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Abstract 

The University of Liverpool 

Doctor of Philosophy  

Design of Gold Nanoparticles with Controllable Phase Transfer Properties 

Alexander Paul Hill 

 

This project was aimed at initiating the development of  gold nanoparticles (AuNP) 
functionalised in such a way that allowed for the mimicking of biological systems, those 
that effectively couple uphill processes with downhill processes to transfer charge across 
an organic interface (the phospholipid membrane). The hope was to utilize a specific 
functional group adhered to the gold surface to achieve cation transfer, whilst attempting 
to achieve electron transfer via the exposed gold core.  
 
Via the application of the cyclic oligomers better known as crown ethers, taking advantage 
of their selective cation association properties, the transfer of cations from the aqueous 
phase to the organic phase via the use of small functionalised gold nanoparticles was 
successfully demonstrated. The most effective system (18-Crown-6-modified AuNPs) 
was identified via comparative studies between the rates of phase transfer with various 
cations. These studies were then later used to achieve complimentary cation transfer 
across an artificial membrane, evidenced by both cryo-TEM and fluorescence 
spectroscopy data.  
 
This idea was then taken further by implementing the same crown ether (18-Crown-6) 
upon larger AuNPs (7.5nm), a gold core volume with a much greater potential for 
allowing the transfer of electrons. Not only did AuNPs modified in this way result in 
similar phase transfer and membrane adherence of the 3nm particles, but also presented 
a unique process; entropically driven reversible agglomeration with changes in 
temperature. This system was characterized in full to further advance our understanding, 
to maximise the potential of using it for both cation and electron transfer.  
 
Preliminary work on the interaction of the larger AuNPs with a redox couple (potassium 
ferro/ferri cyanide) was briefly undertaken, in the hopes of transferring an electron from 
one redox partner to the other, via the coupling of a downhill reaction, the formation of 
Barium Sulphate. However, this system was not fully realised within this thesis, but a solid 
foundation was laid for future work. 
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Chapter 1 Introduction and Background Literature 

Review 

 

1.1 Introduction 

Biological systems have often been regarded as having superior performance when 

compared to anything non-biological; this is believed to be down to the nanoscale 

organisation at which these systems operate1. Deliberate nano-structuring of artificial 

materials has therefore been widely explored in an attempt to replicate the efficiency of 

biological systems; what these systems are attempting to replicate is a biological model 

that is stable and close to thermodynamic equilibrium. Such attempts at replicating passive 

biological structures have resulted in great success; examples being lotus leaves, gecko 

feet and morpho butterfly wings, resulting in self-cleaning surfaces2, 3, novel adhesive 

materials4, 5 and optical coatings6, 7. It is these passive nanostructures that represent current 

state-of-the-art nanotechnology.  

Whilst the development of such materials is extremely useful, what is commonly 

overlooked when referring to bio-inspired nanotechnology is that biological systems use 

predominantly active nanostructures that are capable of fulfilling energy consuming 

functions such as signal processing, active transport8 and uphill chemical processes7. 

Whilst these processes rely on the biological systems’ nano-organisation, they also rely on 

the ability of the system to operate under conditions that are far from chemical 

equilibrium. This essential feature is generally considered to be the definition of a living 

object; a human being only functions because it uses processes that constantly keep the 

system from reaching equilibrium.  A good example is an ion transporter. Ion 

transporters, also called an ion pump, are transmembrane proteins that move ions across 

a plasma membrane against their concentration gradient. Such proteins are capable of 

driving the system against its natural equilibrium due to the consumption of fuel, which 

can vary from Adenosine triphosphate (ATP) to sunlight and other redox reactions. 

Because the system is consuming energy to drive a system out of equilibrium it is 

considered an active process. The development of synthetic ribosomes by Andrew 

Tuberfield9, 10 is a perfect example of we can attempt to replicate nature’s own processes 

to further our understanding.  
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The research discussed and described in this thesis is about the development, 

characterisation and implementation of gold nanoparticles (AuNPs) coated in 

crown-ether moieties which could become capable of behaving as artificial active nano-

structures by combining the cation binding affinity of crown ethers with the potential for 

electron conduction through the gold core. This opens a pathway to potentially creating 

an artificial nano-system capable of transporting both cations and electrons across 

barriers; opening avenues into artificial nano-batteries capable of mimicking the active 

processes that occur within biological cells. 

 

1.1.1 Publications 

Journals 

Grzelczak, Marcin P, Hill, Alexander P, Belic, Domagoj, Bradley, Dan F, Kunstmann-

Olsen, Casper and Brust, Mathias (2016) Design of artificial membrane transporters from 

gold nanoparticles with controllable hydrophobicity. FARADAY DISCUSSIONS, 191. 

495 - 510. 

Hill, Alexander, Brust, Mathias, Kunstmann-Olsen, Casper and Grzelczak, Marcin (2018) 

Entropy‐Driven Reversible Agglomeration of Crown Ether Capped Gold Nanoparticles. 

Chemistry: A European Journal, 24 (13). 3151 - 3155. 

Conferences 

July 2015: 7th International Gold Conference, Cardiff Catalysis Institute, Cardiff 

University, Cardiff, UK:  Poster presentation on 18-Crown-6-modified AuNPs and phase 

transfer. 

July 2016: Nanoparticles with Morphological and Functional Anisotropy, Glasgow, UK: 

Discussed the Faraday Discussion paper as seen in above publications.  

March 2018: 255th ACS National Meeting & Exposition, New Orleans Convention 

Centre, New Orleans, Louisiana, USA: Presenting published work from Chemistry-A 

European Journal. 
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1.1.2 Structure of the Thesis 

Chapter 1 

The rest of this chapter will introduce the background to the different properties that we 

will be attempting to exploit to promote cation/electron transport across systems set far 

from equilibrium. This will be followed by a brief discussion of characterisation 

techniques used and a discussion of some of their pros and cons. 

Chapter 2 

Describes the successful (and failed) attempts at functionalisation of both small (3nm) 

and larger (7.5, 15.5 and 25.7 nm) AuNPs coated in either pure crown ether ligand or 

achieved through secondary functionalisation (15.5 and 25.7 nm with PEG 5000), all 

stable within pure aqueous media. The chapter also goes into detail about their 

characterisation and general properties.  

Chapter 3  

Effectively demonstrates that after phase transfer testing with various cations (K+, Na+, 

Li+ and Ba2+) that 3 nm 18-Crown-6-modified AuNPs show high degrees of selectivity 

for both K+ and Ba2+ in relation to the other cations, even when in pure aqueous media 

that was shown in literature to reduce the stability constant and binding selectivity of the 

crown ether moieties. The 3 nm 18-Crown-6-modified AuNPs are then shown to 

successfully transport K+ passively across lipid membranes in the form of vesicles, with 

the AuNPs showing no interest in membrane penetration until the addition of the 

complimentary cation K+, resulting in an on-off trigger style mechanism where by the 

particles hydrophobicity can be directly controlled and activated. This chapter also 

discusses preliminary attempts at creating larger 18-Crown-6-modified AuNPs. 

 

Chapter 4  

Discusses and characterises the both interesting and unique properties of the 7.5 nm 18-

Crown-6-modified AuNPs which is the reversible agglomeration of the particles to one 

another and/or nearby surfaces upon heating and cooling of the aqueous solution. A 

property that appears to show the basic principle of Gibbs free energy in a unique 

experimental form. This interesting property was then shown to potentially be usable in 
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controlling the hydrophobicity of the particle, with lower temperatures showing little sign 

of membrane penetration and higher temperatures showing potential membrane 

penetration, as the particle stability lowers in the aqueous media with increasing 

temperature.  Preliminary phase transfer experiments were undertaken to determine 

whether the 7.5 nm 18-Crown-6-modified AuNPs were capable of achieving similar 

phase transfer properties as the 3 nm AuNPs, with the addition of a redox couple 

(potassium ferro/ferri cyanide) to set a foundation for further experimentation to 

determine whether electron transfer can be coupled with cation transfer (Ba2+) between 

two aqueous phases surrounded by an organic interface. 

Chapter 5 

Discusses potential avenues for advancing this work in the future by laying out ideas that 

could be utilized to plan and develop more experiments capable of providing further 

insight into how these particles can effectively transfer charge across 

membranes/interfaces. There are also a few examples of more niche experiments that 

could be utilized to try and find other potential avenues of use for the 18-Crown-6-

modified AuNPs. These future work proposals are followed by a brief conclusion 

summarizing the successes of the project, with milestones that were reached and goals 

that can be met with further work. 
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1.2 Background Literature Review 

This section reviews the background literature relevant to the challenges of the work 

discussed in this thesis, namely the synthesis, stabilisation and functionalisation of gold 

nanoparticles, the properties of crown ethers, the use of crown ethers as membrane 

transports and the interaction of gold nanoparticles and lipid membranes. 

This body of work forms the starting point for the research that is subsequently 

presented. The historic development of AuNPs is needed to further explore potentially 

effective methods of developing a suitable conductive core, followed by exploitation of 

this property within a vesicle membrane, which retains its stability in a variety of 

environments. The crown ether literature review was undertaken in order to better 

understand the molecule, with its selective cation binding and phase transfer properties, 

including cation transfer through membranes in suitably structured compounds; the 

compound would prove extremely useful if these properties were able to be attached to 

a conductive core such as gold. The interaction of AuNPs with membranes, including 

both active and passive insertion was explored in this section to further understand the 

properties that are required for successful integration, otherwise the whole line of 

research would prove fruitless if the particle was never able to interact with a membrane 

in the first place.  

1.2.1 Synthesis, Stabilisation and Functionalisation of Gold Nanoparticles 

(AuNPs) 

As the size of gold structures is progressively decreased, significant changes to both its 

chemical reactivity and physical properties are observed, chiefly due to the larger ratio of 

surface atoms to bulk atoms. The reasoning behind this is well known from the field of 

surface science and electrochemistry, which show the importance and unique chemistry 

of surface, edge and defect atoms11 . The incomplete configuration of the atoms leads 

them to become highly reactive, which under normal circumstances results in a short 

lifespan due to the large entropic drive to limit the number of atoms within a system with 

an incomplete electron configuration. The typical solution to this entropic drive is for 

smaller nuclei to merge with one another, forming larger particulates with reduced ratios 

of surface to bulk atoms. This process, when left unchecked, would continue to occur 

until the system had properties that essentially resemble that of bulk gold.  



6 
 

To stop the aggregation of smaller particulates to such a size that mimics bulk gold 

prevention methods must be implemented. This can be achieved via one of three ways; 

charge stabilisation12, encapsulation13, 14 and steric/ligand stabilisation14.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Illustrations showing a) Electrostatic stabilisation, b) Encapsulation and c) Ligand stabilisation of AuNPs 

  

a) 

b) 

c) 
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Charge stabilisation is a method whereby a charged compound is either electrostatically 

bound to the AuNP surface, a process well demonstrated by the Turkevich synthesis 

method involving citrate15, or by the covalent bonding of a ligand stabilised shell with a 

charged end group16. The charge that is now situated on or around the AuNP causes the 

GNPs to electrostatically repel one another when coming within close proximity, 

preventing them from being able to effectively aggregate.  

Encapsulation is a method whereby the particles are trapped in a solid medium of some 

form which physically prevents the particles from being able to move closer to one 

another, therefore preventing aggregation. Well known examples of this type of 

stabilisation are red stained glass windows and polymer gels17. 

Ligand stabilisation works by chemically binding a compound to the surface of the AuNP, 

resulting in the creation of a physical shell around the particles, sterically preventing them 

from coming into close enough contact with one another to allow aggregation to occur. 

This type of stabilisation can also be achieved by fixing the particles to a surface using 

rigid connector ligands which prevents the particles from aggregating whilst not entirely 

encapsulating them. This anchoring method is commonly used due to the ability to affix 

a wide range of end groups, and therefore functionalities, to the external end of the ligand 

attached to the AuNPs. There are a several types of functional group that can be used to 

bind to the gold surface, with some of the possibilities being alcohols18 and amine 

groups19. The most common however is the gold-thiol bond. The gold-thiol bond has an 

average enthalpy of formation (ΔHf) of approximately 418 KJmol-1 20, with the next 

strongest bond being that for gold-boron at approximately 368 KJmol-1 21. This high 

enthalpy of formation for the gold-thiol bond results in thiolated compounds readily 

replacing other ligands situated upon the AuNP surface, swiftly forming self-assembled 

mono-layers22. The scientific literature is filled with examples of various types of ligands 

being bound to an AuNPs surfaces this way, including long chain poly-ethylene glycol 

(PEG)23, Oligomers24 and polymers25 to name a few.  

