performed using the Leica DM6000M 1 and M165 CM 

optical microscopes, equipped with 5x, 10x, 50x and 100x magnification 

objective lenses respectively, to examine gold chip surfaces prior to and 

following the addition of ultrathin polymer layers to qualitatively assess thiol 

and polystyrene layer heterogeneity respectively. 
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Chapter 3 
 

3. Refractive Index Measurements of Pure Component Solvents Using TIR 

Reflectivity and SPR Spectroscopy 

3.1 Introduction 

The refractive index of a substance is a characteristic physical property by 

which it can be described. In the case of liquids, the refractive index will depend 

on the temperature of the liquid, wavelength of the light source passing through 

it and the presence of a dissolved solute in solution. Each of these factors 

influence the bulk system refractive index and as such must be precisely 

known.  

One such example can be found in process monitoring, where there is the 

potential need to monitor concentration as a reaction or process progresses. 

Measuring the refractive index over time allows for real time concentration 

measurements to be obtained, allowing users to make more intuitive decisions 

when controlling a process. Consequently, the refractive index is a powerful 

metric by which a liquid or solution can be both characterised and further 

analysed. 

Within the context of this research, determination of the refractive index is the 

fundamental metric by which data is to be interpreted in the first instance. To 

probe interfacial interactions at solid-liquid interfaces, experimental techniques 

with the necessary degree of sensitivity to observe such processes are 
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required. SPR spectroscopy provides such an opportunity to probe these 

interactions. 

In this work, measurements were performed in the first instance without the 

presence of a gold layer on a glass prism (TIR reflectometry) to establish how 

accurately the critical angle of bulk liquids could be characterised in isolation. 

In doing so, the consistency of these measurements both internally and with 

literature sources was compared and the key instrument parameters which 

influence their sensitivity investigated. 

Having assessed bulk liquid characterisation, surface measurements were 

performed with pure component solvents on a gold surface topped prism (SPR 

spectroscopy) to assess the accuracy with which the SPR coupling angle 

minima, which is used to characterise solid-liquid interfacial interactions, and 

critical angle could be determined. In the case of both the TIR and SPR 

measurements, performing such measurements helped to better understand 

the key instrumental parameters which control these spectral features. 

Key experimental system metrics, such as critical angle, bulk solvent 

permittivity and SPR coupling angle minima were then compared against 

simulated responses generated using gathered literature data to assess how 

the experimental setup compares for acquiring precise measurements. Pure 

solvents served as a means by which the optical response could be initially 

calibrated, to facilitate progression to aqueous glycine solutions of varying 

concentrations in contact with gold surfaces. We expect that the pure 



77 
 

component solvents and aqueous glycine solutions should give rise to similar 

optical responses.  

3.2 Materials & Methods 

3.2.1 Materials 

Water (HPLC Plus Grade, Sigma Aldrich), Ethanol (Absolute, Fisher 

Scientific), 1-Propanol (HPLC Grade, 99.9%, Sigma Aldrich), Isoamyl Alcohol 

(98%), Propylene Carbonate (99.5%, Acros Organics) and Dimethyl Sulfoxide 

(Reagent Grade, >99.9%, Honeywell) were purchased and used as received. 

3.2.2 TIR Reflectivity Measurements 

A 3D printed flow cell with inlet and outlet injection points was placed on a high 

refractive index glass prism, before an airtight seal was formed by placing a 

glass slide on top of the flow cell. The configuration was secured by screwing 

a plastic cover piece specific to the configuration onto the top of the glass slide 

and placed on the stage of the goniometer, before sealing the outlet injection 

point with a pipette tip. The sample cell was then calibrated to the incident laser 

beam by aligning the glass prism beneath it at a range of angles in air (20, 45 
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and 60 degrees) to ensure a complete reflectivity scan would be generated. 

The experimental setup is shown in Figure 23 below. 

For each solvent analysed, an aliquot of the respective solvent (269 ɛL) was 

then injected into the flow cell using a syringe and the inlet injection point was 

sealed using a pipette tip.  

To generate a complete dataset in one run of experiments, the solvent range 

was worked through in terms of each solventôs miscibility in one another. This 

ensured that each solvent could be measured in one run of experiments, with 

the order in which solvents were measured as follows: Water, Ethanol, Isoamyl 

Alcohol, an ethanol flush and finally 1-Propanol.  

Figure 23: Schematic detailing the experimental configuration adopted for 
TIR reflectivity measurements of pure solvents. 
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To prevent residual solvent in the cell when transitioning between solvents 

impacting the accuracy of the critical angles measured, it was decided that the 

flow cell would be flushed out three times with the solvent next in the sequence 

for measurement before injection of the aliquot of liquid for use in obtaining a 

measurement. The representative experimental protocol workflow is shown in 

Figure 24 below. 

 

3.2.3 SPR Measurements 

The experimental setup is prepared in a defined sequence to facilitate SPR 

measurements of pure component solvents, which is explicitly covered in 

Section 2.3.4. Gold Chips were prepared per the procedure outlined in Section 

2.3.3. A schematic diagram of the configuration of the spectrometer for SPR 

measurements is shown in Figure 25 below.  

Figure 24: Experimental procedure developed for the TIR measurements of 
pure solvents on a bare glass prism. 
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Pure component solvents were placed in contact with the gold chip by injection 

to the 3D printed flow cell for steady state measurements. For each sample 

analysed, an aliquot of liquid (269 ɛL) was injected into the flow cell using a 

syringe, with the injection points sealed using pipette tips. Temperature 

readings were collected throughout the data acquisition process through use 

of the datalogger thermometer. The same sequence of liquids as was used for 

TIR measurements of pure solvents was also followed for all SPR 

measurements obtained. 

Following calibration, the measurement of pure solvents was undertaken. The 

flow cell was first flushed out with the sample of interest in triplicate to ensure 

only the sample of interest was present in the flow cell, before being held in 

the flow cell (3 minutes). A measurement was then acquired, with the flow cell 

Figure 25: Schematic detailing the experimental configuration adopted for 
SPR measurements of pure solvents. 
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flushed out three times with the next liquid of interest, as shown in the 

experimental procedure detailed in Figure 26. 

 

 

Experimental scan data for measurements on both the bare glass prism and 

on gold chips was acquired through a user interface utilising the LabVIEW 

software platform. This interface allows for reflectance scans to be generated 

(which plot angle of incidence versus reflectance detected by photodiode 

detector), which can then be imported into the Winspall program for further 

analysis. 

3.2.4 Model System Generation 

To analyse the data generated by the spectrometer, representative model 

systems of the experimental schematics shown in Figure 23 and 25 were 

generated using the Winspall program, as outlined in Section 2.3.5.  

3.3 Results & Discussion 

In this section, we outline how TIR reflectivity measurements and SPR 

spectroscopy can be employed for the precise measurement of pure solvent 

Figure 26: Experimental procedure developed for the SPR measurements of 
pure solvents on a gold chip. 
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refractive indexes. Section 3.3.1 details the collection of pure solvent refractive 

index data from literature and the difficulty in finding accurate refractive index 

data to utilise as a benchmark for the experimental data generated in this work.  

The TIR reflectivity study is then presented in Section 3.3.2, whereby model 

systems are implemented to analyse raw experimental data generated for 

each pure solvent measured. This is achieved through use of a representative 

model of the prism-solvent of interest- multi-layer system for individual 

measurements, which is used to quantify the bulk solvent permittivity and 

subsequently the critical angle for total internal reflection.  

This is further developed in section 3.3.3, whereby SPR measurements on 

gold chips are presented. After measurement acquisition, representative 

model systems of the prism-gold chip-solvent of interest multi-layer system for 

an individual gold chip are generated to assess how accurately key SPR 

spectral features can be quantified. In doing so, we can provide an estimate of 

the sensitivity capabilities the experimental setup is capable of as a reference 

point to progress and subsequently probe interfacial interactions in solutions 

of aqueous glycine at solid-liquid interfaces using SPR spectroscopy.  

Both the experimental and literature data are then brought together and 

critically assessed in section 3.3.4, to establish how each differs from one 

another and the contributing factors which play a role in this. In doing so, 

comparisons or adjustments can be made to see the key influences on critical 

angle and bulk solvent refractive index. 
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3.3.1 Literature search for solvent refractive index data 

To make informed decisions regarding solvent selection when shortlisting 

potential options for measurements, reported refractive index data for aqueous 

glycine solutions from literature was required to establish a working refractive 

index range within which solvent bulk refractive indexes must fall. [65]  

Aqueous glycine refractive index data is particularly sparse across the 

solubility range of glycine in water, with available data being obtained at low 

concentrations. As such, it was necessary to apply an empirical fit to reported 

data and then extrapolate this fit to higher glycine concentrations to give an 

initial estimate of expected refractive indexes for solvent selection. Such an 

extrapolation is given with the accompanying refractive index data in Table 1. 

Table 1: Corresponding glycine dielectric constants for aqueous glycine 
solutions spanning a concentration range of 100-500 g/kg, reported by Soto 

et. al (1999) and extrapolated to 500 g/kg. [65] 

Fitting equation utilised: y = τ ρπὼ πȢπππυὼ ρȢχχυφ 

Glycine Solution 

Concentration 

(g/kg) 

Refractive 

Index 

(Unitless) 

Relative Permittivity 

(Unitless) 

100 1.3497 1.82156 

200 1.3637 1.85956 

300 1.3746 1.88956 

400 1.3826 1.91156 

500 1.3877 1.92556 
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Aqueous urea refractive index data was also searched for in the literature, but 

was found to be even more sparse than that of aqueous glycine data. Data 

was obtained from TIR measurements of aqueous urea solutions between 

200-1000 g/kg and is shown in Table 2 below. 

Table 2: Aqueous urea relative permittivity data generated internally using 
TIR reflectometry measurements, per the protocol outlined in Section 3.2.2. 

Urea Solution 

Concentration 

(g/kg) 

Refractive 

Index 

(Unitless) 

Relative Permittivity 

(Unitless) 

200 1.3549 1.83567 

400 1.3737 1.88710 

600 1.3875 1.92520 

800 1.3997 1.95907 

1000 1.4093 1.98623 

 

Based on the anticipated refractive indexes to be expected when carrying out 

experiments, the range within which a chosen solvents refractive index was 

required to fall was 1.35-1.41. As a first reference point, a chart detailing the 

physical properties of commonly used solvents (including their refractive index 

at 20°C) was sourced from Merck (Sigma Aldrich) and shows several solvents 

which have refractive indexes at 20°C.[66] Solvents were selected on the basis 

that their refractive index fell within the range for undersaturated aqueous 

glycine and urea solutions. Methanol has a lower refractive index than water, 

so does not match an aqueous solution. Rather, it was used as a means by 
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which binary solvent mixtures with a refractive index equivalent to that of 

aqueous glycine solutions could be prepared to span the water to ethanol 

solvent refractive index range. Having taken this into consideration, the 

following solvents were selected for use in this study: water, ethanol, 1-

propanol and isoamyl alcohol. Details of the sources of this data and the 

reported light wavelength they were captured at are shown in Table 3 below. 

Table 3: Literature sources of solvent refractive index data found as an initial 
reference point for obtaining TIR and SPR measurements. The source of the 

data and light wavelength at which the refractive index was captured (if 
specified) are detailed 

Solvent 
Refractive Index Data Source and 

light wavelength captured at 

Methanol Aralaguppi [67], Iglesias [68] 

Water Tilton & Taylor [69]  (633 nm) 

Ethanol 

Marsh [67], Ortega [70]  (ɚ not Specified) 

Rodriguez [71], Aralaguppi [67], and 

Kumari [72] 

1-Propanol 

Marsh [67], Ortega [70] (ɚ not Specified) 

Aralaguppi [67], Kumari [72] (589 nm) 

OôBrien [73] (633 nm), Iglesias [68] 

Isoamyl Alcohol 
OôBrien [73] (633 nm) 

Ikeda [74] (ɚ not Specified) 

Ethyl Acetate Resa [75], Aminabhavi [76] 

1-Butanol 
Aralaguppi [67], Kumari [72] (589 nm), 

OôBrien [73] (633 nm) 

 



86 
 

Having sourced literature data for each solvent of interest, the reported data 

was plotted as master series for each solvent. An empirical fit was then applied 

through each solvent set to generate a representative line of best fit. The 

equation for each line of best fit across their reported temperature range was 

then used to calculate solvent permittivity at temperatures which mirror those 

observed experimentally, as shown in Figure 27. 

This enabled the generation of representative model systems for each 

literature source using the same prism dielectric constant as observed with 

corresponding experimental measurements, as well as the solvent permittivity 

at the same temperature as that of data from this work. This ensures that the 

model systems are as closely comparable as practicable to experimental data 

when looking to make comparisons between each measurement case. 

 

 

 

 

 

 

 

 

Figure 27: Master plot combining all literature sources for each respective 
solvent identified for use in this research.  
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3.3.2 TIR measurements on bare prism 

Having shortlisted solvents of interest for use in this study, TIR reflectivity 

measurements were performed on the bare glass prism using a 633 nm light 

source in the first instance to assess how accurately the solvent bulk 

permittivityôs (and by extension their critical angles) could be determined. This 

was achieved following the protocol outlined in section 3.2.2, with the raw 

angular reflectivity data for four solvent measurements shown in Figure 28 

below, alongside the calculated reflectivity measurements to match the 

experimental measurements, generated in Winspall.  

We see that qualitatively, the measured critical angles for each solvent are 

sharp, with minimal noise to the spectral response. This makes accurate 

determination of the critical angles a possibility, with the critical angle able to 

be characterised to within 0.01° in the experimental setup. Representative data 

is shown in Table 4, which shows the observed relative permittivity and critical 

angles for the respective solvents shortlisted, along with the temperature at 

which the data was acquired. 
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Table 4: Observed relative permittivity and critical angle for each solvent of 
interest, with the accompanying temperature at which each measurement 

was acquired at. 

Solvent 

Temperature 

(°C) 

Relative 

Permittivity 

(Unitless) 

Critical Angle (°) 

Water 21 1.7734 49.71 

Ethanol 21 1.8515 52.04 

1-Propanol 21.1 1.9144 54.12 

Isoamyl Alcohol 21.1 1.9765 56.20 

Figure 28: Raw spectral responses for TIR measurements of water, ethanol, 
1-propanol and isoamyl alcohol in contact with a bare glass prism, alongside 

the calculated reflectivity to match the experimental response. 
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Having assessed the raw experimental data, each set of experimental 

measurements was then compared against the expected literature response 

at the same temperature, using the empirical fits established in section 3.3.1. 

This was achieved through utilisation of the Winspall program, with models 

generated for this work and the expected response based on permittivity data 

from literature sources. To make an effective comparison, the literature solvent 

data was modelled in contact with the equivalent prism dielectric constant that 

had been determined prior to measuring solvent relative permittivityôs. 

When comparing the expected literature response against the experimental 

measurements taken in this work, a slight disagreement was seen between 

experimental data and the model developed using literature data, specifically 

for ethanol, 1-propanol and isoamyl alcohol. This was consistently observed 

for each of the six sets of measurements taken, with an example highlighted 

for ethanol in Figure 29. 
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In the case of ethanol, as shown in Figure 29, a difference in critical angle of 

0.07 degrees corresponds to a difference in relative permittivity of 0.0025 a.u. 

There are a number of factors which could contribute to the consistent offset 

observed between the literature permittivity and measured permittivity values. 

The key factors which influence the bulk permittivity of a liquid include the 

measured permittivity of the glass prism upon which the measurement has 

been performed, the temperature of the experimental system and the 

wavelength of light used to capture the experimental data.  

Figure 29: Comparison of an experimental measurement of ethanol with the 
corresponding simulated response using permittivity data sourced from 

literature at the same temperature and the calculated reflectivity to match the 
experimental response. The mismatch in critical angle between this work and 

those in literature is clearly evident. 
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In the case of Figure 29 above, the simulated response uses literature data at 

the same temperature and with an identical glass prism permittivity. As such, 

the light wavelength at which the data is captured at is the key difference 

between this work and that in literature for ethanol permittivity data. The 

influence of temperature and wavelength are discussed in Section 3.3.4 in 

greater detail.  

The significance of the glass prism permittivity on determination of the critical 

angle is also a key factor which must be considered. Through the course of 

successive measurements and data acquisition, it was observed that the glass 

prism upon which in situ measurements were performed in this work influenced 

the bulk permittivity observed when measuring liquid samples of interest. The 

glass prism upon which early measurements were performed in this project 

was ordered specifically for use, with an anti-reflective coating on the prism 

face which faces the photodiode detector to mitigate back reflections of light 

into the prism that may lead to unnecessary noise in spectral responses.  

It was found that the dielectric constant of the prism, when measured prior to 

solvent measurements, was different from alignment to alignment in the 

experimental setup, even though the experimental procedure used to mount 

and subsequently align the prism was consistent. The result of this difference 

was that bulk solvent measurements had a range of different critical angles 

observed for any given system which were far larger than could be attributed 

to the temperature difference observed from measurement to measurement. 

One such example is given in Figure 30 below, which shows six measurements 
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of water from six prism alignments and the resultant difference in critical angle 

position. 

 

 

 

 

 

 

 

 

 

It was observed that each of the six measurements has a clear difference in 

the critical angle position, with the six sets clustering in groups of two 

measurements. Scans I and II have critical angles of 49.65 and 49.66 degrees 

respectively, whereas those of scans V and VI have critical angles of 49.81 

and 49.82 degrees. This is a considerable difference in critical angle for the 

same solvent being measured in the same manner with the same wavelength 

of light and cannot be attributed to temperature effects, as the temperature 

difference observed is at most 0.7°C between measurements. 

Figure 30: Six independent measurements of water with respective 
alignments of the glass prism. This highlights how prism alignment can play a 

major role in the position of the critical angle for a given system of interest. 
Scans refer to independent sequences of measurements performed across 

the shortlisted solvents  
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Consequently, the variation in the observed prism dielectric constant can be 

attributed to the glass prism being miscut and as such not to the expected 

specification that was first thought. This is clearly highlighted in Table 5 below, 

which highlights the difference in the refractive index and by extension relative 

permittivity of the glass prism when measured in air. This may not appear 

significant without prior knowledge of the influence this variation leads to but it 

is clear from Figure 30 that this is a considerable issue when considering the 

application for which the prism was intended for use. 

Table 5: Measured refractive index and relative permittivity of the glass prism 
observed for each respective prism alignment. 

Scan 

Measured Prism 

Refractive Index 

(Unitless) 

Measured Prism 

Dielectric Constant 

(Unitless) 

I 3.254 1.8039 

II 3.253 1.8036 

III 3.25 1.8028 

IV 3.25 1.8028 

V 3.244 1.8011 

VI 3.243 1.8008 

The measurements presented in this work are reliant on high precision surface 

measurements for which repeatability of procedure is essential. In order to 

achieve this, issues such as a prism for which repeatable measurements 

cannot be obtained is not ideal and introduces an unnecessary degree of 

uncertainty to the measurements being performed. This is observed when 

comparing expected literature solvent critical angle positions against those 

obtained in the experimental setup, as shown in Figure 31.  
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For each solvent measured, there is a degree of scattering to the agreement 

between the measured critical angle and that which would be observed based 

on data sourced from literature. The discrepancy between the six data sets 

highlights that use of a prism for which the relative permittivity is not consistent 

with repeat measurements leads to an inaccurate representation of the 

system. As such, the validity of the critical angles being observed can justifiably 

be called into question. 

To mitigate the chance for such sources of error, the glass prism was replaced 

with a glass prism used in the experimental setup prior to this work. The 

experimental analysis was repeated on this glass prism, outlined in Section 

Figure 31: Comparison of critical angle position for each of the assessed 
solvents measured against the comparative literature response modelled 

using literature permittivity data. 
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3.3.2, to assess whether it led to an improvement in the degree of attainable 

precision and accuracy from the experimental setup.  

Using the alternative glass prism resulted in a far more precise determination 

of solvent critical angles than was possible with the prism used in the first 

instance. To better understand how significant the difference between the 

reported data in literature and the experimental data captured in this work, a 

representative comparison plot for measured solvent relative permittivity 

versus reported literature data was generated and is seen in Figure 32 below. 

It can be seen that while the experimental data is in good agreement with the 

reported literature data for water, as mentioned previously there is a slight 

disagreement for the remaining three solvents measured.  

The experimental setup, based on this data, is capable of achieving greater 

sensitivity than Abbe refractometers used in the literature data presented in 

Section 3.3.1 for determination of pure solvent and aqueous glycine solution 

refractive index data. Relative permittivity accuracy can be quantified to give a 

refractive index value of up to five decimal places, compared with the four 

decimal places presented in literature sources. This level of precision is 

essential for subsequent probing of surface level concentration profiles in both 

aqueous glycine and urea solutions, as such measurements cannot be 

facilitated without an accurate quantification of the bulk solution of interestôs 

properties.  
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3.3.3 SPR measurements on gold chips 

Following the completion of TIR reflectivity measurements of the shortlisted 

solvents, which identified the sensitivity of the experimental setup for critical 

angle determination, SPR measurements were then undertaken to assess how 

accurately the SPR coupling angle minima could be characterised. This is of 

particular importance for this research, as the SPR coupling angle minima is 

the key metric by which we can assess solid-liquid interfacial interactions at 

the gold chip surface.  

Figure 33 below shows the SPR measurement of a bare gold chip in contact 

with air, the first measurement performed as a calibration method prior to the 

Figure 32: Comparison of mean relative permittivity for each of the assessed 
solvents measured against the comparative literature response modelled 

using literature permittivity data. 
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measurement of solvent relative permittivity. Also shown is the modelled 

response calculated in Winspall, which is used to generate a model of the 

experimental response. 

 

Figure 33: Experimental measurement and corresponding Winspall model 
generated for the measurement of air in contact with a gold chip. The gold 

chip had a 0.1 nm Chromium layer and 46 nm thick gold layer. 

 

It can be seen from the comparison of the experimental and modelled 

response that an excellent agreement can be attained for characterisation of 

the gold chip by use of Winspall. The experimental curve is clear, with a sharp 

and well resolved critical angle and coupling angle minima. This can be 

extended to the measurement of solvents, as shown in Figure 34, where 

methanol, water, ethanol and 1-propanol are measured and the subsequent 

Winspall models are generated for their responses. 
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Figure 34: Experimental measurements of methanol, water, ethanol and 1-
propanol. These measurements were performed on the gold chip 

characterised in Figure 32, with a 0.1 nm Chromium layer and 46 nm Gold 
layer, respectively. The experimental measurements are shown alongside 

there corresponding Winspall models. 

 

As was the case for the measurement of the gold chip in air, the measurements 

of solvents in contact with the gold chip and their representative model systems 

generated in Winspall show excellent agreement with one another. The real 

and imaginary components of the gold layer relative permittivity in contact with 

air and each of the measured solvents are shown in Table 6 below. 
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Table 6: Real and imaginary components of the relative permittivity of the 
gold layer of the gold chip (46 nm, with 0.1 nm Chromium layer) when in 

contact with air, methanol, ethanol and 1-propanol, respectively. 

Sample 
Gold Layer ŮReal 

(Unitless) 

Gold Layer ŮImaginary 

(Unitless) 

Air -11.48 1.42 

Methanol -12.1317 1.64 

Water -12.0616 1.59 

Ethanol -12.1792 1.7 

Propanol -12.228 1.7 

 

It is clear from the data presented in table six that both the real and imaginary 

components of the relative permittivity of the gold layer do vary with respect to 

the sample they are in contact with, as a starker contrast is observed between 

air and liquid systems. This is expected though, given that the sharpness of 

the coupling angle minima is not as high for solvent measurements as for those 

in air. The variation observed between solvents is minimal, and purely relates 

to the tuning of the fit of these parameters in Winspall to ensure the model has 

an equivalent SPR coupling angle minima to that of the experimental 

measurements.  

The measured critical angles and fitted solvent permittivity with repeated 

measurements of water are shown in Table 7 below, which shows that 

repeated measurements yield consistent values for each parameter that do 

not change for a given media. Table 8 contains the mean SPR coupling angle 

minima for the repeated measurement of each solvent and the standard 
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deviation per solvent. This highlights the difference in the SPR coupling angle 

minima from solvent to solvent, but that repeated measurements of a given 

solvent are not subject to such variability. 

Table 7: Measured relative permittivity and critical angles for six repeat 
measurements of water. 

Measurement 
Measured Relative 

Permittivity (Unitless) 

Measured 

Critical Angle (°) 

1 1.77322 47.25 

2 1.77322 47.25 

3 1.77322 47.25 

4 1.77322 47.25 

5 1.77322 47.25 

6 1.77322 47.25 

 

Table 8: Mean SPR coupling angles for repeated solvent measurements on 
given gold chip's and the observed standard deviation. 

Solvent Mean SPR  

Coupling Angle (°) 

Standard Deviation 

(°) 

Water 56.910 0.025 

Ethanol 60.214 0.004 

1-Propanol 63.071 0.010 

Isoamyl Alcohol 66.037 0.020 
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Table 9 below shows the variation in relative permittivity of the gold layer 

parameters for water measured on a range of different gold chips, given that, 

water was used as a calibrant prior to measuring different solvents per the 

experimental procedure outlined in Section 3.2.3.  

Table 9: Measured relative permittivity and gold layer parameters observed 
for SPR measurements of water on a range of different gold chips. 

Measured 

Relative 

Permittivity 

(Unitless) 

Cr Thickness 

(nm) 

Au Thickness 

(nm) 

Gold Layer 

ŮReal 

(Unitless) 

Gold Layer 

ŮImaginary 

(Unitless) 

1.773 1 43.4 -12.0378 1.44 

1.7731 1 43.4 -12.1256 1.53 

1.77304 1 43.4 -12.2677 1.65 

1.77304 1 43.4 -12.2996 1.61 

1.7731 1 43.4 -12.2335 1.46 

1.77311 1 43.4 -12.2559 1.46 

1.77322 1.3 51 -12.3785 1.4 

1.77322 1.3 51 -12.3187 1.4 

1.77322 1.3 51 -12.3207 1.4 

1.77322 1.3 51 -12.3111 1.4 

1.77322 1.3 51 -12.2988 1.4 

1.77322 1.3 51 -12.3037 1.4 

1.77314 0.1 46 -12.42 1.62 

1.77322 0.1 46 -12.0978 1.65 
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1.77311 0.1 46 -12.0616 1.59 

1.77322 0.15 45 -12.1912 1.66 

1.77324 0.1 46 -12.1925 1.37 

1.77324 0.1 46 -12.1548 1.69 

1.77319 0.1 46 -11.9456 1.7 

 

The data presented in Table 7 shows SPR measurements of water for a range 

of different gold chips and at different temperatures. For chips of the same 

thickness specifications, it is clear that there is a degree of variation within 

these sets of measurements for both the real and imaginary components of 

the gold layer permittivity. It is important to note that if there are any defects in 

the gold layer for solvent molecules to enter, the measured gold permittivity 

will change as solvents are cycled through.  

Moreover, due to the gold layer being so thin, any polarizability changes 

induced in the skin layer of the film by the solvent environment (expected to 

be in the nanometre range) will be a non-negligible part of the permittivity 

response which is measured. As a result, it is not unusual to measure minor 

changes in the gold permittivity from measurement to measurement, even 

though the bulk properties of the solvent remain consistent. This variation is 

then clearer when comparing between chips of different gold layer 

thicknesses. However, the standard error of the mean for both the real and 

imaginary component permittivityôs across all measurements in Table 7 are 

0.028 and 0.027, respectively. This identifies an inherent variability in the gold 
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layer parameters from gold chip to gold chip, which although small in 

magnitude, must be considered when performing such measurements. 