Encapsulation, whilst useful within scientific research, is not effective for the work 

discussed within this thesis and so shall not be discussed in detail.26, 27 

 

The earliest detailed report of such a AuNP being developed in this way was known as 

the Schmid’s cluster, [Au55(PPh3)12Cl16], which was reported in 1981 and showed, at that 
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time, unique properties of highly monodisperse (1.4 nm ± 0.4 nm) AuNPs, despite its 

precarious and delicate synthesis28. This process was then improved upon by Mulvaney 

and Giersig in 199329 when it was first reported in the stabilisation of AuNPs via the use 

of alkanethiols, with the chain length being variable, giving rise to the potential for 

modification29. In 1994 the Brust-Schiffrin method was developed, with a modified 

procedure used within this thesis . A synthesis that has had considerable impact in the 

field due to the allowance of facile synthesis of both thermally- and air-stable AuNPs 

whilst still being monodisperse, with the size of the AuNPs created ranging from 1.5 to 

5.2 nm in size; the increasing size of the AuNPs made in this manner did result in higher 

dispersity values however. The technique used was initially inspired by Faraday’s two- 

phase system30, combined with the use of thiols that strongly bind gold due to the soft 

character of both Au and S23, 31. The experimental procedure, briefly described, involved 

the transfer of AuCl4
- into toluene by extraction from the aqueous phase by 

tetraoctylammoniumbromide (TOAB). The toluene mixture was then vigorously mixed 

with an aqueous NaBH4 solution whilst in the presence of dodecanethiol, resulting in the 

formation of monodisperse, stable dodecanethiol coated AuNPs. It was found that larger 

thiol:gold molar ratios gave smaller average core sizes, and fast addition of the reducing 

agent into cooled solutions gave more monodisperse AuNP formation.  

From this moment on the modifications to both the experimental procedure and 

thiolated ligands used advanced quickly. Brust et al. further improved the synthetic 

procedure via the use of p-mercaptophenol, resulting in the development of a single phase 

system23, opening the avenue for a more diverse range of ligands to be utilized32, 33, which 

then resulted in a plethora of published literature on analysis of various ligands being 

placed upon AuNPs34, 35. The original work is therefore of immense importance both in 

terms of the role it has played in the scientific literature over the last two decades, and for 

providing a starting point for the work produced for this thesis; The research within this 

thesis uses a modification of this method, with a successful publication being the 

outcome36.  

The next step is to move on to the synthesis of larger AuNPs (10-200 nm); this is where 

the Turkevich synthesis, developed in 195137, or modifications thereof 38-43 are used; 

desired for its lack of toxic reactants, allowing for use in medical experimentation, but 

also for the production of highly monodisperse samples. The source of the gold in this 

method is tetrachloroauric acid (HAuCl4), with the reducing agent being citrate, which 
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also acts as the stabilising agent once it has been reduced to its ketone form44 The use of 

citrate as both the stabilising agent and the reducing agent is not essential, however, as 

different compounds are also capable of achieving the same outcome45-48. 

 

Figure 1.2: Reaction mechanism showing how Tri-Sodium Citrate reduces the Au(III) to Au(0), with the product (the 

ketone) acting as the stabilising agent. 

The process for this method is as follows (Figure 1.2): The reduction of Au(III) to Au(0), 

resulting in precipitation, requires three electrons. The oxidation of citrate however only 

provides two electrons upon formation of the stabilising ketone agent, resulting in the 

ratio of citrate to gold being 3:2 as a bare minimum. The concentration of citrate within 

the solution can be increased to control the size of particle created, with higher 

concentrations citrate resulting in smaller particle sizes, with reports of ~10 nm particles 

being formed at around 5.2 mM concentration. Evidence suggests that higher 

concentrations of citrate within solution results in the destabilisation of the colloidal 

solution49. 

Other important factors that have been shown to contribute to the synthesis process are: 

pH50, solvent51, perpetually homogenous solution (vigorous stirring) and a static 

temperature. The controlled stirring and temperature are necessary to initiate AuNP 

nucleation across the whole system simultaneously, giving rise to AuNP growth rates 

across the system being similar, resulting in monodispersed samples. The pH of the 

system is important as it dictates the stability of the solution; decreasing the pH will result 

in aggregation due to the loss of electrostatic stability, whilst increases in pH result in 

typically more stable systems, to a degree.  

The key steps to synthesising highly monodisperse AuNPs are fast nucleation which, as 

stated previously, is where all nucleation sites and seed growths are formed 
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simultaneously; followed by slow propagation to allow for currently existing AuNPs seeds 

to grow into highly monodisperse spherical AuNPs. These steps are achieved through 

the Turkevich method by heating the gold salt solution above the reacting temperature 

and then quickly and homogenously adding a pre-warmed reducing agent to initiate 

nucleation. Modifications of the process such as the reverse Turkevich method49 heat the 

reducing agent up to temperature first to achieve AuNPs smaller than what are obtainable 

through the standard method. Providing that the ratio of citrate to gold is at or above 3:2 

then rapid reduction can occur, and seeds develop which is then swiftly followed by the 

propagation step. 

Other modifications to the standard method of larger AuNP preparation involve the 

addition of further chemical compounds to achieve properties typically outside of normal 

parameters. The use of tannic acid for example allows for the generation of <10 nm 

citrate-tannic acid stabilised particle due to improved reduction kinetics of the stronger 

reducing agent as well as the provision of a much bulkier ligand, effectively combining 

both electrostatic and steric stabilisation40. 

The advantage of larger particles (10-200 nm) is that they are much easier to observe, 

analyse and characterise. This is due to their increased size allowing for efficient cleaning 

via centrifugation (providing they do not lack the necessary stability once cleaned to stay 

as separate entities), and sharper resolution when analysed via electron microscopes, 

allowing for the general shape and size to be characterised as well as being much more 

efficient at the conduction of electrons through the gold core52 .  

The major benefit of developing AuNPs this way, apart from the high degree of control 

over a wide range of nanoparticle sizes, is that the stabilizing agent (the citrate ketone) 

acts as a rather loose ligand shell, allowing for ligand exchange with components that 

could prove more useful upon the gold nanoparticle surface. The challenge that arises 

here is being able to successfully exchange the ligands without the aggregation of the 

AuNPs.  

AuNPs with both excellent optical sensitivity and stability can supposedly be created if a 

suitably sized AuNP, created via the Turkevich method or a modification thereof, can 

undergo chemisorption of thiols onto the surface of the gold core. For this to be 

facilitated the initial stabilizing agent, usually a highly charged species (citrate ketone), 

must be readily displaced; smaller anionic species are preferable for this. Under normal 
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circumstances, upon chemisorption of the thiolated capping agent, the desorption of the 

charged species sacrifices the electrostatic stability and causes irreversible aggregation53-56. 

In almost all cases, if the newly added chemisorbing thiolated agent is not negatively 

charged the result is aggregation of the colloidal gold, with the solution undergoing a 

characteristic colour change from bright red to steel blue, as the plasmon resonance of 

the AuNPs red-shifts, a result of the dramatically increased size. The ability to preserve 

the stabilising charge upon the AuNP whilst assembling a suitably large protective 

monolayer is not trivial.  

An approach introduced by Aslan and Perez-Luna was the successful steric stabilisation 

of AuNPs by mixing Tween 20 into the solution prior to the addition of a thiolating 

agent56, with the non-ionic surfactant preventing aggregation long enough for the 

thiolated agent to chemisorb onto the AuNP surface and develop a stable protective 

monolayer. It is believed that the reason for this success was the slowing down of the rate 

of removal of the charged species during ligand exchange. This idea was taken further by 

the use of thioctic acid as an intermediary functionalisation step56. The doubly thiolated 

species added to the AuNP solution at a pH of 11, resulted in the deprotonation of the 

thioctic acid during ligand exchange, retaining stability. The role of the extra Au-thiol 

bond within this experiment was to slow down the rate of exchange between the 

chemisorbed thioctic acid and the desired species for ligand exchange. The overall result 

was successful, with the exchange ratio of thioctic acid to a new capping agent being 

dependant on the capping agent in question, with 11-MUDA showing a 100% exchange 

ratio and a long chained 15-Crown-5 (15-Crown-5-SH) showing 64%. The issue with this 

procedure, whilst very effective, is that there is an incomplete ligand exchange, resulting 

in the presence of the intermediary ligand still upon the AuNP surface. Also, the chain 

length of each of the final stage thiolated compounds is quite long, once again potentially 

limiting access to the gold core for effective charge transfer. 

Another potential method of intermediary functionalisation is to use thiolated 

polyethylene glycol compounds (PEG). The functionalisation of AuNPs with PEG has 

become well known within scientific literature57-60, chiefly due to its almost uncanny ability 

to chemisorb onto the gold surface and successfully stabilise the system with little-to-no 

complications, but also due to PEG being a principle component in different classes of 

therapeutic agents currently in clinical use. Due to the high stability granted to the AuNPs 

by the presence of PEG molecules chemisorbed to the surface it is potentially possible 
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to utilize this an intermediary functionalisation step for the addition of a desired ligand, 

much like the work with thioctic acid discussed previously. The same issue arises again 

however, in that there will still be PEG present upon the surface even after ligand 

exchange, one again contaminating the purity of the AuNP.  

Prior to the work of this thesis there was no universal solution to the successful direct 

functionalisation of larger (>5 nm) AuNPs with smaller thiolated ligands. The capping 

agents are typically extremely large polymers (such as PEG) or ligands capable of holding 

a negative charge in a basic solution in order to retain the electrostatic stability. Issues 

created by this are discussed in Chapter 2 of this thesis whereby multiple attempts at 

functionalising larger AuNPs with crown ethers were attempted; culminating in the 

successful synthesis of 7.5nm 18-Crown-6-modified AuNPs as described in Chapter 2.  

 

1.2.2 The inherent properties of Crown Ethers  

Crown ethers are heterocycles that, in their simplest form, are cyclic oligomers of dioxane, 

with the essential repeating unit of any simple crown ether being ethyleneoxy (-CH2-

CH2O-) which repeats twice in dioxane and six times in 18-Crown-6, as an example. 

Macrocycles of the repeating ethyleneoxy type (-CH2-CH2O-)n in which n ≥ are generally 

referred to as crown ethers instead of their generic names, with the reasoning being due 

to them being part of a special group of heterocycles that bind cations, many of which 

have appeared in literature61-64. In the mid-1960s Pedersen was trying to prepare a 

complexing agent that worked with divalent cations with the strategy of linking two 

catechols through on hydroxyl on each molecule. The intent was to create a compound 

that could partially envelop and, by ionisation of the phenolic hydroxyls, neutralize the 

bound dication. Pederson then found that one of the by-products, when successfully 

isolated, was capable of complexing with the potassium cation, yet had no ionizable 

hydroxyl groups.  This new material was called dibenzo-18-crown-6.  It was realized that 

these polyethers represented a new class of complexing agents that were capable of 

binding alkali-metal cations with only a neutral complexer, a product that was highly 

desirable for multiple fields of research such as phase-transfer catalysis65, 66 and biological 

ion transport67. 

Crown ether compounds possess multiple remarkable attributes, with their most 

important property being the ability to complex cations yet being neutral in nature, a 
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property that is highly sought after and exploited. Taking 18-Crown-6 as an example, 18-

Crown-6 has 6 oxygen donor groups that have the potential to orientate inwards towards 

the centre of the macrocylic ring, in free form this is not the case. Solid state structures 

show that crowns typically crystalize in a parallelogram arrangement in the absence of a 

guest cation68, meaning that a conformational reorganisation occurs to accept a guest 

within the internal compartment of the ring structure. 18-Crown-6, in the presence of K+, 

forms a host-guest complex  with solid state structures indicating that the result is a 

symmetrical complex with the K+ present within the centre69, with the unit cell showing 

that the six crown ether oxygens are bound to both the K+ cation and a singular water 

molecule, with several water molecules also occupying space outside the crown ether but 

within the unit cell.  Another potential structure of the unit cell is having the water 

molecule present within the crown ether cavity being replaced by the cations counter 

anion, with the above literature showing that the MoO4 anion replaces the water molecule, 

indicating that the counter anion can either be present internally or externally around the 

crown ether. 