The reason as to why these parameters vary from chip to chip lies in the fact 

that the deposition of gold and chromium onto the glass slide will never be 

exactly the same. Typical values which can be expected for a 50 nm thick gold 

layer with no chromium deposited are -12.45 and 1.3 for the real and imaginary 

permittivity components respectively. [64] Given the varying thicknesses of 

gold and chromium seen across different gold chips, the data reported in Table 

7 on the same order of magnitude. As a result, the variability observed is not 

expected to impact the performed measurementsô model representations, as 

they are simply characterising the given gold chip upon which measurements 

are undertaken.  

This can be verified by using the example of measurements of methanol and 

water, which have a similar relative permittivity (Ů ~1.76 for methanol and Ů 

~1.77 for water). The data shown in Table six shows the difference in the real 

and imaginary component of the gold layer relative permittivity between 

methanol and water measurements. Figure 35 below shows how the water 

model fit for the experimental measurement would compare to a model fit for 

water which was calculated using the gold layer properties of a methanol 

measurementôs model fit. 
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Given that methanol has a lower relative permittivity than water, it would be 

expected that using the gold layer properties of methanol to fit to a water 

measurement would lead to a mismatch in the SPR coupling angle minima, 

where the model would have a lower coupling angle position than the water 

measurement. This is indeed the case, with the water measurement in Figure 

35 having an SPR coupling angle minima of 59.772° (the water model fit being 

equivalent to this) and the water model fit using the methanol measurement 

gold layer properties yielding an SPR coupling angle minima of 59.752°. This 

is a difference of 0.02°, which highlights that bulk liquid environments with 

similar relative permittivityôs will yield different coupling angle minima from one 

another that do not scale linearly with increasing relative permittivity.  

Figure 35: Observed change in the SPR coupling angle minima if the gold 
permittivity for methanol was used when fitting the data measured in water, 

rather than that of the water measurement itself. 
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Having verified that the representative models generated by Winspall were 

accurate and captured the key experimental parameters effectively, 

measurements of water, ethanol, 1-propanol and isoamyl alcohol could be 

undertaken to determine the sensitivity of the experimental setup. Raw SPR 

spectral data is presented in Figure 36 below for the solvent set assessed. 

 

The resultant spectra have clearly distinguishable SPR characteristics and as 

such allow for precise determination of both the critical angle and SPR coupling 

angle minima. All solvents are captured without manipulation of the physical 

elements of the experimental setup. In the case of the water measurement, 

the detector position was non-optimal for the region between 45-48°, which 

results in the more scattered spectra when contrasted with the other solvent 

spectra shown here. 

Figure 36: Raw spectral responses for SPR measurements of water, ethanol, 
1-propanol and isoamyl alcohol in contact with a gold chip. 
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As was the case with TIR reflectometry data, experimental measurements 

were then used to generate modelsô systems for further in-depth comparative 

analysis. Table 10 below summarises the observed critical angles, coupling 

angle minima and relative permittivity measurements for four solvent 

measurements, along with the system temperature at the time of the 

measurement being acquired. 

Table 10: Observed relative permittivity, critical angle and SPR coupling 
angle minima for each solvent of interest, with the accompanying 

temperature at which each measurement was acquired at. 

Solvent 
Temperature 

(°C) 

Relative 

Permittivity 

(Unitless) 

Critical Angle 

(°) 

SPR 

Coupling 

Angle 

Minima (°) 

Water 21.7 1.7732 47.25 56.858 

Ethanol 21.7 1.8505 49.66 60.209 

1-Propanol 21.9 1.9133 51.63 63.051 

Isoamyl 

Alcohol 
21.8 1.9725 53.50 66.000 

 

Experimental data was once again compared against reported permittivity data 

from literature through the generation of representative models using the 

Winspall program. The key difference with models of SPR measurements, 

when compared with those of TIR measurements, is the modelling of the gold 

surface on which the solvents are placed in contact within the flow cell. This 

was modelled by importing a measurement of the gold surface in contact with 

air and then fitting the thickness of gold and chromium layers, as well as the 
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real and imaginary components of the gold layer dielectric constant. The real 

and imaginary components of the chromium layer dielectric constant were 

fixed at constant known values. 

In order to assess how accurately the solvent relative permittivityôs were able 

to be determined when measuring SPR spectra, a comparison was made 

against the relative permittivityôs observed for the same solvents on the bare 

glass prism, as outlined in section 3.3.2. The resultant relationship between 

the two experimental configurations measured relative permittivity data is 

shown in Figure 37 below. 

 

 

 

 

 

 

 

 

Figure 37: Comparison of measured permittivity values for each solvent of 
interest in both TIR and SPR experimental configurations. It is observed that 
the agreement between both configurations is excellent, further highlighting 

the precision with which measurements can be obtained from the 
experimental setup. 
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The measured permittivity values for both the TIR and SPR measurements 

given in Figure 36 show excellent agreement with one another. In the case of 

isoamyl alcohol, the permittivity observed in TIR measurements appears to be 

slightly higher than those for the SPR measurements. This can be attributed 

to the temperature of the respective measurements, which have a difference 

of 0.7°C, with the solvent samples for SPR measurements being captured at 

higher temperatures than those of the TIR measurements. Relative permittivity 

is influenced by temperature, decreasing with increasing temperature. As a 

result, this difference is to be expected.  

Overall, this highlights the accuracy possible from the experimental setup and 

confirms that precise surface measurements can be performed using the setup 

through determination of both the critical angle and SPR coupling angle 

minima. 

3.3.4 Overview of Refractive Index Sensitivity and Dependency on 

Temperature and Wavelength 

To establish why such a difference in the position of solvent critical angles was 

observed when comparing measurement data acquired in this work against 

relative permittivity data sourced from literature, further investigation was 

required. Specifically, the influence of temperature and light wavelength on the 

bulk solvent properties, in order to assess the significance of each factor in 

contributing towards the difference in critical angle being observed.  

In the absence of a wide field of reported refractive index data for the solvents 

of interest and additionally for aqueous glycine when first shortlisting solvents 
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of interest, pure water was utilised as a suitable approximation. Figure 38 

below details a variety of literature sources of data on the relative permittivity 

of water and its dependence on temperature, as well as data from literature 

sources detailing glycine relative permittivity data for 0 g/kg solutions (pure 

water). 

 

 

 

 

 

 

 

 

 

 

It is evident from the plot that there is a significant difference between the 

relative permittivity of water being reported for literature sources of glycine 

permittivity data and that of pure water, ranging from 0.0007 to 0.0012 at 25°C. 

Figure 38: Comparison of gathered literature data for the permittivity of water 
against experimental measurements performed in this work, along with the 

reported permittivity of water in studies were the permittivity of aqueous 
glycine solutions was performed. There is a clear discrepancy between the 
literature data reported for water in published glycine data and that of pure 

water permittivity measurements. 
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This magnitude of difference is of the same order of magnitude as would be 

observed for a six-degree temperature increase and is closer in value to 

refractive indexes for lower temperatures.  

An encouraging observation from the plot is that the permittivity data being 

reported for internal experimental work is consistent with that of reported 

literature sources. Given the magnitude of the difference between 

experimental data and that of the data reported in literature for sources of 

glycine permittivity data, this suggests that temperature is not the sole 

contributing factor to the difference between the permittivity of water reported 

by literature sources investigating glycine and those assessing pure water 

solely.  

Having confirmed that temperature alone was not driving the significant 

difference in critical angle position being observed, the role of light source 

wavelength was investigated. The experimental setup utilises a 633 nm 

monochromatic He/Ne laser. However, data sourced from literature did not 

always state the light wavelength at which refractive index measurements 

were obtained. This highlighted some ambiguity in terms of how accurately 

such literature data reflected the experimental setup and subsequently the 

value of making comparisons between the two.  

As such, a further literature search was necessary to determine the method by 

which all glycine and water refractive index data had been obtained and the 

corresponding wavelength of light which had been used to capture the 

reported data. The results of this search are summarised in Table 11 below. 
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Table 11: Literature sources of water permittivity data, the light wavelength at 
which they were acquired and temperature range assessed. In addition, the 

method of data acquisition is noted, whether it be instrument based or 
calculation through use of fundamental relationships. 

 

 

Literature 

Source 

Wavelength 

Data was 

obtained at 

Data Acquisition 

Method 

Temperature 

Range Assessed 

(°C) 

Tilton & Taylor 

(1938) [69] 

Linear 

Interpolation 

between 589 

and 656 nm 

Spectrometer 

and glass prism. 
0-60 

Stanley (1971) 

[77] 
633 nm Interferometer 1-60 

Thormaelan 

(1985) [78] 

Linear 

Interpolation 

between 405 

and 707 nm 

Equation based 

on the 

electromagnetic 

theory of light 

-10 to 500 

Scheibener 

(1990) [79] 
633 nm 

Equation based 

on the 

electromagnetic 

theory of light 

0-500 

Daimon (2007) 

[80] 

Linear 

Interpolation 

between 587 

and 656 nm 

Goniometer 

spectrometer 
19, 21.5, 24 

Soto (1999) [65] Not specified 

ATAGO RX-

1000 

refractometer. 

25 

Shekaari (2010) 

[81] 
LED, 589 nm 

ATAGO-AR1 

refractometer 
25 

Deosarkar 

(2015) [82] 
Not specified 

Refractometer 

from Amkette 

analytics 

26 

Shekaari (2016) 

[83] 
LED, 589 nm 

ATAGO-AR1 

refractometer 
25 
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When initially searching for accurate permittivity data for pure water that could 

be used as a reference point when performing similar experiments in the 

experimental setup, a variety of sources which reported R.I data at different 

light wavelengths were found. The experimental setup uses a 633 nm 

wavelength He/Ne laser, as such the focus was on obtaining literature sources 

that capture the permittivity of water at this wavelength. Most significant of 

these is the sources of glycine refractive index data, as this means that direct 

comparisons cannot instantly be made between future measurements in this 

work and references in the literature. 

A thorough search of the literature yielded a variety of data sources, capturing 

the relative permittivity of water using different methods and wavelengths 

(refractometer/spectrometer, 633 nm or a wide range of wavelengths). For 

sources which presented the permittivity across a range of wavelengths, this 

meant determining the permittivity at 633 nm through use of linear interpolation 

between the two wavelengths either side of 633 nm (source dependent) to 

produce a range of permittivityôs for temperatures which may be experienced 

in the laboratory, where the temperature could range between 20-25°C. 

This was necessary for Tilton & Taylor (1938), Thormaelan (1985) and Daimon 

(2007). The interpolations, when plotted, all follow the same trend and have 

slopes of the same magnitude. However, when adding the data reported at a 

single excitation wavelength (Stanley (1971) and Scheibener (1990)), it 

became apparent that there was a banding of the data sources into two groups 

of three sources; those for which linear interpolation was required to obtain the 
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refractive indexes over the required temperature range and those with 

absolute values across that range. 

The data being obtained experimentally in the lab aligned with that of Tilton & 

Taylorôs work, with all experimental data obtained sitting alongside the 

interpolated data. This seemed strange to see such a margin of difference 

between some of the literature sources and the experimental data generated 

in the laboratory. However, the fact that the internally generated data was 

aligned with reported sources in literature was positive.  

Figure 39 below shows the data from this work presented against the 

interpolated data of Tilton & Taylor between 589 nm and 656 nm, with reported 

data points at each wavelength shown in the figure, respectively. The 

interpolation was conducted across the temperature range of interest for this 

work (20-25°C, with measured values in the laboratory typically falling within a 

range of T=21-23°C) to be able to make an effective comparison, and 

highlights the alignment between this work and the literature. 
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The difference observed between internal data and that sourced from the 

literature was emphasised when looking solely at pure water. The reported 

refractive index of 0 g/kg aqueous glycine solution (i.e. pure water) was 

markedly higher than both interpolated water data from literature and internally 

generated experimental data, ranging between n = 1.3322 ï 1.3325 at 25°C. 

This is a difference of n = 0.001 from the experimental values obtained 

consistently in repeat scans of water performed in the laboratory. 

The key conclusion when looking at how literature data varied so significantly 

from source to source was that given the range of reported permittivity data in 

literature and alignment of this work to data at the corresponding light 

Figure 39: Dependence of relative permittivity on light wavelength, 
highlighted using data sourced from Tilton & Taylor for water [50]. The 

measurements acquired from this work (measured using a 633 nm light 
wavelength) in order to highlight how the fall within the expected range of 

values. 
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wavelength of 633 nm, that internal consistency of measurement was to be 

accepted as the go to metric by which to compare repeat measurements of 

solvents and aqueous solutions alike, rather than direct comparison with 

literature. When looking to compare with literature data, acknowledgement of 

the factors which lead to differences and the impact they have is key in the 

interests of transparency.  

This is a known effect which is covered extensively in the literature, as this 

overview looks to highlight for the example of water. Given that this research 

uses aqueous solutions extensively, the aim was to assess this effect and its 

magnitude in order to understand the magnitude of such effects which we 

could expect in the work undertaken in Chapters 4-6. 