The complexation of ions by crown ethers has been extensively studied within scientific 

literature and through reviews70-75, resulting in important principles that are worth 

mentioning here. It was stated previously that the crown ether complex might show a 

direct interaction between the bound cation and the now un-associated counter anion or 

an interaction of the cation with the solvent and perhaps even both simultaneously. A 

common arrangement is for the water of solvation to coordinate to the ring-bound cation 

and then hydrogen bond to the counter anion with the solvent and/or the counter anion 

providing suitable solvation to the otherwise two-dimensionally coordinated cation. It 

was found in literature that the equilibrium constant for the complexation of reaction 

(Ks), better known as the stability constant, was generally observed to be higher in lower 

polarity solvents over higher polarity solvents, with Ks showing a dramatic increase 

between 80% methanol and pure methanol76, and then even higher when present in 

solvents such as chloroform. Unfortunately, due to the inability to dissolve salts within 

non-polar solvents without the presence of crown ether the true determination of binding 

within these types of media can prove difficult. The stability constant of these host-guest 

complexes can also be affected by the ability of the surrounding solvent to H-bond to the 

solute, an example being that acetonitrile and methanol have very similar dielectric 

constants, yet the latter has a stronger H-bond donor, which can make it difficult to assess 

binding strengths and experimental findings.  
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So, observations from previous scientific literature indicate that the Ks value for a large 

majority of crown ethers will be reduced when in water, the main solvent used for 

experiments within this thesis, due to the higher polarity of the solvent. That does not 

mean that these will not be a strong enough association between the crown ether and the 

complimentary cation of interest, but a reduced selectivity and drive to associate. This can 

be seen from the binding data shown in Table 1.167. The data indicates that whilst cation 

transport from water to various organic phases will not be as selective and/or effective 

compared to methanol, it is still possible. 

Compound Solvent 
Dielectric 
constant, ε 

Log Ks 

Na+ K+ 

12-Crown-4 methanol 33 1.7 1.3 

15-Crown-5 methanol 33 3.24 3.43 

18-Crown-6 methanol 33 4.35 6.06 

18-Crown-6 acetonitrile 37 4.8 5.7 

18-Crown-6 water 80 1.8 2.06 

 

Table 1.167: Stability constants for the three major crown ethers used within this thesis: 12-Crown-4, 15-Crown-5 and 18-

Crown-6 when in various solvents of increasing polarity, showing how the degree of binding, Log Ks, is reduced as the polarity 
of the solvent increases. 

It should be remembered that the equilibrium constant is the ratio between the binding 

and release rates of the cation from the crown ether cavity, meaning that the cation is not 

permanently bound within the crown ether cavity but is subsequently bound and released. 

In this regard the reduced stability constant in water can be exploited to increase the rate 

of cation transfer across membranes, as a larger number of cations will be released back 

into the surrounding environment at any given time.  

With the understanding of crown ethers, and their complimentary binding to specific 

cations, growing due to more in-depth studies over time it seems intuitively reasonable to 

postulate that when the crown ether’s interior cavity (hole) is about the same size as a 

given cation (guest), binding between the two constituents will be optimal, which gave 

rise to the “hole size relationship”. Unfortunately, the amount of comparative data 

obtained under identical conditions, to further explore this postulation, has not been 

studied in depth, with one study showing that the ring sizes ranging from 12-Crown-4 to 

24-Crown-8 in methanol all preferred K+ (chloride as the counter anion), indicating that 
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the relationship was irrespective of ring size77. Whilst this work proves insightful in regard 

to deciding which system is most likely to work for transporting cations across a 

membrane on crown ether coated AuNPs, the work discussed in this thesis uses a system 

whereby the crown ether has been thiolated and then attached to a gold surface and 

experimented on in water as the solvent. The properties of the crown ethers within the 

system described in this thesis, when attached to nanoparticles, have not been studied in 

detail previously.  Therefore, a range of cations (K+, Na+, Li+, Ba2+ and H+) has been 

studied with a range of crown ethers (12-Crown-4, 15-Crown-5 and 18-Crown-6) to 

confirm whether K+ was still the most consistent cation for hole-cation association.  

The examples of crown ethers being used as sensors within scientific literature are 

numerous67, 78-84, with their selective receptor properties in conjunction with the relative 

ease of synthesis and structural modification making them desirable ionophores. 

Although a large number of crown-based sensors are developed for the use in ion-

selective electrodes85-88 there are many other applications for such structures, the first 

example being crown ether dyes; the first compound89 was reported in the late 1970s, 

with these dyes being mostly insoluble within aqueous media. This resulted in the 

compounds being capable of efficiently extracting cations at the aqueous-organic 

interface, resulting in a colour change that could be detected spectrophotometrically.  This 

thesis does not directly involve the use of crown ethers in such a manner and so this topic 

shall not be discussed further but was mentioned as an acknowledgment of the potential 

uses for crown ether complexes, and how their selectivity can prove useful.  

With the early applications of crown ethers having been discussed thanks to their inherent 

ability to selectivity bind to specific cations, this review will now move onto the 

application of such crown ether compounds in the transport of molecules across 

membranes. 

 

1.2.3 Crown Ethers as Membrane Transporters  

It was found in the 1960s90 that certain natural antibiotics had the ability to transport 

cations through cellular membranes, resulting in the death of the cell. One of the 

compounds studied was Valinomycin, the reason being its prominent ability to transport 

K+ at extremely high rates (104 ions per second) and with extremely high selectivity over 

other ions commonly present in vivo such as Na+ 91-95. This combination of selective and 
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rapid cation transfer across cellular membranes is the reason why valinomycin was taken 

as the control for the membrane transport work discussed in this thesis. Valinomycin is 

a cyclododecadepsipeptide that folds around the K+ ion in a structure much resembling 

that of a “tennis ball seam” arrangement, with the carbonyl oxygens serving as electron 

donors within the three dimensional complex96, 97. It should be noted that the reason why 

valinomycin has a much higher selectivity than the crown ethers used within this work is 

due to the ability to conform around the cation in three dimensions rather than two. The 

cost of such a structure is an increase in size relative to the crown ether moiety; as the 

intent of this research was to also allow for electron transport across the gold core, the 

core could not be masked by large capping agents, and so valinomycin was not 

investigated as an alternative capping agent. Other reasons for not using valinomycin was 

due to there being no obvious literature on how to thiolate the structure, making it 

incapable of binding to the gold as well as it being extremely toxic.  

The development of crown ethers as described previously in this review allowed for the 

opportunity to mimic such natural antibiotics with synthetically variable host molecules. 

One of the most obvious applications for these easily modified synthetic macrocycles was 

for the transport of different ions through membranes of various types98. A large majority 

of the ion-binding macrocycles were designed to mimic natural carriers such as: 

valinomycin, enniatin, nonactin and others; with studies conducted in a wide range of 

membrane systems where, for the most part, synthetic membranes were used, with natural 

bilayers sometimes taking the spotlight.  
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Early studies involving membranes consisted of aqueous phases separated by an 

immiscible organic phase99  with the membrane layer typically being formed out of CH2Cl2 

or CHCl3 followed by charging with the ionophore. The transport of the cation was 

generally detected by colorimetric assay of a counterion such as picrate, with such studies 

proving highly informative but lacking relevance to natural membranes. Although bulk 

organic solvents can mimic membrane behaviour to some extent, synthetic vesicles or 

liposomes constitute a far better model. Liposomes are spherical vesicles with at least one 

lipid bilayer, with the bilayer being built up of amphiphilic molecules with both a 

hydrophilic head and a hydrophobic tail; the latter collecting together to form the internal 

hydrophobic section, and the prior acting as the protective surface. These artificial 

liposomes can be constructed from a single amphiphilic molecule such as 

dioleoylphosphatidylchline (DOPC) or as a complex mixture of lipids such as cholesterol 

and azolectin, with the advantage of the former pure DOPC example being that the 

composition of the membrane is more accurately known and therefore highly 

reproducible.  

Typically, these experiments are conducted in vesicles that have been prepared especially 

for the studies in question, for which the vesicles will be formed by either sonication or 

extrusion in an aqueous suspension of water, buffer or an aqueous mixture intended to 

be encapsulated, such as differing salt concentrations. The resulting vesicles are then 

purified either through dialysis or filtration through a Sephadex column. The work 

discussed in this thesis used dialysis due to the lack of experience in column filtration and 

a high degree of experience in dialysis.  

These types of transport experiments in and out of vesicles typically employed fluorescent 

dyes, with the experiment conducted being altered depending on the dye that is being 

used. Typically, the dyes are entrapped within the vesicle during formation. 

Carboxyfluorescein100 is a good example.  Within the vesicle it self-quenches due to high 

concentrations and fluoresces very little. However, upon release it is readily detected as it 

moves into the bulk solution and the quenching is stopped. Dyes such as [6-methoxy-N-

(3-sulfopropyl)quinolinium] (SPQ)101 and lucigenin are both fluorescent within vesicles 

that can become quenched when in the presence of Cl- 102. These types of dyes are 

extremely useful as analytical measurements of ionophoric activity in membrane systems. 

Safranin-O was the fluorescent dye used within the vesicle transport experiments 
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discussed in this thesis due to its ease of use, availability and relative insensitivity to 

compounds present in solution that were used through the experiments.  

With the preparation of artificial membranes becoming easier to develop and reproduce 

reliably, along with suitable ion sensing fluorescent dyes becoming more mainstream, 

experiments involving the use of crown ethers as ion transporters became much more 

prominent. Earlier designs for synthetic cation transporting channels typically 

incorporated a macrocycle within the structures centre. Tabushi, a pioneer in the field of 

synthetic pore design, successfully prepared an amphiphilic cyclodextrin that was capable 

of demonstrating the transport of Co2+ across a membrane103 with examples incorporating 

the macrocyclic compounds of interest within this thesis being developed further on 

down the line104-107, with these compounds directing the movement of alkali metal ions 

through artificial membranes. In order for these compounds to successfully insert within 

a phospholipid membrane they had to have a certain set of characteristics which are better 

described as “Hydraphiles”, a designated class of synthetic ion channels, with the central 

structure typically being crown ethers and the terminal groups being either crown ethers 

or polar moieties to allow for the structure to orientate itself correctly and have the 

channel like structure parallel with the phospholipid architecture, whilst the central crown 

ether acted as an energy lowering “central relay” 108. A large number of structural 

variations were prepared in this manner to ascertain a better understanding of the 

structure activity relationship between the compounds and the ability to insert into the 

membrane and transport cations109-113, with these experiments proving that cation 

selective synthetic pores could be successfully developed and implemented via the 

application of macrocyclic molecules.  

The “Hydraphiles” described in this review section are extremely efficient at doing their 

proposed job, the transport of cations across membranes.  Thus, the work described in 

this thesis intends to incorporate the success shown within the scientific literature 

described but with the extra potential for electron transport to occur at the same time, 

potentially opening avenues into coupling cation and electron transport between two 

previously confined systems. To do so a suitably redox-active compound must also be 

incorporated into a macrocycle system in order to allow electron transport to occur. This 

is an avenue that AuNPs may be able to open up due to the ability to modify the external 

properties of the gold via various capping agents 
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1.2.4 Nanoparticles and Lipid Membranes 

Monolayer-protected inorganic nanoparticles (NPs) have been used within the scientific 

literature for target selective drug vectors114, 115, nanothermal agents116, 117 and diagnostic 

devices117, 118. For such uses to become effective it requires that we achieve control of the 

NP interaction with different biological environments, with the interaction between NP 

and cell membranes being crucial for the delivery of molecules into cells, resulting in 

intense research efforts aimed at understanding active endocytic pathways as well as 

passive membrane permeation. The work in this thesis is aimed at working with the latter 

principle, passive membrane permeation. Such a process has been shown to be relevant 

for the smallest NPs (< 10 nm) when interacting with plasma membranes and model lipid 

bilayers119-121. 

The ability for a NP to penetrate a lipid membrane passively is a result of a complex 

interplay of both thermodynamics and kinetics; from a thermodynamic perspective the 

degree of hydrophilicity of the NP determines its “want” to reside either within the 

aqueous phase or within the hydrophobic core of the membrane120, 122, 123.  

Recent literature has given rise to a wide array of experimental papers121, 122, 124, 125 which 

have focused on a select number of charged, monolayer-protected AuNPs and their 

interactions with model lipid bilayers as well as living cellular membranes. These AuNPs 

in question are typically functionalised by a mixture of hydrophobic and negatively 

charged ligands such as mercapto undecanesulfonate (MUS) and mercapto undecane 

carboxylate (MUC), which results in non-destructive penetration, proven via the use of 

neutron reflectivity data for floating zwitterionic bilayers125, of the lipid bilayer with viable 

mechanisms being stated by both Stellacci120 and Katz122. Another common mixture of 

ligands is neutral hydrophobic ligands such as octanethiol and dodecanthiol (OT and 

DDT). Potential mechanisms of penetration were investigated further with more 

advanced computational studies which fit well with previously collected data, indicating 

that there are three main stages of anionic/neutral AuNP membrane penetration126. The 

commonality between most of these membrane-penetrating particles is: 1) They are all 

relatively small (<5nm), this is necessary in terms of thermodynamic favourability for 

passive membrane insertion (without membrane destruction),  2) they all incorporate 

well-packed hydrophobic chains (end groups can still be polar) that will mask and inhibit 

access to the gold core itself, essentially removing the functionality of the gold surface 

from further use. This results in AuNPs that are effectively sitting within the membrane, 
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but potentially losing a very valuable pathway for charge transfer across the membrane, 

the gold core.  