3.4 Conclusions 

In conducting both TIR and SPR measurements of pure solvents, it has been 

possible to establish that highly sensitive measurements of single component 

liquid systems are possible with the experimental setup available for use in the 

laboratory. The protocol and experimental setup established can generate 

clear spectra from which key spectral features can be precisely quantified, with 

critical angle and SPR coupling angle minima determination possible to within 

to 0.01°. Having observed differences between the permittivity data presented 

in this work and that published in the literature, it is important to be mindful of 

the role temperature and light wavelength have on a liquids relative permittivity 

when performing such measurements and be able to account for this when 

comparing internally generated data against that reported in the literature. 
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Chapter 4 

4. Capturing interface induced concentration enhancement in glycine solutions 

in situ using SPR spectroscopy 

4.1 Introduction 

Many processes involving liquid solutions are driven by what is happening at 

solution interfaces. For example, primary nucleation of crystalline solids from 

solution typically proceeds via heterogeneous mechanisms, where the 

presence of interfaces in contact with the solution facilitate the birth of crystal 

nuclei. The surface energy of crystallites in contact with such interfaces is 

reduced and this decreases the size of the smallest stable (or critical) 

nucleus.[5] However, here it is conventionally assumed that solution 

composition at the interface is the same as in the bulk solution and thus the 

solute attachment rates and the surface energy of the nucleus-solution 

interface correspond to conditions encountered in bulk solution. 

Interfacial effects, based either on surface crystal structure or topography [3-

4] or else on surface chemical properties [5-8] had been extensively 

considered in previous studies of crystal nucleation. However, previous 

investigations of effects of surface chemical properties have focused on 

specific functional groups attached to surfaces rather than the properties of 

materials which were in contact with solutions. For example, the effects of 

surface chemical functionality of graphene on nucleation of glycine polymorphs 

were recently investigated .[20] 
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However, recent studies have reported that glycine nucleation is rapidly 

accelerated at solid (PTFE) and liquid (tridecane) hydrophobic surfaces in 

contact with aqueous glycine solutions.[27, 84, 85] These surfaces do not have 

any specific functional groups that would be expected to have specific affinity 

with glycine. It has been proposed that these unexpected observations are due 

to non-specific dispersion (van der Waals) interactions. These interactions in 

turn lead to the formation of a concentrated interfacial layer of glycine at 

hydrophobic interfaces, which has been seen in molecular dynamics (MD) 

simulations.[27] Furthermore, this novel insight has challenged the widely held 

assumption within the classical nucleation theory, which assumes a uniform 

solution composition throughout the solution.[5] Consequently, it is of particular 

importance to provide a direct experimental confirmation of the interface 

induced concentration enhancement effect.  

Through the use of an in-situ surface measurement technique, surface 

plasmon resonance spectroscopy (SPR), this work has aimed to probe the 

solution interfacial region. In SPR spectroscopy, an incident light source is 

directed towards a thin gold film, in order to excite a surface plasmon. Plasmon 

oscillation results in the generation of a bound electromagnetic wave, known 

as an evanescent wave, which exhibits exponential energy decay with 

increasing distance from the gold film surface [29, 30, 40] and thus the surface 

plasmons enable extremely sensitive measurements through the detection of 

changes in the refractive index within the nanoscale solution region adjacent 

to the gold film surface. [34] SPR measurements can also be performed for 

gold films coated with nanolayers of other materials, including oxides or 
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polymers, so that solutions in contact with these surfaces can also be 

investigated. As a result, SPR sensors are widely used in biomolecular and 

nanoparticle research, [32] where they are typically used for highly dilute 

aqueous solutions. 

In this work, we provide for the first time a direct experimental confirmation of 

the interface induced concentration enhancement effect, which has been seen 

in previous molecular dynamics (MD) simulations in slightly undersaturated 

glycine solutions interacting with a model Lennard-Jones surface. SPR 

measurements were undertaken for a series of pure solvents and their binary 

mixtures to provide reference spectra, as well as for a range of undersaturated 

glycine solutions at gold and polystyrene interfaces. 

4.2 Materials & Methods 

In this section, the experimental setup (a custom-built refractive index sensor 

based on an SPR spectrometer setup) is described, along with the procedures 

used to prepare both the binary solvent mixtures and aqueous solutions used 

in this study. The acquisition procedure utilised for carrying out SPR 

measurements of pure component solvents, solvent mixtures and aqueous 

solutions of glycine respectively is also outlined, along with the procedure 

followed to develop representative models of respective experimental 

measurements for further analysis. 

4.2.1 Solution Preparation 

Water (HPLC Plus Grade, Sigma Aldrich), Methanol (99%, VWR), Ethanol 

(Absolute, Fisher Scientific), 1-Propanol (HPLC Grade, 99.9%, Sigma Aldrich) 
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1-Dodecanethiol (Ó98%, Sigma Aldrich), Polystyrene (Mw 34,300 g mol-1, 

Polymer Source Inc.), Toluene (Laboratory Reagent, Ó99.3%, Sigma Aldrich) 

and Glycine (Fisher Scientific, 98.5%) were purchased and handled as 

received. 

Aqueous glycine solutions were prepared ranging from pure water to 250 

gglycine/kgwater (which will be denoted as g/kg throughout) by combination of 

glycine powder and water within glass vials. Prior to solution preparation, vials 

were washed and subsequently rinsed with HPLC grade water, before drying 

under a stream of nitrogen gas. Solutions were prepared by weighing the 

required mass of glycine powder into a vial, followed by the corresponding 

mass of water to obtain the desired solution concentration. Vials were then 

sonicated in an ultrasonic bath for up to 10 minutes, until dissolution was 

confirmed by visual inspection, and then they were left to thermally equilibrate 

with their surroundings for at least 1 hour. 

Pure solvents and their binary mixtures were prepared through matching 

refractive indices of respective aqueous glycine solutions in order to provide 

reference SPR spectra. Binary solvent mixtures were prepared using methanol 

(e = 1.76) and 1-propanol (e = 1.91) with the relevant compositions for binary 

solvent mixtures (with a total mixture volume of 2 mL) shown in Table 12 below.  

The relative permittivity of the mixtures is calculated from the sum of the 

volume fraction of each pure component multiplied by the relative permittivity 

of the pure component solvent, with the measured values utilised for analysis 

in the generation of SPR models. Refractive indices of aqueous solutions, pure 
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solvents and their mixtures were obtained from the critical angle in the 

measured SPR spectra which were in good agreement with corresponding 

values reported in the literature. 

Table 12: Relevant volumes of methanol and 1-propanol, respectively, 
utilised to prepare representative binary solvent mixtures for aqueous glycine 

solutions with concentration between 50-250 g/kg. 

Reference 

Concentration 

(g/kg) 

Volume 

Methanol 

(ɛL) 

Volume 

1-Propanol 

(ɛL) 

Ideal 

ebinary mixture 

(unitless) 

Mean Measured 

ebinary mixture 

(unitless) 

50 1479 521 1.799 1.802 

100 1219 781 1.819 1.815 

125 1108 892 1.828 1.826 

150 952 1048 1.839 1.833 

200 689 1311 1.858 1.856 

250 473 1527 1.875 1.871 

 

4.2.2 Gold Chip Preparation 

Gold chips were prepared per the protocol outlined in Section 2.3.3. 
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4.2.3 SPR Spectrometer Setup 

The SPR experimental setup is outlined in Section 2.3.4, with a schematic 

given in Figure 40 below.   

 

4.2.4 SPR Measurement Procedure 

SPR measurements of the gold chips were performed in air, water, pure 

solvents, solvent mixtures and aqueous glycine solutions. For each liquid 

sample analysed, an aliquot of liquid (269 ɛL) was injected into the flow cell 

using a syringe, with the injection points sealed using pipette tips. The flow cell 

was flushed out with the sample of interest in triplicate, before being held in 

the flow cell (3 minutes). A measurement was then acquired, with the flow cell 

flushed out three times with the next sample of interest.  

Measurements were obtained in sets following a defined sequence, whereby 

pure solvent and solvent mixture measurements were undertaken prior to 

aqueous glycine solutions measurements. The flow cell was flushed out with 

Figure 40: Diagram detailing the key components of the SPR setup. 



122 
 

water three times before addition of the next liquid sample of interest. 

Temperature readings were collected throughout the data acquisition process 

using the datalogger thermometer. Upon completing a set of measurements, 

the gold chip and flow cell were then removed from the prism and cleaned by 

immersion in 1% Hellmanex-water solution and rinsed with water to ensure the 

setup was free of contaminants. 

The experimental procedure is summarised in Figure 41 below, which details 

the procedure that was followed for SPR performing measurements. 

 

4.2.5 SPR Model Generation and Data Analysis 

To analyse experimental SPR spectra, representative SPR models were 

generated using the Winspall program developed by the Max Planck Institute 

[64]. Winspall implements standard transfer-matrix calculations of the light 

propagating through the experimental system of interest, solving the Fresnel 

equations for light transmission and reflectance at an interface. Such 

calculations assume infinite layers with perfect interfaces and provide excellent 

Figure 41: Experimental procedure developed for SPR measurement of 
aqueous glycine solutions, pure solvents and binary solvent mixtures. 
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agreement with experimental data for layered assemblies such as Langmuir-

Blodgett assembled layers [86, 87]. Light propagation through a relevant 

multilayer system (see Figure 42) depends on each layer thickness and its 

relative permittivity (or dielectric constant) Ů (which is the refractive index 

squared). The dielectric constant of air is assumed to be equal to one. 

 

A model system of the gold surface in air is first generated. Prior to model 

development, the glass prism dielectric constant is fixed and kept constant 

throughout, having confirmed the prism refractive index through repeated 

measurement of the prism in air. The experimental measurement of the 

surface in contact with air is then imported to Winspall and the gold and 

chromium layer thicknesses are measured and fixed. The real and imaginary 

components of the chromium refractive index are fixed, with the real and 

imaginary components of the gold refractive index fitted. The fitting procedure 

yields an idealised, representative model of the experimental data, as well as 

both the thickness and refractive index of each layer which achieve the best 

Figure 42: Schematic diagram outlining the constituent parts of the 
experimental system used to generate the representative SPR model. All 

gold chips contain glass prism, chromium and gold layers. Pure liquids only 
contain bulk, but solutions can also include a separate interfacial layer. 
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available fit to the experimental measurement. As such, the representative 

thicknesses of gold and chromium can be accurately characterised.  

Having accurately characterised the gold surface of interest, model systems 

are generated for water, pure solvents and solvent mixtures. This is achieved 

by fitting the bulk solution refractive index and real and imaginary components 

of the gold layer refractive index to the respective experimental measurement 

of interest. This leads to the generation of reference models with which 

aqueous glycine solutions of the same bulk refractive index can be compared 

against.  

For a given reference model, the relevant aqueous glycine solution is imported 

into the model and the glycine solution measurement is compared against that 

of the corresponding solvent reference measurement. The bulk refractive 

index of the solvent system model is then matched to that of the aqueous 

glycine solution if not an ideal match by adjustment of the bulk solution 

refractive index, such that an exact match is achieved. From this adjustment, 

a qualitative observation can be made of the mismatch in the position of the 

coupling angle minima of the solvent reference model to that of the 

experimental aqueous glycine measurement.  

To remove this mismatch, an interfacial layer of solution with thickness of one 

nanometre is modelled between the gold layer and that of the bulk solution. 

The refractive index of the interfacial layer is then subsequently fitted to 

observe that the model coupling angle minima is equal to that of the 

experimental aqueous glycine solution coupling angle minima. This gives a 
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known value for the interfacial region permittivity, which can be subsequently 

used to determine the concentration of glycine at the solid-liquid interface.  

The data analysis procedure is summarised in the workflow given in Figure 43 

below. 

 

 

4.2.6 Calculation of surface concentration from relative permittivity 

measurements 

Through use of empirical models, best estimates were made as to how to 

accurately quantify this degree of oversaturation at the interface in terms of 

interfacial glycine concentration, to then compare this behaviour against that 

observed in the bulk solution.  

Having set basis for the calculation, the following key assumptions are made. 

We are assuming ideal mixing of the aqueous glycine solutions between pure 

water and pure glycine and that the molecular polarizability of glycine is 

Figure 43: Data analysis procedure followed for the development of 
representative SPR models for interfacial layer characterisation. 
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constant, irrespective of state. As such, we generate an idealised solution 

density by taking the sum of each pure component density multiplied by its 

respective mass fraction for a given aqueous glycine solution concentration, 

thus giving solution density data to span the region from which experimental 

data was not captured. 

ὛέὰόὸὭέὲ ὈὩὲίὭὸώ ὯὫ ά  ” ὼ ” ρ ὼ  

This density calculation facilitates calculation of estimates as to what the 

interfacial region permittivity of the measured aqueous glycine solutions can 

be. This is achieved through use of the Clausius Mossotti equation, which is 

shown below.  

‐ ρ

‐ ς
 
ὔ ‌

σ ‐
 

Where ‐ is the relative permittivity, ὔ is the number density of the respective 

pure component, ‌ is the molecular polarizability of the respective pure 

component and ‐ is the permittivity of free space. The equation is used 

typically to determine the permittivity of a substance based on known 

fundamental physical properties, whereas its application here is to determine 

permittivity data given the assumption of ideal mixing. 

To determine the permittivity across the x = 0-1 mass fraction range, molecular 

polarizability values for pure water and glycine are required. For these to be 

determined though, permittivity values for each pure component are also 

required. We use experimental permittivity data for pure water and literature 

data for that of pure glycine respectively to determine each componentôs 
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molecular polarizability. Density and permittivity data of both pure (i.e., solid) 

and aqueous glycine [65, 81-83, 88] has been compiled from literature to 

compare experimental data against literature data for reference. This data is 

then compared against the idealised solution densities to see how they 

compare and if they are a good estimate of the true solutionôs physical 

behaviour. 

The pure component number densities of water and glycine are then 

determined, allowing for the right side of the Clausius Mossotti equation to be 

calculated and thus the relative permittivity at mass fractions between pure 

water and pure glycine to be determined.  

ὔ  
”  ὔ

ὓȢὡ
 

Where ” is the pure component density, ὔ  is Avogadroôs number and ὓȢὡ  

is the pure component molecular weight. We can then use the pure component 

number densities to determine the component number densities for each mass 

fraction of glycine in solution within the assessed concentration range (glycine 

mass fraction = 0-1). 

To contextualise the measurements performed in this work, the Clausius 

Mossotti equation is once again used. In this instance, the equation is 

calculated to solve for the molecular polarizability of pure glycine. This is 

achieved through use of aqueous glycine solution density data from the 

literature and the relative permittivity data obtained from SPR measurements. 

This allows for experimental measurements to be fitted to the equation and 
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thus determine surface concentrations which lie beyond the limit of 

undersaturated glycine solution permittivity data. 

4.3 Results & Discussion 

In this section, we outline how SPR spectroscopy has been used as a unique 

means to directly measure concentration enhancement effect at the solid-liquid 

interface. Section 4.3.1 details the collection of SPR measurements for pure 

component solvents and binary solvent mixtures and how these can be used 

to yield reference measurements for comparison against SPR measurements 

of aqueous glycine solutions.  

We then present the implementation of a light propagation model for analysis 

of measured SPR spectra in section 4.3.2, where we utilise a representative 

model of the prism-gold surface-solution of interest, to quantify the increase in 

interfacial layer permittivity with respect to the permittivity of the bulk solution. 

This analysis provides a quantitative representation of the concentration 

enhancement observed at the solid-liquid interface. This is further developed 

in section 4.3.3; whereby repeat measurements of individual gold chips are 

presented. We observe a degree of variability in the degree of glycine 

concentration enhancement observed at the solid-liquid interface. This 

variation is rationalised to give context to why such variation is observed and 

the contribution, if any, it may have towards the observed surface 

concentration enhancement of glycine. In doing so, we can provide an 

estimate of the interfacial concentration enhancement at the solid-liquid 

interface and provide context to the findings observed in section 4.3.4.  



129 
 

4.3.1 Raw Angular Reflectivity Measurements  

To probe solution composition at the solid-liquid interface, measurements of 

pure (single component) solvents and binary solvent mixtures in contact with 

the gold surface were carried out in the first instance. In the case of pure 

component solvents, there is no competition with other molecules in the liquid 

phase to interact with the solid surface due to the liquid homogeneity. Each 

solvent sample has a known refractive index and as such, a characteristic SPR 

response.  

The bulk refractive index is characterised by the position of the critical angle in 

the SPR spectra, whereas the SPR coupling angle depends on both the bulk 

refractive index and local refractive index variation in the liquid adjacent to the 

solid interface. We can therefore take these two angles and utilise both when 

looking to capture the interfacial concentration enhancement effect in situ. As 

a result, such solvent systems can be utilised as a reference measurement to 

compare measurements of aqueous glycine solutions against, where both 

glycine and water molecules are interacting at the interface.  

If we assume that local compositions of aqueous glycine solutions are not 

influenced by contact with solid interfaces, we can expect that a glycine 

solution with the same refractive index as that of a pure solvent should elicit 

an identical SPR response. This assumption can be tested by refractive index 

matching glycine solutions, through adjusting their glycine concentration, to 

pure solvents, so that the two systems have identical critical angles. If there is 

no significant compositional difference between composition in the bulk 
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solution and at the solid-liquid interface, then the SPR coupling angles of both 

the pure solvent and aqueous glycine solution should be the same.  

However, if this is proved not to be the case and there is in fact a shift in the 

coupling angle to a higher angle than the observed coupling angle for the 

solvent reference measurement, then this can be rationalised as the 

concentration of glycine molecules in the vicinity of the gold surface exceeding 

that in the bulk solution, with its corresponding refractive index exceeding the 

bulk solution refractive index. As such, this would suggest the qualitative 

evidence of interfacial effects which arise due to non-specific surface 

interactions at the solid-liquid interface. 

In order to ensure a refractive index match of a glycine solution to a pure 

solvent, we need to establish accurate data for refractive index dependence 

on the glycine solution concentration in aqueous solutions. The respective 

relative permittivity data for aqueous glycine solutions assessed, along with 

data sourced from the literature, is highlighted in Figure 44 below. 
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It is seen from the comparison of permittivity data generated in this work with 

reported literature data that there is a good agreement between each. 

However, it should be noted that reported literature data is either captured 

using a lower light wavelength (589 nm) or with no reported light wavelength 

due to the instrumentation used, whereas this work utilises a 632.8 nm light 

source. Consequently, we note the influence that both temperature and light 

source wavelength have on bulk solution refractive index properties and thus 

account for this.  

Raw SPR spectra of aqueous glycine solutions are shown across the solubility 

range of glycine in water in Figure 45 below. 

 

Figure 44: Comparison of measured permittivity values for aqueous glycine 
solutions against those reported in literature. 
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Figure 45: Raw SPR spectra of aqueous glycine solutions across the 
solubility range of glycine in water (g/kg basis) measured on gold chip 2. 

 

Figure 46 below shows a comparison between an aqueous glycine solution 

and solvent measurement. The raw SPR spectra of an aqueous glycine 

solution (176 g/kg), the concentration which yields a refractive index matched 

to ethanol, is compared against an SPR scan of pure ethanol. As can be seen 

from the inset on the left of the figure, the refractive index of both solutions is 

equivalent by way of their critical angle being the same. This means that the 

SPR coupling angle, the metric by which we confirm the existence of surface 

concentration enhancement, is the appropriate metric of interest.  
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When comparing the SPR coupling angles of both the ethanol and glycine 

solutions, it is quite apparent that the angles are not the same. This shows that 

the aqueous glycine solution does not behave as a homogeneous system, as 

this would require each systemôs coupling angle to be the same. This means 

that we have qualitative observation of concentration enhancement of the 

solution localised at the gold-solution interface, something which has not 

previously been assessed or directly observed. 

As outlined in section 4.2.3, the order in which solvents and glycine solutions 

were injected into the flow cell for measurement acquisition was explicit, with 

solvents entering the cell first in series (based on their miscibility with one 

Figure 46: Raw SPR reflectivity scan data for pure ethanol and 176 g/kg 
glycine (aq.). Figure shows that when a glycine solution is refractive index 
matched to a reference solvent (ethanol), the position of the SPR coupling 

angle is at a larger angle than that of 
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another), followed by aqueous glycine solutions in order of increasing bulk 

solution concentration. As such, it was uncertain whether the order by which 

liquid is injected into the cell and contacts the gold surface could play a role in 

the degree of enhancement of the interfacial region permittivity being 

observed. Consequently, a sensitivity analysis study involving repeat 

measurements of both ethanol and the corresponding refractive index 

matched aqueous glycine solution ï 176 g/kg bulk solution concentration ï 

was undertaken to challenge both the repeatability and robustness of the 

measurement procedure and whether it plays any part in the observations 

made. 

Different experimental scenarios were trialled to assess the degree of 

influence (if any) they had on the position of the SPR coupling angle for both 

the ethanol and the aqueous glycine solution, as highlighted in Figure 47. This 

included repeated measurements of ethanol followed by repeated 

measurements of 176 g/kg glycine (aq.) solution, measurement of ethanol in 

contact with the gold surface before aqueous glycine solution before 

alternating between the two solutions and finally placing glycine solution in 

contact with the gold surface prior to ethanol being injected and then 

alternating between measurements of each solution. Chip 9 shows repeated 

measurements where ethanol was placed in contact with the gold surface prior 

to aqueous glycine solution, whereas Chips 8 and 10 correspond to the 

addition of glycine solution before ethanol to the flow cell on different gold 

surfaces. 
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Within each respective scenario there was a degree of variation from 

measurement to measurement. However, irrespective of the order in which 

ethanol or glycine solution were introduced to the flow cell, the SPR coupling 

angles of the aqueous glycine solution consistently exceeded that of the 

ethanol reference measurements SPR coupling angles, thus further 

substantiating our belief that this difference in SPR angles is solely the result 

of interfacial concentration enhancement. Furthermore, the minimal variation 

across trialled scenarios allows us to conclude that the overall order of 

Figure 47: Sensitivity analysis study of repeat measurements of ethanol and 
176 g/kg aqueous glycine solution. 
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measurements being changed does not provide any additional effect beyond 

that which already exists when measuring on different gold surface chips. 

4.3.2 Model generation for interfacial layer permittivity determination  

Having qualitatively observed interfacial concentration enhancement, models 

of the experimental system were developed and deployed to provide 

supporting quantitative evidence. The models were utilised to characterise 

each respective system measured and provide an estimate as to the difference 

in interfacial solution layer relative permittivity between solvent systems used 

as a baseline reference measurement and aqueous glycine solutions which 

span a 0-250 g/kg concentration range. All experimental measurements 

performed were modelled using Winspall generated light propagation models. 

The refractive index of the bulk solution and of the interfacial solution layer 

were determined by using these models to fit the measured critical angle and 

SPR coupling angle for each individual experiment. 

As noted in section 4.3.1, we see that the SPR coupling angles observed for 

aqueous glycine solutions do not align with those of a model response for a 

homogeneous system. However, upon modelling an interfacial layer of glycine 

solution between the gold surface and the bulk solution with a thickness of 1 

nm, we can match the SPR coupling angle of the model system to that of the 

experimental glycine measurement by increasing the relative permittivity within 

the 1 nm layer of solution. This then gives a value for the permittivity within the 

1 nm interfacial layer which can be attributed to the increased concentration of 

glycine molecules at the solid-liquid interface relative to the bulk solution.  
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SPR measurements and corresponding models were then generated for each 

individual gold chip and relative permittivityôs of interfacial solution layers were 

determined. Repeat measurements of ethanol and its index matched aqueous 

glycine solution bulk concentration (176 g/kg) are presented in Figure 48 

below, whereby comparison of solvent reference measurements and glycine 

solution measurements in terms of their bulk and interfacial layer permittivity 

can be performed. 

 

 

 

 

 

Figure 48: Average surface permittivity observed on gold chip 8, with error 
bars signifying one standard deviation from the mean. Here, only 176 g/kg 

aqueous glycine solutions were measured with the corresponding reference 
solvent ï ethanol. The sequence of measurements was five successive 
measurements of water, followed by five successive measurements of 
ethanol and finally five successive measurements of aqueous glycine 

solutions. 
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Performing repeat measurements on a single gold chip allow us to quantify the 

degree of variability which could be observed across multiple stages of flushing 

the flow cell and the influence which repeated measuring of the same solution 

had on the estimated interfacial layer permittivity. Figure 48 indicates that there 

is no major influence from the experimental procedure or instrument on the 

degree of concentration enhancement observed at the solid-liquid interface. 

By fitting linear regressions through both the measured bulk solution 

permittivity and the interfacial layer permittivity values determined through use 

of the representative model systems, it is possible to quantify the difference in 

bulk and interfacial solution behaviour by means of their regression slopes. 

Figure 49 shows one example of such measurements across the solubility 

range of glycine in water. We can see that the permittivity within the 1 nm 

interfacial layer clearly exceeds that of the pure bulk solution at isolated 

concentrations and subsequently the SPR coupling angles has exceeded that 

of the reference solvent measurement SPR coupling angles. Moreover, this 

uplift in interfacial layer permittivity with respect to bulk solution permittivity is 

consistently observed over repeat measurements. This provides clear 

quantitative evidence for the glycine concentration enhancement at the gold 

surface. 
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4.3.3 Chip to chip variability 

Having established the presence of a solution region at the solid-liquid 

interface with permittivity exceeding that of the bulk solution permittivity across 

a wide range of undersaturated bulk glycine solution concentrations, the next 

step was to confirm that this effect would be consistently observed across 

different individual gold chips. Figures 50-60 show the bulk solution permittivity 

and corresponding interfacial layer permittivity values obtained for gold chips 

one to eleven, where measurements were either performed once on given 

solution concentrations across the nominal concentration range, repeated to 

yield two measurements of a given concentration on a chip, or repeat 

measurements at given solution concentrations. 

Figure 49: Respective measurements of both the bulk solution and interfacial 
region for a range of aqueous glycine solutions on gold chip 5. 
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Figure 50: Gold Chip 1, 46 nm gold layer. 

Figure 51: Gold Chip 2, 46 nm gold layer. 
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Figure 52: Gold Chip 3, 46 nm gold layer. 

Figure 53: Gold Chip 4, 45 nm gold layer. 
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Figure 54: Gold Chip 5, 45 nm gold layer. 

Figure 55: Gold Chip 6, 46 nm gold layer. 
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Figure 57: Gold Chip 8, 46 nm gold layer. 

Figure 56: Gold Chip 7, 46 nm gold layer.  
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Figure 58: Gold Chip 9, 46 nm gold layer. 

Figure 59: Gold Chip 10, 46 nm gold layer. 
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Figure 61 shows all recorded measurements across the eleven gold chips of 

bulk solution permittivity, along with the interfacial solution layer permittivity. In 

order to collectively analyse the data generated for each gold chip, the slopes 

of both the bulk solutions and interfacial solution layers can be plotted together, 

as shown in Figure 62.   

 

Figure 60: Gold Chip 11, 46 nm gold layer. 
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Figure 61: All measurements of aqueous glycine on bare gold chips, with the 
accompanying interfacial permittivity for a 1 nm interfacial solution layer. 
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Here, it is clear that the slope of each interfacial solution layer consistently 

exceeds that of the bulk solution measurements for the given gold chips, with 

the error bars on the interfacial layer slopes indicating the 95% confidence 

interval on the respective values presented. These statistics are summarised 

in Table 13 below and further emphasise the presence of the interfacial layer 

when contrasted with bulk solution measurements. 

 

 

Figure 62: Comparison of bulk glycine solution slopes against slopes for 
interfacial solution layers. The slopes for bare gold chips are shown, with the 

error bars signifying the 95% confidence intervals. 
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Table 13: Bulk and interfacial regression slopes for each bare gold chip 
utilised in this study. Also included are the upper and lower bound 95% 

confidence intervals. 