 

1.2.5 Contribution of this Thesis 

So far, this review has discussed the general characteristics of gold nanoparticles and how 

they can potentially be exploited, including the most famous synthesis methods and 

further modifications thereof. It then moves on to the characteristic properties of 

macrocyclic molecules (crown ethers) and how they can effectively be used as selective 

phase transfer agents for complimentary cations, with the stability constant for the host-

guest complexation depending on a variety of factors such as: solvent polarity, solvent H-

bonding potential, ring size, ring conformation, cation size and charge, counter anion size 

and charge. Literature involving their use as highly selective membrane transporters for 

cations, via the mimicking of nature’s ionic transporters such as valinomycin, was then 

discussed and described how they can effectively be placed into membranes via the 

development of “Hydraphile” type structures. Further scientific literature was then 

reviewed discussing the general principles of passive NP penetration into lipid 

membranes and the factors that affect this such as NP size and shape, ligand charge and 

hydrophilicity and ligand flexibility, with a heavy emphasis on long chained capping 

agents to give the particle an amphiphilic nature, resulting in the masking of the Au 

surface. 

The research described and discussed within this thesis was aimed at creating a hybrid 

between the cationic transfer properties of crown ethers across lipid membranes, with 

the ability to insert AuNPs passively into a lipid membrane while, at the same time, 

keeping the ligand shell surrounding the AuNP surface relatively small in an attempt to 

retain the functionality of the Au core, thereby opening a pathway to additionally 

achieving electron transfer.  
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1.3 Characterisation Techniques 

The remaining sections of this chapter will present the characterisation techniques used 

in the following chapters. 

1.3.1 UV-Vis Spectroscopy  

As stated previously, because of the small size of metallic nanoparticles and their high 

surface to bulk atom ratio they exhibit unique optical properties that can be exploited in 

order to effectively characterise them in solution. This section will briefly discuss relevant 

properties and the way in which they are used for characterisation. 

The configuration of gold is [ Xe ] f414 5d10 6s1, resulting in each atom within the gold 

particle having a singular valence electron.  These valence electrons are delocalised 

throughout the particle within the conduction band, resulting in the formation of an 

electron cloud that is referred to as the surface plasmon, Figure 1.3. 

 

 

 

 

 

 

 

 

 

Figure 1.3: Illustration of the surface plasmon’s interaction of a metal nanoparticle with an electromagnetic field. 

 

Particles that have a plasmon resonance, when smaller than the wavelength of the electric 

component of an electromagnetic field, can exhibit a resonance between the plasmon and 

the field; such that the plasmon begins to oscillate in the opposing direction of the electric 

field, with the effect being known as the surface plasmon resonance (SPR). This SPR 
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results in the enhancement of both absorption and scattering of visible light frequencies 

that initially cause the oscillation. These interactions can be readily observed 

spectroscopically using UV-Vis absorption spectroscopy, or even physically by the 

distinctive colouration of metal nanoparticles exhibiting such an effect, as shown in 

Figure 1.4127, 128.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: a) UV-Vis spectra of the SPR of increasing sizes of AuNPs127, b) Image of the observed colour change with 
increasing sizes of AuNPs128 

 

The surface plasmon and its frequency are highly dependent on many variables, such as 

the material in question, the size, the shape, the protective coating and the surrounding 

media the particle is presented in, with the latter two being better known as the dielectric 

a) 

 
b) 
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medium. The result is the unequivocal use of UV-Vis spectroscopy to characterise such 

particles, due to it being both quick and inexpensive as a tool for collecting qualitative 

and quantitative characterisation data; using the method described by Haiss et al.129 the 

approximate size and concentration of a metallic colloidal sample can be quickly 

determined. In brief, Haiss et al. modelled theoretically, via the use of Mie’s solutions to 

the Maxwell light equations130, the relationship between the size of spherical AuNPs and 

the expected amount of scattered/absorbed light, which was found to be experimentally 

accurate for a wide range of AuNPs sizes.  

It was determined from this correlation that the absorbance at the SPR (ASPR) and the 

absorbance at 450nm (A450) have a direct relationship allowing for the development of 

the Haiss formula:  

𝑑 = exp(𝐵1
𝐴𝑆𝑃𝑅
𝐴450

− 𝐵2) 

where B1 and B2 are constants taken from the experimental fitting. Using these two 

absorbance values and a list of ratios taken from the supplementary information of the 

paper, the approximate size of AuNPs coated in citrate in an aqueous solution can be 

quickly determined. The calculated extinction coefficients for each size of AuNP (also 

calculated in the Heiss paper) can be entered into the Beer-Lambert Law131 with the ASPR 

to give an estimated concentration of AuNPs. Upon functionalisation with a protective 

coating/capping agent the exact frequency of the SPR changes (typically only by a few 

nanometers), allowing for a quick qualitative verification of successful ligand exchange. 

The broadening of the SPR can also be highly informative with regard to the stability of 

the colloidal solution before and after modification, again giving quick insight into the 

stability of AuNPs of interest. UV-Vis was used extensively in this thesis due to these 

highly informative results which are quick to produce. Unfortunately, the usefulness of 

UV-Vis at smaller sizes of nanoparticle (<3 nm) starts to deteriorate as the plasmon 

resonance of such particle sizes is subdued and so characterisation from optical analysis 

becomes difficult and less informative.  

 

 



24 
 

1.3.2 Dynamic Light Scattering 

Dynamic light scattering (DLS) is a very common method of sizing nanoparticle samples 

(down to a size of ~10-15 nm). The technique works by directing a polarized light source 

at a colloidal solution and then using an automated correlation function to analyse the 

light scattering picked up by the receiver, as shown in Figure 1.5132. This allows the 

technique to provide dynamic data on even relatively small particles in complex solutions. 

The correlation function that is used, however, is dependent upon the cross-section of 

the particles in question, resulting in the technique being highly size dependant133; the 

dependence upon the nanoparticle cross-section results in larger particles contributing 

much more to the scattering signal that is collected, thus a sample measured by DLS is 

always skewed towards larger particles present in the sample. This is notorious for 

decreasing the accuracy of the technique should any large particulates be present within 

solution, such as dust. Whilst the accuracy of DLS comes into question with smaller 

AuNPs the technique can still be readily used as secondary proof of the approximate size 

of a nanoparticle/agglomeration in solution.  

 

 

 

 

 

 

 

 

 

Figure 1.5: Illustration showing how the degree of scattering of the incident laser light is dependent upon the size of the 
particles in solution, allowing for size differentiation to be achieved132. 
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1.3.3 Zeta Potential  

Particles within a colloidal suspension or emulsion typically carry an electrical charge. The 

charge is often more negative than positive, and the development of the charge can occur 

via a number of ways. Sometimes it is due to the ligands upon the surface containing 

certain chemical groups that can ionize and produce a charged surface.  It may also be 

due to the selective association of a specific charge close to the particle surface, much like 

the crown ethers used within this thesis and their association with complimentary cations, 

or even the addition of chemisorbing agents that are already charged and then relocate 

that charge to the surface.  

In science it is typically stated as particles being electrically charged.  However, it is 

important to realize that the charge on the surface of each particle is counterbalanced by 

charges (ions) of the opposite sign in the surrounding solution, resulting in the overall 

suspension being as close to neutral as possible and the actual size of the “whole” particle 

system being somewhat larger than just the solid core.  

Typically, the charge that is associated to the particle surface is quite firmly attached and 

so will remain there indefinitely, with the surrounding charge within the medium (better 

known as the electrochemical double layer) being much more loosely associated with the 

particle. Thermal motion of both the solvent molecules and surrounding ions results in 

this electrochemical double layer being spread in a diffuse layer which stretches out for 

some distance away from the particle surface, with the distribution of charge changing 

from a rather steep gradient by the particle surface (as opposing charges of the particle 

surface are drawn to it, and similar charges repelled) which eventually smoothens out into 

an  evenly balanced distribution of cationic and anionic charge, essentially the continuous 

mobile phase.  

This method works by applying an electric field to the suspension and measuring how 

fast the particles move within the solution as a result; a process better known as electro-

phoresis. The higher the charge that the particles carry, the faster the particles will migrate 

through the applied electric field, with the electric potential measured being that of the 

slipping plane illustrated in Figure 1.6. 
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Figure 1.6: a) Schematic showing the difference in the surface layer, the stern layer and the slipping plane, b) Graph showing 
how the electric potential surrounding the particle decreases with increasing distance from the particle surface. 

 

It should be noted that the Zeta potential (ζ) is not equal to that of the Stern potential or 

the electric surface potential within the double layer134, so such assumptions should be 

applied with caution;  ζ is often the only path to effectively characterise the double layer 

properties of particles in solution. 

 

 

a) 

b) 
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Zeta potential is not measurable directly but is calculated from the velocity that a particle 

experiences when placed within an electric field, as described previously. The particle 

velocity is typically measured using a technique called laser Doppler anemometer135, where 

the frequency/phase shift of the incident laser, caused by moving particles, is measured. 

This is then converted into the ζ by inputting the dispersant viscosity and dielectric 

permittivity (water in the case of all experiments undertaken in this thesis) and applying 

Smoluchowski theories136.  

 ζ is used quite extensively within this thesis in order to validate explanations as to why 

crown ether modified AuNPs are capable of transferring to an organic phase upon 

associating with complimentary cations. The fact that the ζ is not directly measuring the 

surface potential of the particle, but the slipping plane (Figure 1.6) has been taken into 

consideration. The charge that is effectively measured reflects more realistically what a 

singular particle “sees” as it approaches another particle/phase boundary, which is what 

actually determines the properties the particles exhibit. Whilst ζ is not widely used within 

the scientific community, it is extremely useful for the topics and processes discussed in 

this thesis, essentially providing a solid understanding of how these systems work. 

 

1.3.4 Fourier Transformed Infra-Red Spectroscopy  

Fourier transform infra-red spectroscopy (FTIR) exposes a sample to a source of infra-

red light, with the absorption and emissions spectrum being recorded and analysed. Not 

only can the technique be used to determine the approximate concentration and surface 

coverage of molecules on the surface of the nanoparticles, but it can be particularly useful 

in determining whether ligand exchange upon a particle was a success and what degree of 

ligand exchange had occurred (complete exchange or partial exchange).  The reason why 

FTIR is good at validating the effective association of a desired ligand to the nanoparticle 

surface is because different chemical structures (such as ligands) produce different 

spectral fingerprints, meaning that certain frequencies of IR light are absorbed by the 

sample as vibrational frequencies inherent to the compounds molecular bonds resonate 

with similar frequencies in the IR spectrum. 
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The benefit of using FTIR is that the spectrum contains a large amount of information 

about the sample, the Attenuated Total Reflectance (ATR) sampling is quick, resulting in 

validation in a short period of time, is highly sensitive and can detect very low 

concentrations of molecules present within solution.  

FTIR was used to a minor degree within this thesis, only as a tool to check whether certain 

nanoparticle functionalisation had occurred and whether any unwanted compounds were 

still present in solution or on the particle itself.  FTIR will not be discussed further as a 

result.  

 

1.3.5 Electron Microscopies  

1.3.5.1 Transmission Electron Microscopy  

Transmission electron microscopy (TEM) is a microscopy technique where a beam of 

electrons is transmitted through a specimen of interest to form an image. More often than 

not the specimen is an ultra-thin section (100 nm or less in thickness) and is suspended 

upon a grid. The image is formed from the interaction of electrons with the sample as 

they pass through it, with much denser material resulting in scattering/a reduction in 

energy of the electron. These electrons then hit a detection device which is typically a 

fluorescent screen, photographic film or a charge-coupled sensor.  

Theoretically, the maximum resolution, d, that can be obtained with a light microscope is 

limited by the wavelength of the photons being used to probe the sample, λ, as well as 

the numerical aperture of the system, NA.  

𝑑 = 
𝜆

2𝑛𝑠𝑖𝑛𝛼
≈ 

𝜆

𝑁𝐴
 

where n is the index of refraction of the medium in which the lens is working, and α the 

maximum half-angle for the cone of light that can enter the lens137. It was theorised that 

methods of getting around the resolution limitations was by using electrons, allowing for 

the new particle beam to behave like a beam of electromagnetic radiation with the 

wavelength of the electrons being related to their kinetic energy via the de Broglie 

equation: 
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𝜆𝑒 =
ℎ

√2𝑚0𝐸(1 +
𝐸

2𝑚0𝑐2
)

 

where h is the Planck’s constant, m0 is the rest mass of an electron and E is the energy of 

the accelerated electron, with these electrons being generated from a heated tungsten 

filament, and then accelerated by an electric potential.  

To increase the mean free path of the electron gas interaction TEM is done under vacuum 

at around 10-4 Pascal (Pa) or less; this also prevents any arcing discharges from the 

cathode. These are just the basic principles for the initial development of TEM as an 

analytical tool, the mathematical manipulations and engineering required to develop the 

TEM instruments used today is extremely vast and will not be covered here.  

TEM is extremely useful for characterising AuNP systems ex-situ;  due to the need for 

vacuum. Any solution that the particles were once present in will rapidly evaporate off, 

lowering its potential for a detailed analysis of the whole system, yet it is still highly 

informative. The density of gold results in very strong degrees of electron 

scattering/absorption, resulting in a very sharp contrast between the particles present 

upon a grid and the background film. This allows for TEM to be used to directly observe 

the shape and size of particles, with enough resolution and accuracy that, when a suitable 

sample size is taken, the approximate size of the particle can be determined, which fits 

nicely with the calculated sizes taken from UV-Vis.  Thus, the techniques can be used to 

validate each other. The limitation of TEM is the ability to observe particles within their 

original environment, i.e. suspended in solution, as stated previously, resulting in it being 

a valuable technique when combined with other validation methods, such as UV-Vis, 

DLS and FTIR. The technique was used extensively throughout this thesis to ascertain 

whether particles were of a desired size and dispersity, the correct shape and the 

properties of agglomeration (as seen in Chapter 4).  

 

1.3.5.2 Cryo-TEM 

It was noted above that a major limitation of TEM is the inability to observe colloidal 

systems in-situ; instead the particles are presented on a 2D plane that, whilst providing 

detail characterisation upon the particle size, shape and stability, gives no insight into their 

behaviour when in solution. A perfect example of this in this thesis would be the 
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interaction of artificial vesicles discussed in Chapters 3 and 4; in a standard TEM the 

vesicles would be destroyed as their surrounding solution is removed, leaving only the 

particles and a lipid residue upon the grid.  

Cryo-TEM is an effective answer to that limitation, using a process known as the 

Dubochet’s vitrification method138, developed by Dubochet, a process for which he was 

awarded a Nobel prize for his contribution to science, whereby the droplet that is placed 

upon the TEM grid is frozen so rapidly that the water forms  disordered glass, rather than 

crystalline ice (Figure 1.7). This change in the ice structure is essential as ice crystals would 

strongly diffract the microscopes electron beam, obscuring any information about the 

molecules being studied. An example of this is shown in Figure 1.7, which is a failed 

attempt at observing 18-Crown-6-modified AuNPs with vesicles where the formation of 

ice was allowed to occur over an extended time period, resulting in huge ice crystals that 

masked any valuable data.  

Figure 1.7: An illustration created by Johan Jarnestad at the Royal Swedish Academy of Sciences depicting the technique 
used to effectively freeze a sample in situ in order to allow for EM imaging139. The solution is placed upon the TEM grid, 
excess solution removed by briefly dabbing the grid with filter paper, followed by the grid being rapidly plunged into liquid 

ethane in order to instantly freeze the remaining solution present within the grid’s cavities. 

 

This analytical technique was essential in this thesis for attempting to observe the 

interaction of the variously sized 18-Crown-6-modified AuNPs with artificial vesicles, 

allowing for accurate validation of whether the particles were interacting with the 

membrane or not. The limitations of this technique are that is requires considerable 

experience and skill in order to achieve any substantial data, with even the most skilled of 

EM specialists having failure rates of over 50% for every sample created. The other 

problem is that the process is very intensive and time consuming but, if done properly, 

very worthwhile. 
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Figure 1.8: A Cryo-TEM image showing how the formation of traditional ice crystals can heavily obscure the sample of 
interest, showing that the rapid freezing process developed by Dubochet is essential for Cryo-TEM imaging. 

 

Figure 1.8 shows that if the freezing process is done incorrectly you obtain formations of 

structured ice appearing upon the grid; with the darkened area on the right-hand side of 

the image being a thick layer of structured ice, and the large symmetrical structures on the 

left large being ice crystals. The disordered glass ice can be seen beneath, with vesicles 

captured in it, but the much larger structured ice makes analysis difficult. 

 

1.3.5.3 Scanning Electron Microscopy  

Scanning electron microscopy (SEM) is an analytical tool like TEM in that it uses an 

electron beam to probe a sample, except that it creates an image by scanning the surface 

with a focused dynamic beam of electrons rather than a static beam as used in TEMs. 

The most common SEM mode used for imaging is the detection of secondary electrons 

emitted by atoms within the sample of interest that became excited when exposed to the 

electron beam. The number of secondary electrons that can be detected is dependent on 

sample topography, which allows for the generation of highly detailed images of the 
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surface structure of samples, providing that they are of a suitable density to provide 

sufficient contrast from the background. An example of this is shown in Figure 1.9. 

The advantages of SEM over TEM is that it is possible to obtain much more information 

about the topography of a sample. This typically comes at the cost of resolution, however, 

meaning that attempting to resolve singular particles of <10 nm in anything other than 

perfect conditions is a challenge. The other disadvantage of basic SEM is one that is 

shared with TEM, in that it is required to observe the sample in vacuum, to allow for the 

electrons to efficiently probe only the sample surface and not molecules found in the 

atmosphere. 

 

Figure 1.9: An ESEM image of the frozen water-in-chloroform emulsion showing off the detailing and resolution of SEM, 
allowing for real insight into a sample structure. 

 

1.3.5.4 Environmental SEM  

This is an analytical technique that utilizes the same principles as traditional SEM but 

allows for the collection of data on “wet” specimens, similar to Cryo-TEM in the sense 

that it allows for the presence of liquid within the sample, providing more information 

on the sample when in-situ.  

500nm 
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The specimen chamber which sustains the desired high-pressure environment is separate 

from the high vacuum environment in which the electron optics column resides, with 

only two small orifices known as pressure-limiting apertures (PLA). Any leakage of the 

high-pressure environment through the PLA is swiftly evacuated from the system with a 

pump that maintains a much lower pressure immediately above the aperture; this is 

known as differential pumping. The gas flow fields created by this setup are characterised 

and validated in a range of experiments in order to quantify how the electron beam 

behaves in various pressure environments140 in order for the data to be effectively built 

into an image. The exact details as to how ESEM works are incredibly complex and shall 

not be discussed further in this thesis.  

 

1.4 Summary 

This chapter started with an overview of the goal of this research, and why it could prove 

useful within the future. This was then followed by three topics of background literature, 

being: the history and synthesis of various sizes of AuNPs, the properties of crown ethers 

and their use as cation transporters within membranes and aqueous organic interfaces, 

and the ability for AuNP to penetrate lipid membranes depending on their size and 

structure of the stabilising cell. This background research enabled the development of a 

baseline from which to work up from in order to move towards successfully developing 

a system capable of achieving both cation and charge transfer across organic interfaces.  
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Chapter 2 Synthesis and Characterisation of Crown 

Ether Coated AuNPs 

 

In this chapter the variety of methods and procedures used to prepare gold nanoparticles 

with various functional groups in the attempt to develop AuNPs capable of transporting 

cations and/or electrons across an artificial membrane will be discussed.  There will be a 

combination of successes and failures in regard to synthesising such AuNPs, in order to 

demonstrate that the development of such systems was no easy task. 

The nature of the research meant that the procedures carried out here were not completed 

in a block, prior to characterisation and testing of the resulting particles.  Rather, they 

were carried out over the period of the research, as it progressed.  They are presented all 

together in this chapter so that the logic of each step in the successful synthesis can be 

more clearly understood. 

The format which shall be observed throughout the following chapters, whereby the 

methodology is incorporated into each section, instead of being present as one large 

block, was used to provide a smoother transition between the results and the parameters 

under which they were obtained. This was done to reduce the need for excessive page 

turning when linking the methodology with the results. 

 

2.1 Preparation of 3 nm thiolated 18-Crown-6 AuNPs 

The development of 3 nm AuNPs via the Brust-Schiffrin method1 and modifications 

thereof are well documented and readily used due to the relative ease in which it is 

possible to incorporate new ligands upon the gold surface, allowing for properties 

characterized and analysed without having to also handle the instability and challenge of 

functionalising particles stabilised via electrostatic stabilisation2. This is the reason that 

the development of the smaller particles discussed in this thesis were prepared first, to 

develop a baseline understanding of how the crown ethers behave upon a gold 

nanoparticle surface, allowing for further advancements later on.  
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2.1.1 18-CROWN-6-C-CH2-SH Coated Au NPs  

Small, 2.5-3 nm, Au/18-C-6-CH2-SH were synthesised by a modified literature method1, 

2 where a 1:1 AuIII : capping agent ratio was used. Pure 18-C-6-CH2-SH (5.2 µl), purchased 

from ProChimia Surface, with a purity of 98%, was added to a 25 mM solution of 

hydrogen tetrachloroaurate (III) hydrate in methanol (3 ml) resulting in a clear yellow 

solution. The mixture was stirred for 10 minutes at room temperature which resulted in 

no change in the colour/composition of the mixture, indicating the ligand was 

successfully incorporated. Then 1.5 ml of a freshly prepared 0.056 M solution of NaBH4 

in methanol was rapidly injected under vigorous stirring. Upon injection, the solution 

instantly became a deep brown in colour and was left for 20 minutes to allow the reaction 

to proceed to completion. The resulting solution was then rotary evaporated at 28ºC to 

yield a black residue coating the flask. The residue was washed first with toluene for a 

total of three times, then with diethyl ether for a total of 3 times. The residue was then 

re-dissolved in iso-propanol in order to remove excess hydrophilic reaction products 

which were then subsequently filtered off. The solution was then rotary evaporated at 

30ºC resulting in the final product which was obtained as a black solid coating the flask, 

which was subsequently dissolved in 2 ml of MQ water. 

These particles were characterised by the following techniques: UV-Vis, TEM (including 

high resolution) and FTIR, as shown in Figure 2.1 

The UV-Vis spectrum, Figure 2.1a shows that there is only a very minor plasmon 

resonance peak, a slight hump upon the spectrum at 500 nm. This is indicative of particles 

with a diameter of <5 nm due to their lack of plasmon resonance3, 4 and is further 

reinforced by the high resolution TEM image, Figure 2.1b, showing a relatively 

monodisperse sample with a few larger particles being present. It is more than likely that 

the slight hump seen at 500 nm is due to this small population of larger particles as the 

change in the plasmon resonance absorption coefficient is quite dramatic at smaller 

particle sizes 

The FTIR spectra, Figure 2.1c, compares the absorbance spectra of the pure 18-C-6-CH2-

SH oil and the freshly functionalised GNPs. Peaks of note within the pure oil are the 

sharp C-O ether stretch at 1150 cm-1 and the sharp C-H alkane stretch at 2850 cm-1. This 

fits nicely with what was to be expected based on the structure of the compound. 
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The functionalised particles show very similar sharp peaks again at 1150 cm-1 and 2850 

cm-1 which correspond to the C-O and C-H stretches respectively, with a third prominent 

peak arising at 3500 cm-1. This peak can be attributed to the presence of water, however, 

due to this being the solvent the particles are based in after preparation. 

 

 

 

 

 

 

 

 

Figure 2.1: a) UV-Vis spectrum of 3nm 18-Crown-6-modified AuNPs, b) High resolution TEM image of the 18-
Crown-6-modified AuNPs, c) Histogram showing the size distribution of the 3nm 18-Crown-6-modified AuNPs,  

d) FTIR spectra of the pure thiolated crown ether oil and the 3nm 18-Crown-6-modified AuNPs.  