 

This is one way in which the inherent chip to chip variability of the interfacial 

solution layer magnitude can be visualised, whereby all measurements on a 

given chip are collectively grouped by the magnitude of the linear regression 

slopes. However, it is also possible to describe the variability by presenting the 

Chip 
Bulk Solution 

Slope 

Interfacial 

Layer Slope 

Upper C.I. 

(95%) 

Lower C.I. 

(95%) 

1 0.00040 0.00107 0.00145 0.00068 

2 0.00039 0.00058 0.00097 0.00019 

3 0.00039 0.00071 0.00109 0.00032 

4 0.00040 0.00127 0.00165 0.00088 

5 0.00040 0.00122 0.00161 0.00084 

6 0.00041 0.00231 0.00269 0.00192 

7 0.00041 0.00101 0.00140 0.00062 

8 0.00042 0.00143 0.00182 0.00104 

9 0.00042 0.00136 0.00174 0.00097 

10 0.00041 0.00259 0.00298 0.00221 

11 0.00039 0.00098 0.00137 0.00060 
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mean relative permittivity measurement for given aqueous glycine solution 

concentrations across all chips measured. 

In Figure 63 we can see that the mean permittivity of the interfacial solution 

layer across multiple gold chips is higher than the bulk solution permittivity at 

all glycine solution concentrations. The corresponding statistics are 

summarised in Table 14. There is a significant chip-to-chip variability in 

estimated interfacial layer permittivity values, which can be due to 

microheterogeneity of gold thin layers caused by local defects at grain 

boundaries. Nevertheless, there is a statistically significant effect in terms of 

enhancing glycine concentration in the interfacial layer of glycine solutions in 

contact with gold surface.    
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Figure 63: Mean bulk solution measurements across the measured 
concentration range, along with the mean permittivity within the interfacial 

layer when L=1 nm. The error bars represent the standard error of the mean. 
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Table 14: Mean concentration, interfacial layer permittivity, standard 
deviation and standard error of the mean for measurements of aqueous 

glycine in contact with a bare gold surface. 

ὢ  

Concentration 

(g/kg) 

ὢ  

Bulk 

Solution 

Ů 

(Unitless) 

ὢ  

Interfacial 

Layer Ů 

(Unitless) 

ů 

Interfacial 

Layer 

„  

Interfacial 

Layer 

n 

0.000 1.773 1.773 0.000 0.000 10 

49.988 1.797 1.843 0.070 0.023 9 

99.968 1.818 1.933 0.106 0.035 9 

125.074 1.827 1.952 0.083 0.028 9 

149.945 1.837 1.939 0.125 0.042 9 

175.977 1.847 2.058 0.129 0.031 18 

199.993 1.855 2.077 0.169 0.047 13 

249.958 1.873 2.000 0.101 0.034 9 

 

The key conclusion is that while variation in the magnitude of interfacial layer 

permittivity is observed across the gold chips used in this study, there is a clear 

trend of interfacial layer permittivity exceeding bulk solution permittivity across 

all solutions concentrations investigated here.  

4.3.4 Relating interfacial layer permittivity to concentration 

Following both qualitative and quantitative assessment of the interfacial region, 

the next step is to quantify the interfacial layer concentration with respect to 

that of the bulk solutions. Given the limited data in the literature for relative 
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permittivity of aqueous glycine solutions and glycine crystal solid forms, a 

combination of empirical relationships and fundamental physical relationships 

were utilised to estimate the interfacial layer glycine concentration using the 

interfacial layer permittivity estimates gathered from SPR measurements 

reported in section 4.3.3. The steps involved in these calculations are detailed 

in section 4.2.5. 

Through use of the Clausius Mossotti equation, relative permittivity values 

were estimated for water-glycine mixtures containing solely water (glycine 

mass fraction of zero) and solely glycine (glycine mass fraction of one). This 

allowed for a theoretical relationship between glycine mass fraction and 

relative permittivity to be established from which interfacial layer permittivity 

values estimated from experimental measurements could be converted to 

interfacial layer concentrations. The resulting relationship is shown in Figure 

64, with a comparison of solution permittivity measurements from this work 

fitted to the Clausius Mossotti equation and glycine crystal solid form 

permittivity values reported in previous literature. 
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A thorough literature search for crystalline glycine permittivity data was 

undertaken to provide a representation of the solid form when looking to 

extrapolate from undersaturated glycine solutions to the region where an 

aqueous solution would be supersaturated. However, the literature values 

seen in Figure 64 indicate a significant degree of variation in the reported 

values. (see also Table 15). In addition to the conflicting values reported, it is 

unclear which solid form would best represent the experimental data and be 

suitable for extrapolation from undersaturated measurement data. This 

Figure 64: Comparison of idealised permittivity values determined from 
Clausius Mossotti relationship versus calculated permittivity values based on 

fitting this work to the Clausius Mossotti equation. Literature data for pure 
glycine crystal permittivity is also presented for comparison. 
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highlights the need to use the fitted value for pure glycine determined using 

the Clausius Mossotti equation for interfacial layer concentration estimations. 

Table 15: Reported literature values for the relative permittivity of crystalline 
glycine in its different polymorphic forms. 

Source Polymorphic Form 
Relative Permittivity 

(Unitless) 

Sivanesan [89] Ŭ 2.13 

Guerin [90] Ŭ 2.51 

Guerin [90] ɓ 2.49 

Guerin [90] ɔ 2.50 

Priya [91] ɔ 2.31 

Kumar [92] ɔ 2.61 

Sivakumar [93] ɔ 2.10 

 

Through use of the empirical fit from experimental glycine mass fraction versus 

permittivity data shown in Figure 64, determined using the Clausius Mossotti 

equation, the corresponding mass fractions for the permittivity values 

estimated for interfacial layer width of 1 nm across x=0-1 glycine mass fraction 

range were then determined. A simple conversion then allows for the 

concentration within the interfacial layer to be calculated on a g/kg 

concentration basis. Figure 65 shows the resulting representation of interfacial 

layer concentration versus bulk solution concentration of glycine, highlighting 

the magnitude of the concentration increase at the solid-liquid interface in 

contrast to the of the bulk solution. 
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In Figure 66 we can see that the mean concentration of the interfacial solution 

layer across multiple gold chips is higher than the bulk solution concentration 

at all glycine solution concentrations. The corresponding statistics are 

summarised in Table 16.  

 

Figure 65: Estimated interfacial layer concentrations for gold chips 1 to 11. 
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Figure 66: Mean bulk solution concentrations and mean calculated interfacial 
layer concentrations when L=1 nm. The error bars represent the standard 

error of the mean. 
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Table 16: Mean concentration, interfacial layer concentration, standard 
deviation and standard error of the mean for measurements of aqueous 

glycine in contact with a bare gold surface. 

ὢ  

Concentration 

(g/kg) 

ὢ  

Interfacial 

Layer 

Concentration 

(g/kg) 

ů Interfacial 

Layer (g/kg) 

„  

Interfacial 

Layer (g/kg) 

n 

0.000 0.000 0.000 0.000 10 

49.988 194.402 140.775 46.925 9 

99.968 519.139 430.255 143.418 9 

125.074 560.270 285.212 95.071 9 

149.945 646.454 648.631 216.210 9 

175.977 1094.373 740.697 174.584 18 

199.993 1378.616 1609.550 446.409 13 

249.958 871.581 380.953 126.984 9 

 

The estimates outlined in Figure 66, while useful in giving an indicative range 

of expected interfacial region solution concentrations across the assessed bulk 

solution concentration range, must be viewed with the following key points in 

mind. The degree of variation for reported interfacial layer permittivity values 

across gold chips results in considerable uncertainty in the estimates of 

interfacial layer permittivity, irrespective of the statistical significance these 

values are shown to have. This uncertainty, when coupled with the uncertainty 

in the conversion of permittivity to a concentration basis observed through the 

varied reported literature values for the relative permittivity of pure crystalline 
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glycine, means that the presented results give an indicative range within which 

the true concentration is expected to lie. However, confidence in the magnitude 

of the effect presented quantitatively should not be the key takeaway of this 

representation. Rather, the method by which permittivity estimates are handled 

and converted to yield an interfacial concentration in this manner shows a 

means by which the two key uncertainties can be handled currently to yield a 

qualitative assessment of the interaction between the solution and the solid 

interface.  

These results have a qualitative agreement with molecular simulations that 

have sought to simulate the interfacial solution layer and its behaviour with 

both the solid interface and bulk solution layer. However, it is not currently 

possible to draw a direct quantitative comparison between these results and 

the work outlined in this chapter due to the uncertainty in estimating the 

interfacial concentration based on the outlined surface measurements. 

4.4 Conclusions 

In this work, we have shown how in situ measurements using surface plasmon 

resonance spectroscopy can be utilised to better understand the behaviour of 

aqueous glycine solutions when placed in contact with a solid gold surface. By 

doing so, we aimed to better understand the behaviour of glycine at solid-

solution interfaces which is crucial for fundamentals of heterogeneous 

nucleation. 

Through the development of a novel experimental procedure, we have been 

able to both qualitatively and quantitatively verify a region of enhanced glycine 
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concentration at a solid gold-aqueous glycine solution when comparing this 

against reference measurements of pure solvents and binary solvent mixtures. 

This new insight can be rationalised as being due to glycine molecules 

exhibiting greater dispersion forces when interacting with the gold surface than 

those exhibited by water molecules. 

When performing SPR measurements of aqueous glycine solutions and 

determining their SPR coupling angle position, this angle is consistently at a 

higher angle than reference measurements of corresponding reference 

solvents or their mixtures. This angle difference is indicative of a region at the 

interface which has a concentration higher than that of the bulk solution upon 

which measurements are being performed. This can be expressed in terms of 

the interfacial solution enhancement in a solution region of a certain thickness 

(e.g. 1 nm) at the solid-liquid interface. 

We can represent interfacial concentration enhancement in terms of the 

relative permittivity within this hypothetical 1 nm thick interfacial solution layer. 

We can also go further and quantify the glycine concentration within the 1 nm 

interfacial layer.  

When looking at measurements on individual gold chips collectively, a degree 

of variation is observed in the interfacial solution layer permittivity. We 

postulate that this is primarily the result of secondary effects which vary on a 

chip-to-chip basis, such as the polycrystalline nature of gold and the respective 

surface morphology and topography of individual gold chips on the nanoscale. 

Irrespective of the degree of variation observed because of such secondary 
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effects, the clear trend shows that interfacial concentration exceeds that of the 

measured bulk solution concentration across gold chips and bulk glycine 

solution concentrations assessed. As a result, this work shows that it is 

possible to probe such interfacial solution layers in situ and to capture 

interfacial concentration enhancement in solutions, providing new insight into 

the behaviour of solutions at solid interfaces. 
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Chapter 5 

5. In situ measurements of interface induced concentration enhancement in 

aqueous solutions of urea 

5.1 Introduction 

Having observed interfacial concentration enhancement in glycine aqueous 

solutions in contact with a gold surface outlined in Chapter 4 and finding that it 

can be both qualitatively identified and quantitatively characterised, these 

findings were then extended to urea aqueous solutions with the work outlined 

in this chapter. 

The approach used in Chapter 4 was applied to urea aqueous solutions in 

contact with bare gold chips, to assess how the magnitude of concentration 

enhancement at the interface may compare to that of glycine solutions for 

another small molecule system of interest. However, urea has greater solubility 

in water compared to glycine, which allows for the probing of higher bulk 

solution concentrations.  

Furthermore, the wider solubility range encompasses more pure solvents with 

a relative permittivity to match urea aqueous solutions for comparative 

analysis. To achieve this comparison, surface measurements of pure solvents 

and refractive index matched solutions of aqueous urea were undertaken to 

generate SPR spectra. Model systems were then generated to assess the 

degree of enhancement in surface urea concentration being observed with 

respect to the bulk solution concentration. 
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5.2 Materials & Methods 

5.2.1 Materials 

Water (HPLC Plus Grade, Sigma Aldrich), Ethanol (Absolute, Fisher 

Scientific), Ethyl Acetate (ACS Reagent, Ó99.5%, Sigma Aldrich), 1-Propanol 

(HPLC Grade, 99.9%, Sigma Aldrich), 1-Butanol (ACS, 99.4+%, Alfa Aesar), 

Isoamyl Alcohol (98%) and Urea (Reagent Grade, 99.0-100.5%, Fisher 

Scientific) were purchased and used as received. 

5.2.2 Aqueous Urea Solution Preparation 

Aqueous urea solutions were prepared across a pure water (hereafter referred 

to as 0 gurea/kgwater) to 878 gurea/kgwater concentration range, which will be 

denoted as g/kg throughout, by combination of urea and water respectively 

directly within glass vials. The preparation method for each respective 

aqueous solution was the same.  

Prior to solution preparation, vials were washed and subsequently rinsed with 

HPLC grade water, before drying under a stream of nitrogen gas to exclude 

the presence of contaminants within the liquid sample. Solutions were then 

prepared by directly weighing the required amount of urea into a sample vial, 

followed by the corresponding mass of water to obtain the desired bulk solution 

concentration.  

Sample vials were then sonicated until dissolution in an ultrasonic bath, which 

was confirmed by visual inspection, before the vials were left to equilibrate with 

their surroundings. Table 17 below shows the ideal masses of water and urea 

required to prepare the target bulk solution concentrations necessary for 
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measurements to be performed and the corresponding pure solvent refractive 

index match for each respective urea solution. 

Table 17: Urea solution compositions used in this work along with the 
accompanying solvent match for each respective concentration, based on 

their relative permittivity. 