 

2.1.2 15-C-5-CH2-SH Coated Au NPs  

These particles were prepared in the same way as the 18-C-6-CH2-SH particles in Section 

2.1.1 except that the volume of crown ether oil added was changed from 5.2 µl to 4.46 µl 

in order to retain the same Au(III): capping agent ratio. 
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These particles were characterised by the following techniques: UV-Vis, TEM and FTIR, 

as shown in Figure 2.2. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: a) UV-Vis spectra of 3nm 15-Crown-5-modified AuNPs, b) TEM image of 3nm 15-Crown-5-modified 
AuNPs, c) FTIR spectra of the pure thiolated 15-Crown-5 oil and the 3nm 15-Crown-5-modified AuNPs. 
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particles of this size is a challenge in normal TEM, the UV-Vis does indicate that they are 

a similar size to that of the 18-Crown-6-modified AuNPs however.  

The FTIR spectra shown in Figure 2.2c compares the absorbance spectra of the pure 15-

C-5-CH2-SH oil and the freshly functionalised GNPs. Much like the 18-C-6-CH2-SH oil 

the two prominent peaks are a C-O stretch at 1180 cm-1 and a C-H stretch at 2850 cm-1. 

This similarity is to be expected as the change in the structure and composition going 

from 18-C-6 to 15-C-5 is very minimal, being just the removal of three carbons and one 

oxygen. The functionalised particles show very similar sharp peaks again at 1140 cm-1 and 

2850 cm-1, with an extra peak at 3500 cm-1 which has already been attributed to the 

presence of water.  

 

2.1.3 12-C-4-CH2-SH Coated Au NPs 

These particles were prepared in the same way as the previous particles except that the 

volume of oil added was changed from 5.2 µl to 3.72 µl in order to retain the same Au 

(III) : capping agent ratio.   

These particles were characterised by the following techniques: UV-Vis, TEM and FTIR, 

as shown in Figure 2.3, overleaf. 

The UV-Vis spectrum shown in Figure 2.3a shows a smooth curve with a slight hump 

around 500nm, with the TEM (Figure 2.3b) and the FTIR (Figure 2.3c) showing similar 

properties as the previous two particle systems indicating that the functionalisation with 

12-Crown-4 was successful.  

 

2.2 Preparation and Functionalisation of Citrate Stabilised AuNPs 

After the success of developing the 3 nm crown ether particles, with all three crown ether 

types 18-Crown-6, 15-Crown-5 and 12-Crown-4 giving rise to highly stable colloidal 

aqueous solutions, it was decided that larger AuNPs needed to also be functionalised with 

the crown ether ligand to open an avenue for charge conductance across the gold core. 

Only 18-Crown-6 thiolations are described from this point on as it was deemed to be the 

most likely candidate for achieving the main goal of the thesis; Chapter 3 discusses in 

more detail why this was decided. 
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Figure 2.3: a) UV-Vis spectra of 3nm 12-Crown-4-modified AuNPs, b) TEM image of 3nm 12-Crown-4-modified 
AuNPs, c) FTIR spectra of pure thiolated 12-Crown-4 oil and 3nm 12-Crown-4-modified AuNPs. 

 

It is important to note that the synthesis of AuNPs via the Turkevich method, or 

modifications thereof5, 6 (except for those explicitly mentioned), were not successful with 

regards to directly functionalising the AuNP with thiolated 18-Crown-6. Numerous 

variations in pH, ligand density, solvent exchanges, temperature and addition speeds were 

attempted, all resulting in the inevitable aggregation of the colloidal solution, destroying 

the sample. It became apparent that the size of the thiolated 18-Crown-6 ligand was 

simply too small to provide any suitable steric stabilisation during ligand exchange7. This 

resulted in other methods of functionalisation having to be investigated to try and develop 

these larger crown ethers coated AuNPs.  
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2.2.1 Thioctic Acid as an intermediary ligand 

Within the background literature covered in Chapter 1 there was a brief discussion about 

the use of thioctic acid as an intermediary functionalisation ligand by Chen et al8 resulting 

in successfully exchanging a proportion of intermediary ligand (the % of ligand exchange 

varied with ligand type), with that of a desired ligand, one of which included a long chain 

thiolated crown ether moiety which showed an exchange percentage of ~64%. This was 

achieved by a combination of retaining a strong negative charge upon the thioctic acid 

during the initial ligand exchange with a solution pH of 11 followed by the exploitation 

of the double thiol bound found upon thioctic acid to slow the rate of the secondary 

ligand exchange, as shown in Figure 2.4.  

 

Figure 2.4: Illustration by Chen et al8, showing the stages involved in the two-step ligand process involving thioctic acid as the 
intermediary stage. 

Due to challenges occurring when attempting to functionalise larger citrate-stabilised 

AuNPs it was decided that a suitable size particle to attempt this on initially was ~10nm 

in size. This was achieved by following a method of synthesis by Puntes9, briefly 

summarised below: 

A solution of trisodium citrate (150ml, 2.2 mM) in MQ water was heated in an oil bath 

within a 250mL three-necked round-bottom-flask for 15 minutes with vigorous stirring. 

Upon reaching boiling point a solution of HAuCl4 was rapidly injected (1ml, 25 mM). 

The colour of the solution immediately changed from yellow to bluish grey, followed by 

a gradual transition to soft pink within 10 minutes. The solution was then left to cool and 

analysed via TEM and UV-Vis to determine the size of the particles (~10nm) with a 

concentration of ~3x1012 NPs/mL, Figures 2.5a and 2.5c. 
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40 ml of ~10 nm citrate-stabilised AuNPs was placed into a falcon tube and the basicity 

of the solution was adjusted via the addition of NaOH (400 µL, 0.5 M) dropwise under 

vigorous stirring; the solution remained stable up to this point with no indication of any 

change. After being left to equilibrate for 2 hours an ethanol solution of thioctic acid 

(50mg, 1 mL) was slowly added dropwise under vigorous stirring and left overnight to 

undergo complete ligand transfer. The resulting solution, showing no change in 

colouration, was centrifuged at 14,600 rpm and 10˚C for 45 minutes, resulting in the 

pelleting of the AuNPs at the bottom of the falcon tube. The supernatant was removed 

and fresh MQ water added, re-dispersing the AuNPs. The particles were then subjected 

to a second round of centrifugation to ensure that all excess ligands within the solution 

were removed. The fact that the AuNPs could be centrifuged, cleaned and centrifuged 

again indicated that the functionalisation was successful. The particles were then analysed 

by UV-Vis and TEM to check for any loss of stability.  The results are shown Figures 2.5b 

and 2.5c.  

Figures 2.5 a) and b) show that after successful functionalisation the ~10 nm AuNPs 

showed no sign of stability loss or aggregation, with no change in the ordering upon the 

TEM grid and no increase in size or the appearance of large agglomerates, this is also 

backed up by the UV-Vis spectra, c), showing very little change in the colloidal solution 

spectra. 

Upon successfully obtaining the thioctic acid functionalised 10 nm AuNPs a number of 

experiments were undertaken, varying the pH and excess ligand values from 7-11 and 10-

500/nm2  respectively. 

Unfortunately, every combination involving the addition of thiolated 18-Crown-6 to the 

thioctic acid stabilised 10 nm AuNPs resulted in the rapid aggregation of the colloidal 

solution. The number of ligands added per nm2 showed no change, only resulting in faster 

aggregation with increasing amounts, and the change in pH having no effect upon the 

rate of aggregation. Further changes within the experimental procedure such as: addition 

speed, temperature and solvent exchange (ethanol) proved unsuccessful in changing the 

outcome. It was therefore decided that while this method proved effective for Chen et al. 

with relatively long chained thiolation groups, the thiolated 18-Crown-6 was still too small 

to effectively stabilise the AuNPs in solution. This avenue of research was not taken any 

further as the ability to functionalise larger AuNPs in this manner was deemed not 

attainable. 

a) b) 



49 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: a) TEM image of the freshly made 10nm citrate AuNPs, b) TEM image of the freshly functionalised thioctic 
acid AuNPs, c) UV-Vis of each solution and normalised at 400nm for direct comparison. 

 

2.2.2 mPEG-SH 5000 as an intermediary ligand  

With the experiments attempting the two-step functionalisation with thioctic acid proving 

unsuccessful in achieving larger 18-Crown-6-modified AuNPs other approaches had to 

be investigated. As discussed briefly in Chapter 1, the use of thiolated polyethylene glycol 

(PEG) has been shown to be hugely successful in directly functionalising and stabilising 

AuNPs initially stabilised via the citrate ketone3,4,5.  It was then postulated as to whether 

a thiolated PEG molecule could be used as an intermediary ligand exchange agent. O-[2-

2(mercaptopropionylamino)ethyl] -O-methyl-poly(ethylene glycol) (mPEG-SH, Mw 

5000) was chosen for several reasons: 1) it was suitably sized such that only a small 

number of ligands would have to be chemisorbed upon the gold surface in order to 

achieve a strong degree of stability10-12, 2) the resulting small quantity of ligands 

chemisorbed to the gold surface would mean an increased degree of ligand exchange 
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when in the presence of the thiolated crown ether, and 3) any remaining m-PEG-SH 

present upon the surface could provide the essential stability that is needed for the 18-

Crown-6-modified AuNPs to be successfully made. The same procedure laid out by 

Bastus et al 6. as described in section 3.2.2 was again implemented here, except rather than 

using the seeds, the resulting growth steps were followed to achieve larger particles.  The 

procedure is summarised below:  

Upon obtaining the ~10nm seeds as discussed in section 3.2.2, the colloidal solution was 

cooled down to 90˚C then 2 ml of the colloid solution was removed and replaced by 

trisodium citrate (1 ml, 60 mM) and left to equilibrate for 5 minutes followed by a 

secondary injection of HAuCl4 (1 ml, 25 mM). The solution initially developed a deep red 

colouration before reverting to a bright ruby red over a period of 10 minutes. It was left 

to stir for 1 hour and then the solution was then removed and analysed via UV-Vis and 

TEM (Figure 2.6). 

For the synthesis of larger (25.5 nm) AuNPs the same process was repeated, except that 

the number of solution removal-reactant addition steps was increased to a 6 rather than 

1.  

The initial functionalisation with m-PEG-SH 5000 was then achieved as follows: 30 ml 

of 15.1 nm AuNP solution was mixed with m-PEG-SH 5000 (4 molecules per nm2 of 

surface gold) under vigorous stirring. The solution was left to stir for 40 minutes at room 

temperature to ensure complete functionalisation had occurred. The solution was then 

centrifuged at 14600 rpm for 30 minutes at 10˚C, resulting in the pelleting of the particles.  

The supernatant was then removed and the particles re-dispersed into ethanol (5 ml). The 

centrifugation process was repeated a total of three times 13 to ensure that all water and 

excess ligand was removed.  

The same process was repeated for the 25.5 nm AuNPs, functionalised with the same 

number of ligands per nm2 (4), and centrifuged at: 13000 rpm for 30 minutes at 10˚C. 

The resulting solutions were then analysed again using UV-Vis and TEM. 

In order to replace the intermediate m-PEG 5000 ligand with the desired thiol 18-Crown-

6, a solution of 18-C-6-CH2-SH (400 molecules per nm2 of surface gold) was dissolved in 

ethanol (1 ml), the crown ether solution was then slowly added drop wise under vigorous 

stirring to the ethanolic dispersion of both 15.7 and 25.5 nm m-PEG 5000 AuNP 

solutions (25 ml). The mixtures were then sonicated for 20 minutes and left at room 
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temperature, under stirring, for 12 hours. The product was then isolated via centrifugation 

at 13000 rpm for 1 hour at 10˚C for the 15.7 nm AuNPs and 12000 rpm for 1 hour at 

10˚C for the 25.7 nm AuNPs. The pelleted AuNPs were re-dispersed in MQ water and 

then the centrifugation process was repeated a total of three times, to ensure the removal 

of ethanol and any excess ligand. 

The UV-Vis spectra and TEM images are shown for the 15.7 and 25.5 nm particles in 

Figures 2.6 and 2.7 respectively.  Figure 2.6 shows the TEM of the 15.7nm 18-Crown-6-

modified AuNPs and the UV-Vis spectra throughout each stage of functionalisation. The 

UV-Vis has a slight broadening of the right-side slope indicating a slightly lower stability 

of the particles in water than the initial citrate particles, with a small peak shift from 521 

nm to 530 nm, which again could be related to a slight loss in stability, but the overall 

stability of the newly made 18-Crown-6-modified AuNPs in water appears to be 

sufficient. 

Figure 2.7 shows the same layout of images and spectra for the 25.7 nm 18-Crown-6-

functionalised AuNPs, with the same general change in the UV-Vis spectra occurring; a 

slight broadening of the right-hand side slope and a minor increase in the PRS, but again 

overall showing good stability within aqueous media. 

Unlike the thioctic acid two-step functionalisation described in Section 2.2.1, upon the 

addition of the thiol 18-Crown-6 the solutions remained a bright red in colouration, 

showing no signs of stability loss. The m-PEG-SH 5000 coated AuNPs were inherently 

unstable within pure water, slowly aggregating over a few hours, with the 18-Crown-6-

modified AuNPs showing no sign of loss of stability in water was a strong indication that 

the ligand exchange was successful.  
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This synthesis was the first successful functionalisation of larger AuNPs with thiolated 

18-Crown-6, enabling their use as potential cation transporters in Chapter 3 of this thesis. 

Unfortunately, it was found that they did not successfully achieve cation transport when 

in the presence of vesicles, with Cryo-TEM also showing that there was little interaction 

with the lipid membrane.  This meant that another approach to developing smaller and 

100% pure crown ether AuNPs was needed, which is described in Chapter 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: a) TEM image of the 15.7nm 18-Crown-6-modified AuNPs, b) UV-Vis Spectra of the 15.7nm Citrate 
AuNPs (Black), the m-PEG-SH 5000 AuNPs (Red) and the 18-Crown-6-modified AuNPs (Blue) 
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Figure 2.7: a) TEM image of the 25.5nm 18-Crown-6-modified AuNPs, b) UV-Vis Spectra of the 25.5nm Citrate 
AuNPs (Black), the m-PEG-SH 5000 AuNPs (Red) and the 18-Crown-6-modified AuNPs (Blue) 
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2.2.3 Direct Functionalisation of 7nm AuNPs with 18-C-6-CH2-SH 

It became apparent at this point that in order for the goal of the thesis, developing an 

AuNP capable of instigating both cation and electron transport whilst being in a lipid 

membrane, required certain compromises. Whilst the use of m-PEG-SH 5000 as 

discussed in Section 2.2.2 provided the first avenue to a successful development of an 18-

Crown-6-modified AuNP larger than 3nm, the original property of transporting 

complimentary cations across a lipid membrane was lost, as will be seen in Chapter 3. 

This could have been for reasons such as, firstly, the AuNPs were too large, resulting in 

the passive insertion in the membrane being inhibited and the remnants of m-PEG-SH 

5000 upon the gold surface was inhibiting the ability of the particles to interact with the 

membrane after cation association. Secondly, it was also highly possible that even if the 

particles did sit in the membrane and achieve cation transfer, the presence of m-PEG-SH 

5000 would inhibit the ability of the gold surface to pass charge through the membrane.  

This meant that the AuNP would have to be both smaller than previously made, but also 

functionalised with pure thiolated 18-Crown-6, meaning two-step functionalisation was 

not viable.  

Further research was undertaken into finding a suitable AuNP synthesis that could allow 

for the direct functionalisation of AuNPs with thiolated 18-Crown-6 to occur yet be 

smaller than 10 nm in diameter to allow for passive lipid membrane insertion. Puntes et 

al14 released a paper in 2016 showing that sub-10-nanometer citrate stabilized AuNPs 

could be developed with a newly developed procedure.  This procedure is briefly 

described below: 

A trisodium citrate solution (150 mL, 2.2 mM) was added to a three-necked round-

bottom flask.  Under vigorous stirring tannic acid (0.1 mL, 2.5 mM) and potassium 

carbonate (K2CO3) (1 ml, 150 mM) were added. The solution was heated up to 70˚C and 

under vigorous stirring HAuCl4 (1 ml, 25 mM) was added, turning the solution from pale 

yellow to blue-grey, followed by the gradual transition to light orange. 55 ml of the 

colloidal dispersion was removed, followed by the addition of trisodium citrate (55 mL, 

2.2 mM). The resulting solution was left to heat up to 70˚C again, at which point HAuCl4 

(0.5 mL, 25 mM) was added under vigorous stirring, resulting in the solution darkening 

briefly before returning to a pale orange after 5 minutes. After 15 minutes a second 

injection of HAuCl4 (0.5 mL, 25 mM) was added, again leaving the solution for 15 

minutes. The removal and addition of extra reactants was repeated for one more complete 
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cycle (a total of 2 growth steps). The solution was then left to cool to room temperature, 

collected and analysed by UV-Vis and TEM, resulting in 7nm AuNPs at 2.8x1013 NP/mL.  

A solution of 7 nm AuNPs (40 mL) was placed into a falcon tube and stirred vigorously 

as pure thiolated 18-Crown-6 dissolved in ethanol (10 ligands/cm2 of surface gold) was 

slowly injected. The resulting solution quickly darkened followed by a gradual return to 

bright red after 15 minutes. The solution was left to stir for 4 hours, to ensure a complete 

ligand transfer had occurred.  

The solution was then centrifuged in 20x2 mL lo-Bind Eppendorfs, to prevent surface 

sticking, at 14600 rpm for 1 hour at 2˚C. The resulting AuNP pellet had the supernatant 

removed and fresh MQ water added and the particles re-dispersed. The solution was then 

centrifuged again at 13000 rpm for 1 hour at 2˚C. The supernatant was again removed, 

and the remaining particles collected to gather and re-dispersed into fresh MQ water. The 

resulting colloidal solution was then analysed via UV-Vis, TEM and FTIR.  The results 

are shown in Figure 2.8. 

The TEM images shown in Figure 2.8a and b are a comparison between the 7 nm AuNPs 

before and after direct functionalisation with thiolated 18-Crown-6. It is obvious that the 

particles have not lost any noticeable amount of stability, with the AuNPs actually starting 

to develop more ordered structures upon the TEM grid whilst the original citrate AuNPs 

were quite randomly distributed across the surface. The UV-Vis shown in Figure 2.8c, 

shows a similar trend to the UV-Vis spectra discussed in Figure 2.6 and Figure 2.7, with 

the spectra after functionalisation red shifting slightly (515 nm to 518 nm), with a slight 

broadening of the right-hand side slope of the plasmon resonance, again indicating a 

slight broadening in the particle size. Even with this slight broadening the 7 nm 18-

Crown-6-modified AuNPs are stable within aqueous media (providing they are kept 

below their phase transition temperature, see Chapter 4 for further details). 

The stability of the particles after this method of synthesis was somewhat surprising, as 

the only additions to the reactant mixture were tannic acid, a stronger reducing agent than 

citrate resulting in the reduced size of the AuNPs, and K2CO3, present within solution to 

keep the pH on the basic side to retain colloidal stability7. Whilst ligand exchange is 

generally easier on smaller AuNPs in relation to larger ones, this is chiefly due to the 

effective coverage of the particle surface that can be achieved in the vital electrostatic to 
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steric stabilisation exchange, the relative ease at which these particles were functionalised 

was unusual. 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: a) TEM image of the 7nm Citrate AuNPs, b) TEM image of the 7nm 18-Crown-6-modified-AuNP, 
c) UV-Vis spectra showing the change in the absorbance of the colloidal solution before and after thiol 18-Crown-6 

functionalisation. 

 

It was then postulated that perhaps the presence of the K+ cation from the K2CO3 played 

a much larger role during ligand exchange than previously imagined. The strength of the 

association between 18-Crown-6 and K+ has been well studied, both in literature and 

within this thesis (see Chapters 3 and 4). Whilst not as effective in water as other organic 

solvents15, it still shows a strong degree of binding and selectivity. As stated at the start of 
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Section 1.2, most of the experiments involving the addition of thiolated 18-Crown-6 to 

citrate particles resulted in immediate irreversible aggregation but when in the presence 

of K2CO3 the crown ether can essentially become “charged”, due to the K+ cation picked 

up by the freshly injected thiolated crown ether.  It then begins to make sense as to why 

these 7 nm AuNPs do not aggregate as seen previously. They are undergoing ligand 

exchange but rather than losing the electrostatic stability for steric stability, they are 

effectively retaining both, allowing for the system to be stable enough to achieve full 

functionality before aggregation can occur.  

The K+ is then readily washed away during the centrifugation purification stage, but by 

that time the AuNPs are already sterically stable, resulting in the AuNPs shown discussed 

in this section.  This is only a theory however; whilst further work would need be done 

in order to clarify if this is the mechanism for stabilisation during ligand exchange. the 

FTIR results shown in Figure 2.9 indicate that the thiolated 18-Crown-6 has successfully 

chemisorbed to the gold surface, displacing the original ligand citrate. This is especially 

obvious by the disappearance of the two sharp C-H stretches/bends present in in the 

spectrum in Figure 2.9a at 1480 cm-1 and 1290-1 which is entirely absent in the pure crown 

ether spectrum, Figure 2.9b and the spectrum of the 7 nm 18-Crown-6-modified AuNPs, 

Figure 2.9c. An extra validation of the successful ligand exchange is the appearance of the 

sharp C-O peak at 1100 cm-1 in the 7 nm 18-Crown-6-modified AuNP spectrum, which 

is also highly prominent in the pure crown ether spectrum. The C-H stretch at 2860 cm-1 

for the pure crown ether is also present for the AuNPs, but much less prominent. It is 

believed that the broad O-H peak that is present in both the citrate AuNPs and the 18-

Crown-6-modified AuNPs is chiefly due to the presence of water. 

Unfortunately, due to time constraints further investigation into how this process occurs 

was not covered in the work of this thesis, however a suitable experiment for achieving 

such a feat would be to use the smaller 15-Crown-5 and 12-Crown-4 moieties; their 

selectivity for K+ is much lower than that of 18-Crown-6 in water (see Chapter 3), which 

should result in reduced stability of the particles during the ligand exchange injection.  
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Figure 2.9: a) FTIR of the 7nm citrate stabilised AuNPs, b) FTIR of the pure thiolated 18-Crown-6, c) FTIR of the 
7nm 18-Crown-6-modified AuNPs 

 

2.3 Summary 

The aim of this chapter was to show the synthetic procedures for the crown ether 

modified AuNPs that were used extensively within this thesis, including an overview on 

the thought process of how the development of these particles could be achieved. The 

development of the 3 nm AuNPs coated in various crown ethers was a success, with these 

particles then being discussed and experimented with in Chapter 3. Standard 

functionalisation experiments were done over a broad spectrum and resulted in failure 

every time, followed by more advanced two-step functionalisation methods either 

resulting in failure or partial success, until finally achieving the first >5 nm 18-Crown-6-

modified AuNPs which are also discussed in Chapter 3. The final and most significant 

synthesis in terms of achieving a difficult task was the functionalisation of the 7 nm 18-

Crown-6-modified AuNPs with pure crown ether; no intermediary steps were used yet a 
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ligand as small as 18-Crown-6-CH2-SH was successfully placed upon the gold surface and 

remained stable within aqueous media. The unique properties that these particles exhibit 

is discussed in Chapter 4, along with further characterisation due to their strong potential 

for furthering the goal of this project, namely- achieving both cation and electron transfer 

across a lipid membrane.  
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Chapter 3 The Design of Artificial Membrane 

Transporters from Gold Nanoparticles with 

Controllable Hydrophobicity 

 

The work discussed in this chapter will be focused on comparing the three types of crown 

ether-functionalised nanoparticles (18-C-6-CH2-SH, 15-C-5-CH2-SH and 12-C-4-CH2-

SH) developed and characterised within Chapter 2, Section 2.1.1 of this thesis and 

attempts to induce phase transfer into organic media via the complexation of alkali metals. 

Upon determining which of the crown ether functionalised particles shows the most 

efficient rate of phase transfer and cation selectivity, further phase transfer experiments 

will be undertaken to better understand the system. This will be followed by experiments 

involving the use of the most suitable particles for attempts at cation transfer across an 

artificial membrane, a vesicle in this case, whereby we monitor the effectiveness of this 

by applying Safranin O, a permeant cationic dye capable of fluorescence that changes 

with membrane potential.  

 

3.1 Phase Transfer of Crown Ether Particles with K+, Na+ and Li+ 

Once the 3 nm crown ether particles were successfully developed the next phase of 

experiments were used to determine whether the crown ethers, organic compounds 

known for selectively binding alkali salts from aqueous media and readily dispersing them 

into organic media1, retain their unique and useful properties once thiolated and bound 

upon a gold surface.  

In the following sections, phase transfer and zeta-potential results will be presented for 

each of the three types of crown ether-functionalised nanoparticles in turn. 
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3.1.1 18-Crown-6-CH2-SH (18-C-6-CH2-SH) 

Phase Transfer: Three 0.25 ml aliquots of an aqueous solution of 18-C-CH2-SH 3 nm 

coated AuNPs (1.52 x1016 NP/mL) were placed into three separate Lo-Bind Eppendorfs 

(2 ml), to which each solution had 0.75 mL of fresh MQ water added (1 ml total volume, 

3.8x1015 NP/mL). Each solution was vortexed thoroughly for 15 seconds followed by 

the addition of 4 mM KCl, NaCl or LiCl. All solutions were then vortexed for 15 seconds 

and then left to equilibrate for 5 minutes. Chloroform (1 ml) was placed into three 

separate glass vials (4 ml) on to the top of which the AuNP solutions were steadily 

injected. The solutions were then left undisturbed and pictures taken at various time 

intervals.  