Solvent Match 
Target Concentration 

(g/kg) 
Target Mass 

Urea (g) 
Target Mass 

Water (g) 

Ethanol 246 2.46 10 

Ethyl Acetate 355 3.55 10 

1-Propanol 514 5.14 10 

Butan-1-ol 727 7.27 10 

Isoamyl Alcohol 878 8.78 10 

 

5.2.3 SPR Measurement Procedure 

Gold chips, prepared per the protocol outlined in Section 2.3.3, were first 

mounted on the high refractive index glass prism and fitted with a flow cell 

configuration for liquid injection to the chip surface. A 3D printed 

Polytetrafluoroethylene (PTFE) flow cell with inlet and outlet injection points 

was placed on the prism, before an airtight seal was formed by placing a 

transparent quartz slide on top of the flow cell. The configuration was secured 

by screwing a plastic cover piece specific to the configuration onto the top of 

the glass slide and placed on the stage of the goniometer.  

The configuration was aligned to the incident laser beam at a range of angles 

in air (20, 45- and 60-degrees angle of incidence) to ensure a complete and 

accurate reflectivity scan was able to be generated and then subsequent 

calibration SPR measurements were performed on the surface in air (no liquid 

present in the flow cell) and water.  
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Pure component solvents and aqueous urea solutions were placed in contact 

with the gold surface by injection to the 3D printed flow cell for steady state 

measurements. For each sample solution analysed, an aliquot of liquid (269 

ɛL) was injected into the flow cell using a syringe, with the injection points 

sealed using pipette tips. Temperature readings were collected throughout the 

data acquisition process through use of the datalogger thermometer.  

Following calibration, measurements of pure solvents were performed. The 

flow cell was first flushed out with the sample of interest in triplicate to ensure 

only the sample of interest was present in the flow cell, before being held in 

the flow cell (3 minutes). A measurement was then acquired, with the flow cell 

flushed out three times with the next liquid of interest. Having completed 

measurements on pure solvents and binary solvent mixtures, the flow cell was 

flushed out with water before measurements of aqueous glycine solutions 

were acquired. Following acquisition of a solution on interest, the flow cell was 

flushed with water three times before addition of the next solution of interest.  

Experimental measurements were obtained in a defined sequence based on 

the above description, whereby pure solvent measurements on gold surfaces 

were undertaken prior to the introduction of aqueous urea to the flow cell for 

measurements to be carried out. Upon completing a set of measurements, the 

glass slide and flow cell were then removed from the prism and cleaned by 

immersion in 1% Hellmanex-water solution and rinsed with water to ensure the 

setup was free of contaminants. 
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Experimental scan data was acquired through a user interface utilising the 

LabVIEW software platform. This interface allows for reflectance scans to be 

generated (which plot angle of incidence versus reflectance detected by 

photodiode detector), which can then be imported into the Winspall program 

for analysis. The procedure is summarised in Figure 67. 

5.2.4 SPR Model Generation 

The procedure followed to generate representative model systems for both 

pure solvent measurements and aqueous urea solutions is identical to that of 

the glycine measurements described in Chapter 4.2.5, with the difference 

being the use of aqueous urea as opposed to aqueous glycine solutions.  

Figure 67: Experimental workflow developed for SPR measurement of both 
pure solvents and aqueous urea solutions in contact with a bare gold chip. 
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A step-by-step schematic outlining the procedure followed to generate 

representative SPR models is shown in Figure 68 below. 

5.3 Results & Discussion 

5.3.1 Raw Angular Reflectivity Measurements 

In order to establish a working concentration range for in situ measurements 

of urea to be performed within, an extensive literature search was first 

performed in order to obtain concentration-relative permittivity data.[94-96] 

The sourced data then served as a comparison by which this work could be 

assessed to determine if the permittivities being observed for set 

concentrations at a given temperature fell in line with other work which has 

been published in the literature, as shown in Figure 69 below. 

 

 

Figure 68: Workflow protocol followed to generate representative SPR 
models for experimental measurements in order to characterise the 
interfacial layer permittivity with respect to that of the bulk solution. 
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It is seen from the comparison of permittivity data generated in this work with 

reported literature data that there are conflicting reports of what the true 

relative permittivity may be across urea solubility limit in water. It should be 

noted that the reported literature data is captured using a lower light 

wavelength (589 or 590 nm) or with no reported light wavelength, whereas this 

work utilises a 632.8 nm light source. As a result, it is again important to be 

mindful of the influence this has on the generated permittivity data. 

Figure 69: Comparison of permittivity measurements made in this work 
against those sourced from literature. Literature data is split into two 

groupings, which have markedly different permittivity values as shown in the 
magnified plot. 
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However, the conclusions of chapter three highlighted that while light 

wavelength and temperature can impact the observed bulk solution 

permittivity, the observed contradiction between the two bandings of 

permittivity data in Figure 69 far exceeds the difference which may be likely to 

observe as a result of data captured at different experimental conditions. As 

such, the permittivity data collected in this work and its internal consistency is 

deemed appropriate. Raw SPR spectra of aqueous urea solutions are shown 

across the solubility range of urea in water in Figure 70 below. 

 

Figure 70: Raw SPR spectra of aqueous glycine solutions across the 
solubility range of glycine in water (g/kg basis) measured on gold chip 2. 

Having compared measurements of aqueous urea solution against literature 

data, solvent reference measurements and measurements of aqueous urea 

solutions were performed. These measurements were then compared to 

assess whether interfacial concentration enhancement was being qualitatively 
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observed by means of a difference in the SPR coupling angle minima. Figure 

71 shows the raw SPR spectral responses of an aqueous urea solution (246 

g/kg, the concentration which yields a refractive index matched to ethanol) 

compared against an SPR scan of pure ethanol, with Table 18 showing the 

relevant critical angles and coupling angle minima.  

 

 

 

 

 

 

 

 

 

 

 

Figure 71: Raw SPR reflectivity scan data for pure ethanol and 246 g/kg urea 
(aq.). Figure shows that when a urea solution is refractive index matched to a 

reference solvent (ethanol), the position of the SPR coupling angle is at a 
larger angle than that of the reference measurement. 
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Table 18: Measured and calculated relative permittivity, critical angle and 
SPR coupling angle minima for ethanol and 246 g/kg aqueous urea, and the 

difference between the observed variables 

Parameter/Measured System Ethanol 
246 g/kg 

Urea 
Difference 

Measured Relative Permittivity 

(Unitless) 
1.8481 1.851 0.003 

Measured Critical Angle (°) 49.59 49.67 0.080 

Measured SPR Coupling Angle (°) 60.22 60.44 0.220 

Calculated Critical Angle (°) 49.59 49.68 0.090 

Calculated SPR Coupling Angle (°) 60.22 60.44 0.220 

 

Figure 71 shows an example for which the relative permittivity of the prepared 

aqueous urea solution was slightly mis-matched from the ethanol reference 

measurement at the time of measurement. This difference in relative 

permittivities was explicitly included in the Winspall model and therefore it does 

not have any influence on the difference in coupling angles, which are also 

shown in Table 18. Ranges were added to the inset graphs. However, this 

highlights that SPR angle shifts are not the result of uncertainty in the 

measured gold permittivity values or bulk solvent permittivity, as the SPR 
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coupling angle minima for urea would still exceed the ethanol reference 

measurement if they were equivalent.  

When comparing the SPR coupling angle minima of both the ethanol and urea 

solutions, the angle minima are not the same. This observation qualitatively 

confirms that the concentration of urea at the solid-liquid interface differs from 

that of the bulk solution. This supports the findings highlighted in chapter four 

for aqueous glycine solutions, whereby interfacial concentration enhancement 

can be highlighted due to the coupling angle minima mismatch between 

reference solvent measurements and urea measurements. 

5.3.2 Chip to chip variability 

Following qualitative confirmation of interfacial concentration enhancement, 

representative models were generated in order to quantitatively determine the 

uplift in interfacial region permittivity with respect to that of the bulk solution 

permittivity. Models were generated for each of the six gold chips upon which 

measurements were performed, with the observed bulk and interfacial region 

permittivity values presented in Figure 72 below. 
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When looking at the measurements collectively from all chips utilised, we see 

a large spread of interfacial region permittivity values, with no clear trend 

beyond the fact that interfacial region permittivity exceeds that of bulk solution 

permittivity. Consequently, the influence of chip to chip variability, as was 

encountered in chapter four, must again be looked at in order to rationalise 

these observations with greater certainty. 

Figures 73-77 show the bulk solution permittivity and subsequent interfacial 

region permittivity values obtained using model systems for chips one to five, 

upon which a range of urea solutions were measured. Chips 1,2 and 3 all 

Figure 72: All measurements of aqueous urea solutions and corresponding 
interfacial region permittivity observed across all six chips utilised. 
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appear to have similar observed interfacial region permittivity values, with 

chips 2 and 3 being particularly similar.  

 

 

 

 

 

 

 

 

 

Figure 73: Gold chip 1, 46 nm thick gold layer. 
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Figure 74: Gold chip 2, 58 nm thick gold layer. 

Figure 75: Gold chip 3, 58 nm thick gold layer. 
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On first inspection, this similar level of enhancement may appear to have a 

causal link, as chips 2 and 3 have the same gold layer thicknesses (58 nm) as 

one another. However, chip 4 has the same gold layer thickness as these chips 

and the observed enhancement is greater, which suggests that gold layer 

thickness does not directly influence the degree of surface urea enhancement 

with respect to the bulk solution concentration. Chip 5, similarly to chip 4, sees 

a higher interfacial region permittivity across the concentration range of 

interest in contrast to chips 1 to 3. 

Instead, the variability is most likely the result of multiple factors inherent to the 

measurement technique, while probing significant concentration changes in 

high concentration solutions. 

 

 

 

 

 

 

 

 

 

 

Figure 76: Gold chip 4, 58 nm thick gold layer. 
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Having highlighted in chapter four that chip to chip variability in the degree of 

interfacial region permittivity is prevalent across all measurements performed, 

the degree of variability for measurements of aqueous urea solutions was 

assessed. A comparison of all chips collectively is possible by comparing the 

magnitude of the slope for each line of best fit against the respective bulk 

solution slope. This can then be extended to compare all chips in order to 

establish the degree of variability observed. Figure 78 provides such a 

representation, with the error bars signifying the 95% confidence interval for 

the slopes of the interfacial permittivity fits and associated statistics shown in 

Table 19. 

 

Figure 77: Gold chip 5, 61 nm thick gold layer. 
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Table 19: Bulk and interfacial regression slopes for each bare gold chip 
utilised in this study. Also included are the upper and lower bound 95% 

confidence intervals. 

Chip 
Bulk Solution 

Slope 

Interfacial 

Layer Slope 

Upper 

C.I. (95%) 

Lower C.I. 

(95%) 

1 0.00025 0.00032 0.00060 0.00005 

2 0.00025 0.00044 0.00071 0.00017 

3 0.00025 0.00047 0.00074 0.00020 

4 0.00028 0.00118 0.00145 0.00091 

5 0.00024 0.00072 0.00099 0.00045 

Figure 78: Comparison of bulk urea solution slopes against slopes for 
interfacial solution layers. The slopes for bare gold chips are shown, with the 

error bars signifying the 95% confidence intervals. 
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The magnitude of the interfacial slope across four of the five chips is broadly 

of the same magnitude, with chip four appearing to be an outlier with regards 

to the rest of the dataset. However, this can be explained as likely being due 

to the measurements on this chip only covering four of the five urea solution 

concentrations measured on the four other gold chips. Had measurements of 

878 g/kg urea solutions been performed on this chip, it may be the case that 

the magnitude of the slope decreases to a level resembling the other chips 

assessed.  

Irrespective of this, the key observation from this representation is that 

interfacial region permittivity again exceeds bulk solution permittivity, as was 

the case for aqueous glycine solutions, across the gold chips used in this 

study. While the degree of enhancement varies from chip to chip, it is observed 

consistently and thus cannot be disregarded.  

The sixth gold chip was used to confirm, as was the case in chapter four with 

measurements of aqueous glycine, how much variation can be observed with 

repeat measurements of urea on a given gold chip. In this instance, ten 

successive measurements of 727 g/kg urea solution were performed after ten 

successive measurements of butan-1-ol, the solvent with which 727 g/kg urea 

solution is a refractive index match. The average interfacial region permittivity 

observed is shown in Figure 79 below. 
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As noted in chapter four, the alternative presentation which can be utilised to 

highlight the degree of chip to chip variability observed in the given 

measurements is through presenting the mean bulk solution and interfacial 

solution layers concentrations for each bulk solution concentration assessed 

on all gold chips. This is shown below in Figure 80, with the associated 

statistics outlined in Table 20. 

Figure 79: Gold chip 6, upon which ten repeat measurements of 727 g/kg 
urea solution and isoamyl alcohol were performed to establish the 

uncertainty in performing such in situ measurements. The error bars signify 
one standard deviation from the mean value of the ten measurements 

performed. 



180 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 80: Mean bulk solution permittivity across the measured concentration 
range, along with the mean permittivity within the interfacial layer when L=1 

nm. The error bars represent the standard error of the mean. 
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Table 20: Mean concentration, interfacial layer permittivity, standard 
deviation and standard error of the mean for measurements of aqueous urea 

in contact with a bare gold surface. 

ὢ  

Concentration 

(g/kg) 

ὢ  

Bulk 

Solution 

Ů 

(Unitless) 

ὢ  

Interfacial 

Layer Ů 

(Unitless) 

ů 

Interfacial 

Layer 

„  

Interfacial 

Layer 

n 

0.000 1.773 1.773 0.000 0.000 9 

246.055 1.850 2.037 0.126 0.042 9 

354.772 1.877 2.092 0.178 0.056 10 

513.430 1.910 2.075 0.109 0.035 10 

726.834 1.945 2.155 0.075 0.024 10 

877.747 1.971 2.130 0.094 0.033 8 

 

Figure 79 highlights that irrespective of the degree of variability observed from 

chip to chip in the magnitude of the interfacial region permittivity, the reported 

values have statistical significance, further supporting the findings outlined in 

chapter four and highlighting that this interfacial phenomenon is observed with 

consistent measurements. 

5.3.3 Relating interfacial layer permittivity to concentration 

Having established that interfacial solution region permittivity exceeds bulk 

solution permittivity when assessing urea solutions, permittivity values were 

then converted to a concentration basis so that a comparison could be made 

with bulk solution concentrations. This comparison was made through use of 

the Clausius Mossotti equation, as outlined in chapter four, which provided a 
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means to relate expected permittivity values to urea mass fraction for higher 

urea concentrations.  

In order to utilise the equation, pure component number densities and 

molecular polarizabilities are calculated for both water and urea, which are 

then proportionally scaled for given mass fractions of urea. This provides an 

idealised permittivity value at a given mass fraction, which can be used to 

attribute a mass fraction to the interfacial layer permittivity values being 

observed through use of the SPR measurement models. These values are 

dependent on the literature value selected for crystalline urea as higher or 

lower values for the relative permittivity of pure urea will proportionally scale 

the magnitude of the permittivity value observed at a given urea mass fraction.  

The permittivity of pure urea is not extensively reported in literature and in fact 

only one value was found in the literature. This introduces a degree of 

uncertainty as to whether the values calculated are an accurate representation 

of what the expected permittivity may be at a given urea mass fraction. To 

minimise this uncertainty, the measurements in this work were subsequently 

fitted to the Clausius Mossotti equation in order to determine how relative 

permittivity varies with increasing urea mass fraction. The comparison of each 

scenario is presented in Figure 81 below.   
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The idealised permittivity-mass fraction relationship based on the Clausius 

Mossotti equation using permittivities of pure water and pure urea form 

literature appears to slightly underestimate the measured values of urea 

permittivity at higher urea concentrations. The fitted values determined using 

this work are subsequently utilised to calculate urea concentrations in the 

interfacial solution layer. 

Figure 81: Comparison of idealised permittivity values determined from 
Clausius Mossotti equation using permittivities of pure water and pure urea 
from literature and those calculated by fitting Clausius Mossotti equation to 

permittivity data measured in this work are plotted. 
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The results of this calculation are presented above in Figure 82, which shows 

the spread in interfacial region concentrations observed across the six gold 

chips. The observed concentration enhancement appears to increase slightly 

with increasing bulk solution concentration of urea aqueous solutions, similar 

to what was observed for glycine aqueous solutions. 

5.4 Conclusions 

In conclusion, in situ measurements of aqueous urea solutions and pure 

solvents have been undertaken in order to establish whether a localised 

concentration increase of urea molecules at the solid-liquid interface is 

observed when urea solutions are placed in contact with a gold chip surface. 

Figure 82: Estimated urea concentrations in the interfacial solution region for 
the six gold chips utilised in this work. 
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When performing SPR measurements for aqueous urea solutions, it was found 

that the SPR coupling angle was consistently higher than for reference 

measurements of corresponding reference solvents. Through use of SPR 

measurement models, it has been confirmed that the solution permittivity in 

the interfacial region was higher than that in the bulk solution, across all chips 

used. This is very significant as it extends the results for aqueous glycine 

solutions outlined in chapter four to aqueous area solutions and provides 

further validation to the presence of an interfacial solution layer with localised 

concentration enhancement being observed at the solid-liquid interface. 

Again, chip to chip variability is observed in relation to the degree of 

concentration enhancement being observed at the interface, which can be 

attributed to differences between chips, such as gold layer thickness, 

polycrystallinity of the gold film upon application and surface level defects in 

chips. Irrespective of these influences, this is an important indication and 

validation of this interfacial enhancement effect. 
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Chapter 6 

6. In situ measurement of interface induced concentration enhancement in 

aqueous solutions of glycine in contact with polystyrene surfaces 

6.1 Introduction 

It is widely accepted that crystal nucleation primarily occurs by means of a 

heterogeneous mechanism, whereby the presence of surfaces in contact with 

solution lowers the energy requirement for nucleation and thus promotes faster 

nucleation. Consequently, gaining a greater understanding of how such 

surfaces can either promote or suppress crystal nucleation is important if more 

efficient crystallisation processes are to be developed in the future. 

This chapter uses the findings of chapters four and five as a foundation from 

which interfacial concentration enhancement effects are further probed 

through the application of hydrophobic polystyrene layers to gold chips. 

Solutions of aqueous glycine were placed in contact with these chips to assess 

how the magnitude of concentration enhancement at the polystyrene-solution 

interface may compare to that of glycine solutions in contact with a bare gold 

chip. 

Polystyrene is a hydrophobic polymer, with weak electron donor phenyl rings, 

where interactions of solution molecules with the polymer surface are driven 

by dispersion interactions.[15] Previous  studies have been carried out in 

literature with use of polystyrene layers for induction time studies to assess 

crystal nucleation at the polymer-solution interface. [15, 18] Polystyrene was 
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utilised in this thesis for its chemical inertness and ability to form smooth 

polymer layers as a control substrate.  

This is of interest when looking to investigate the role of non-specific dispersion 

interactions at the solid-liquid interface, hence the utilisation of polystyrene in 

this study. Gold chips were prepared though the deposition of dodecanethiol 

monolayers on the gold chips in the first instance as a foundation onto which 

stable ultrathin polystyrene layers can be spin coated. A schematic diagram 

outlining the constituent elements of the experimental system is presented in 

Figure 83. 

 

To investigate glycine solution-polystyrene interfacial region, SPR 

measurements of pure solvents and refractive index matched solutions of 

aqueous glycine were undertaken on gold chips spin coated with ultrathin 

polystyrene layers to generate SPR spectra. To analyse the SPR data, 

representative model systems of the experimental system shown in Figure 83 

were generated using the Winspall program, to assess the degree of 

Figure 83: Schematic diagram outlining the constituent parts of the 
experimental system used to generate the representative SPR model for 

polystyrene coated gold chips. All chips contain glass prism, chromium, gold 
and polystyrene layers. Pure liquids only contain bulk, but solutions can also 

include a separate interfacial layer. 
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enhancement in glycine concentration in the interfacial solution region with 

respect to the bulk solution concentration. 

Contact angle goniometry measurements were performed for a range of 

aqueous glycine solution concentrations in contact with bare gold chips and 

polystyrene coated gold chips. Determination of the contact angle provided a 

means by which the solution behaviour observed at the solid-liquid interface in 

SPR measurements could be related to macroscale behaviour of liquid 

droplets on polystyrene coated chips.  

6.2 Materials & Methods 

6.2.1 Materials 

Water (HPLC Plus Grade, Sigma Aldrich), Methanol (99%, VWR), Ethanol 

(Absolute, Fisher Scientific), 1-Propanol (HPLC Grade, 99.9%, Sigma Aldrich), 

1-Dodecanethiol (Ó98%, Sigma Aldrich), Polystyrene (Mw 34,300 g mol-1, 

Polymer Source Inc.), Toluene (Laboratory Reagent, Ó99.3%, Sigma Aldrich) 

and Glycine (Fisher Scientific, 98.5%) were purchased and handled as 

received. 

6.2.2 Dodecanethiol and polystyrene layer deposition on gold surfaces 

Prior to thiol layer addition, bare gold chips, prepared per the protocol outlined 

in Section 2.3.3, were oxygen plasma cleaned to remove any potential 

contaminants from the surface, before examination under an optical 

microscope (Leica M165 CM Microscope) to determine if there were any 

defects or deformations on the surface. All glassware used was cleaned using 

a Hellmanex (1% Hellmanex-water solution) washing procedure.  
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1-Dodecanethiol was added to a known volume of ethanol to prepare a stock 

solution (1 mM). The desired number of gold chips were then submerged in 

the solution (1 hour). The solution was then exchanged with fresh ethanol in 

triplicate, followed by water, before the chips were removed and dried under a 

stream of nitrogen gas. The thiol coated chips were then stored in a sealed 

container prior to use. The resultant thiol layer was examined under an optical 

microscope for qualitative confirmation of surface coverage prior to layer 

characterisation using SPR spectroscopy. 

Polystyrene (250 mg, Polymer Source Inc., 34,300 g mol-1,) was dissolved in 

toluene (5 mL) to prepare a stock solution (50 mg mL-1, 5.8 % w/v). A 1 % w/v 

polystyrene solution was prepared using aliquots of stock polystyrene solution 

and toluene (867 ɛL 5.8 % w/v polystyrene (l), 4133 ɛL Toluene). Polystyrene 

solutions (0.3, 0.5 and 0.75 % w/v respectively) were then prepared from the 

1 % w/v solution, with the corresponding volumes given in Table 21. 

Table 21: Volumes of 1 % w/v polystyrene solution and toluene used to 
prepare polystyrene solutions for spin coating. 

Polystyrene 

Concentration 

(% w/v) 

Volume 1 % w/v 

Polystyrene Solution 

(ɛL) 

Volume 

Toluene (ɛL) 

0.3 600 1400 

0.5 1000 1000 

0.75 1500 500 

Spin coating of gold chips was undertaken using a spin coater (KW-4A, 

Chemat Technology). To coat gold chips, a given chip was placed on the chuck 
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within the spin coater unit and the vacuum switched on to fix the chip to the 

chuck surface. An aliquot of polystyrene solution (50 ɛL) was then pipetted 

onto the surface of the chip and the spin cycle was started. Following the 

completion of the spin cycle (60 seconds, 1500 rpm), the chip was removed 

from the chuck and stored in an airtight container to dry (24 hours), ready for 

characterisation using SPR spectroscopy to determine layer thickness and 

optical microscopy to qualitatively assess layer uniformity across the gold chip. 

The experimental protocol followed to form both the thiol and polystyrene 

layers is shown in Figure 84. 

 

6.2.3 Solution Preparation 

Pure solvents and their binary mixtures were prepared to produce reference 

spectra across the range of refractive index values of aqueous glycine 

concentration assessed. Each pure solventôs refractive index was first 

determined, along with the refractive index of the aqueous solution of interest. 

The refractive index data was then used in combination with a target volume 

Figure 84: Experimental procedure followed in order to prepare PS spin 
coated gold chips for use in SPR measurements of aqueous glycine 

solutions. 
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of solvent mixture to determine the necessary solvent ratios required to 

produce a binary system, which was refractive index matched to that of the 

aqueous solution of interest. 

Aqueous glycine solutions were prepared according to the procedure outlined 

in Chapter 4.2.1 across a pure water (hereafter referred to as 0 gglycine/kgwater) 

to 250 gglycine/kgwater concentration range, which will again be denoted as g/kg 

throughout. by combination of glycine and water respectively directly within 

glass vials.  

6.2.3 SPR Measurement Procedure 

Gold chips with spin coated polystyrene layers were mounted on the high 

refractive index glass prism and fitted with a flow cell configuration for liquid 

injection to the chip surface. The measurement acquisition procedure was 

identical to that outlined in Section 4.2.4.  

6.2.5 SPR Model Generation 

To analyse SPR measurements of both solvents and aqueous glycine 

solutions alike on polystyrene coated gold chips, representative SPR models 

were generated for analysis through use of the Winspall program following the 

procedure outlined in Chapter 4.2.5.  

Having first characterised the bare gold chip per the workflow, the addition of 

a dodecanethiol layer is then incorporated into the model. Using the initial bare 

gold chip model, the real component of the thiol layer dielectric constant is 

fixed based on a value obtained from literature.[97] The layer thickness of the 
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thiol layer is fitted to ensure that the model and experimental coupling angle 

minima are equivalent. 

Following thiol layer addition, an ultrathin polystyrene layer is spin coated onto 

the thiolated gold chip and a subsequent model is needed to characterise the 

system. Using the model for the thiolated gold chip, the real component of the 

polystyrene layer dielectric constant is fixed based on a value obtained from 

literature.[98] The layer thickness of the polystyrene layer is fitted to ensure 

that the model and experimental coupling angle minima are equivalent. 

Having accurately characterised the gold chip of interest following the addition 

of thiol and polystyrene layers, models are generated for water, pure solvents 

and solvent mixtures in line with the procedure outlined in Chapter 4.2.5. This 

resultant workflow for generating models for polystyrene coated gold chips is 

summarised schematically in the data analysis workflow outlined in Figure 85. 
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6.2.4 Contact Angle Goniometry Measurements 

To further probe the influence of the polystyrene surface on aqueous glycine 

solutions, advancing, static and receding contact angle measurements were 

performed using a Krüss DSA30 goniometer, in combination with a syringe 

pump (New Era Pump Systems, Inc.). An image of the experimental setup is 

shown below in Figure 86, with a close up of the gold chip and needle given 

within the inset image. 

 

 

Figure 85: Workflow developed for generating representative SPR models for 
polystyrene coated gold chips and subsequent measurements of solvents 

and aqueous glycine solutions. 
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Using four bare gold chips as a control and four polystyrene coated gold chips 

as a test surface, the intention was to probe the influence of such surfaces on 

a macroscopic scale (along the surface) in contrast previously assessed 

impact on the solution at the nano scale (in the normal direction to the surface). 

Polystyrene coated gold chips were prepared following the procedure outlined 

in section 6.2.2, with aqueous glycine solutions prepared following the protocol 

outlined in 6.2.3.  

Gold chips (coated and uncoated) were grouped for measurements with 

specific concentrations of glycine solution, as shown in Table 22. The solution 

of interest was pumped into the syringe pump, with care taken to avoid the 

presence of air bubbles in the connecting tubing between the needle and 

syringe. With the syringe filled and ready for use, the needle tip and surface 

baseline were calibrated through use of the in-built software in the instrument. 

Figure 86: Image showing the experimental setup utilised for contact angle 
measurements of aqueous glycine solutions on bare gold and PS coated 
gold chips. The inset shows a magnified image of the optical stage and 

needle. 






































