Figure 3.1 visually shows the transfer of particles from the aqueous phase to the organic 

phase (in this case chloroform) with each image being taken at a set period of time after 

adding the aqueous solution of particles to the organic phase. At t=0 there is no apparent 

difference between each solution, after a short period of time (t=90 minutes) there is an 

obvious change when comparing each solution. The vial with 4 mM KCl has developed 

a depletion layer next to the aqueous-organic interface, and particles previously present 

within the aqueous phase have now transferred into the organic phase. The solutions 

containing 4 mM NaCl and 4mM LiCl however show no obvious change relative to t=0. 

As time progresses the difference in the solutions becomes more pronounced, with the 

depletion layer of the KCl solution rising upwards as more particles transfer into the 

organic phase. The NaCl and LiCl solutions however show very little change except for 

a slight build-up of particles around the edges of the vial (420 minutes). After 18 hours 

the KCl solution shows that a majority of the particles are now present within the organic 

phase, with the remaining particles positioned at the top of the depletion layer. The NaCl 

and LiCl solutions show no signs of transfer to the organic phase, just an increased build-

up particle around the interface. After 3 full days it is now undeniable that in the presence 

of KCl the thiolated 18-C-6 particles readily transfer to the organic phase but show no 

inclination to do this when presented with 4 mM NaCl and LiCl. 



63 
 

 

 

 

 

 

Figure 3.1: Images showing the phase transfer as a function of time for 18-C-6-CH2-SH coated 3nm AuNPs when in the 
presence of 4mM KCl, NaCl and LiCl respectively. 

 

It is important to note at this point that whilst the images shown in Figure 3.1 give very 

insightful information on how the particles phase transfer from the aqueous phase to the 

organic phase, the rate at which they transfer across the interface cannot be easily 

obtained. This is due to the development of the depletion layer, which can be readily seen. 

This depletion layer arises due to the rate of phase boundary transfer occurring faster 

than the rate of diffusion, resulting in the kinetics of transfer being limited by diffusion 

in these experiments. 

To better understand the process occurring in the phase transfer images shown in 

Figure 3.1 the particles zeta-potential was measured to determine whether the 

complexation of a complementary cation changes the observed charge surrounding the 

AuNP. 

Zeta Potential (ζ) Measurements: Three 0.125 ml aliquots of an aqueous solution of 

18-C-CH2-SH 3 nm coated AuNPs (1.52 x1016 NP/mL) were placed into three separate 

Lo-Bind Eppendorf’s (2ml), to which each solution had 0.875 ml of fresh MQ water 

added (1 mL total volume, 1.9x1015). The solutions were vortexed thoroughly for 15 

seconds. To the first solution KCl was added to achieve a final concentration of 0.1 mM, 

the solution was shaken vigorously for 1 minute and then placed into a DTS-1070 
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Zetasizer disposable cuvette. The solution’s ζ was measured with a minimum of 10 scans 

per run for 3 runs. Upon completion of the measurement the solution was removed and 

further KCl added to achieve a final concentration of 0.25 mM, mixed thoroughly and 

the ζ measured again. This process was repeated for 0.5, 1, 2, 3, 4 and 5 mM final 

concentrations of KCl.  The conductivity of the solution was also measured for every 

sample to ensure that there were no unusual effects taking place and/or an error had 

occurred during the salt addition process.  The experiment was then repeated for NaCl 

and LiCl.  

The error for each ζ and conductivity measurement was calculated by taking the standard 

deviation of the three measurements (10 runs per measurement) for each sample point. 

The error was then plotted on the same axis to determine the reliability of each result.  

 

 

 

Figure 3.2: The change in ζ of 18-C-6-CH2-SH coated 3nm AuNPs when in the presence of increasing ratios of alkaline 
metals (KCl, NaCl and LiCl) 

 

Figure 3.2 shows the change in ζ and Figure 3.3 shows the change in conductivity as a 

function of increasing ratios of alkaline metals.  Note that due to the concentration of 

0 200 400 600 800 1000 1200 1400 1600

-35

-30

-25

-20

-15

-10

-5

0

5

 

 

 KCl

 NaCl

 LiCl

Z
e

ta
 P

o
te

n
ti
a

l/
m

V

Number of Available Cations per AuNP 



65 
 

particles used in the phase transfer (3.8x1015 NP/mL) and ζ (1.9x1015) measurements 

differing by a factor of two. The X-axis of both ζ and conductivity have been modified 

to the “Number of Available Cations per AuNP” to allow for easier comparison between 

the data sets and the phase transfer images with the ratio of available cations per AuNP 

equalling 640 for the phase transfer experiments. The conversion to “Number of 

Available Cations per AuNP is done simply by dividing the number of cations present 

within the solution by the number of 18-Crown-6-modified gold nanoparticle in solution.  

From the results it can be seen that the hypothesis regarding complexation is true; in 

Figure 3.2 the 18-C-6-CH2-SH 3 nm coated particles in this batch have an initial ζ of -33.1 

mV. Upon adding KCl to the particle solution the ζ tends towards the positive, with initial 

additions of KCl resulting in a steep change, followed by a more gradual increase which 

tails off towards a plateau. The same trend is observed for both NaCl and LiCl, where a 

gradual positive shift in ζ is observed followed by a plateau; it is the overall change upon 

the ζ of each system that varies dramatically. 

 

 

 

 

Figure 3.3: The change in conductivity of 18-C-6-CH2-SH coated 3nm AuNPs when in the presence of increasing ratios of 
alkali metals (KCl, NaCl and LiCl) 

 

Figure 3.3 shows that the conductivity of each solution rises linearly with increasing salt 

concentration, which is to be expected when plotting the conductivity of an aqueous 
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solution verses electrolyte concentration. It is noted that the final conductivity of each 

system varies depending on the cation present. However this effect is not one induced by 

the presence of the AuNPs, but is mainly dictated by the ionic size of each cation, 

including their hydration shells, whereby Li+ (aq) > Na+ (aq) > K+ (aq) 2, 3 which alters 

their relative conductivities when in solution, fitting the variations observed in this system 

nicely.  

When comparing the ζ measurements to the phase transfer images shown in Figure 3.1 a 

pattern begins to emerge. At the cation : AuNP ratio of 640, the ratio used in the phase 

transfer experiment, the ζ of the KCl, NaCl and LiCl solutions are -3.51 mV, -25.5 mV 

and -29.8 mV respectively.  In the presence of KCl at 640 cations : AuNPs the ζ of the 

solution comes close to zero, whilst in the presence of NaCl and LiCl, at 640 cations : 

AuNPs, the ζ remains above -25 mV, far from zero. From these initial observations it 

becomes possible to start to develop a hypothesis to explain the above processes. 

It has already been shown and stated that the ζ of the particles is highly negative to begin 

with (-33.1 mV), with this charge being attributed to electrons present upon the gold core. 

As previously stated, 18-C-6 is well known to have a high affinity to bind K+ over other 

alkali metals such as Na+ and Li+. This is seen within the literature4 and readily explains 

the effects upon ζ and phase transfer seen in the above data. 

In the absence of any cations the particles retain their initial charge of -33.1 mV, resulting 

in hydrophilic particles which are stable within an aqueous media.  This is represented in 

Figure 3.4a. Upon adding a cation that is highly complementary (K+) to the crown ether 

in question (18-C-6-CH2-SH) it is expected that the crown ether will take up the cation 

into its cavity, Figure 3.4b. This would result in the lone pairs of electrons present upon 

the oxygens within the crown ether rings interacting with the new positive charge present 

within the cavity. With the presence of positively charged cations so close to the gold 

nanoparticle surface, a result of the strong complimentary binding, the negative charge of 

the AuNPs become masked, resulting in a more positive ζ, Figure 3.4c, with the positive 

increase of the ζ being related to the population of complementary cations present around 

each crown ether ring. This is seen within Figure 3.2 where we observe the steep rise in ζ 

with only small concentrations of complementary cation present followed by the gradual 

plateau as each crown ether ring becomes saturated with positive charge, Figure 3.4d.  
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In the case of non-complementary cations (Na+ and Li+) the crown ether (18-C-6-CH2-

SH ) does not effectively bind them within its cavity, which results in a much lower degree 

of interaction with the lone pairs of electrons which further results in very little change in 

the ζ, which is clearly shown in Figure 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Graphical Illustration describing the 18-C-6-CH2-SH 3nm Coated AuNPs when: a) No Complementary 
cation is present, b) Small quantity of complementary cation is present, c) The amount of complementary cation present is 

adequate to mask the entire AuNPs charge, d) The amount of complementary cation exceeds the negative charge, resulting in 
a positive ζ. 

 

At the present time this hypothesis explains the ζ nicely, but without further explanation 

the effect of increased phase transfer is still not clearly described. This is where the 

phenomenon known as the hydrophobic effect5 plays a part. This phenomenon is also 

used to explain properties exhibited by larger 18-C-6-CH2-SH coated AuNPs which are 

described in Chapter 4 of this thesis, implying it plays a large role in controlling the 

hydrophobicity of these types of particles.  

a) b) 

c) d) 
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As with all solutes placed within aqueous media, the water molecules undergo a 

conformational change, forming structured cages around each solute in order to lower 

the overall energy of the system. Such cages can be highly favoured if the solute present 

is highly charged, allowing for strong electrostatic bonds to be formed between the solute 

and its local water molecules. However, the drive to develop an ordered cage around a 

solute drops as the charge of the solute drops. This results in relatively low charged or 

neutral solutes either being forced together (flocculation) to lower the surface area of the 

solute, or outright evicting the solute from the system if this is an avenue the system can 

take.  

In the phase transfer system observed in Figure 3.1 such an avenue is available; the 

organic phase. The initial ζ (-33.1 mV) is adequate enough to allow the formation of a 

solvent shell around each particle as a separate entity, as shown in Figure 3.5a; if this were 

not the case a more prominent plasmon resonance peak would appear within the UV-Vis 

spectra due to the flocculation of nanoparticles giving rise to a larger entity. It should be 

noted that when the aqueous dispersion of AuNPs is presented with an organic interface 

(chloroform) they build up upon the interface, even in the absence of complementary 

cations. This is shown clearly in Figure 3.5. Such an interaction indicates that the particles, 

whilst stable in water, are inherently drawn towards a less polar solvent, which is to be 

expected due to traditional pure crown ethers being insoluble in aqueous media6, 7  

 

 

 

 

 

Figure 3.5: 3nm 18-Crown-6-modified gold nanoparticles presented with an aqueous-organic interface in the absence of 
complimentary cations, resulting in the gradual build-up of particles are the interface but no transfer into the organic phase. 

 

Upon addition of the complementary cation the ζ of the particle is reduced, lowering the 

electrostatic interactions between the particle and its solvent cage, resulting in the drive 

for the water to create a solvent cage to be reduced. This reduction in overall charge, 

combined with the reduced drive to develop a solvent cage, results in pushing the particle 
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across the aqueous-organic interface, Figure 3.6b, resulting in eventual complete phase 

transfer, Figure 3.6c. The closer the system tends towards zero ζ the more pronounced 

this effect should become; the opposite should also be observed when the particles 

become overly saturated with positive charge, Figure 3.2 and 3.4d. This process is 

described further in Section 3.3.2; with the current model fitting our data trends and 

observations. 

 

 

 

 

 

 

 

 

 

Figure 3.6: Graphical Illustration describing: a) Solvent shells surrounding un-complexed particles, b) The beginning of 
complimentary cation association, resulting in reduced interaction with the solvent shell, c) Gradual loss off solvent shell as 

particles phase transfer, c) Complete loss of solvent shell once particles are completely transferred.  

 

Now that a simple model has been developed in order to understand the properties of 

the 18-C-6-CH2-SH coated 3nm AuNPs, it is possible to apply this to similar phase 

transfer experiments done with both 15-C-6-CH2-SH and 12-C-4-CH2-SH. 

 

3.1.2 15-Crown-5-CH2-SH (15-C-5-CH2-SH)  

The experimental procedure for the following data is a replication of the experimental 

discussed in Section 3.1.1, with the only change being the type of particle used (15-Crown-

5-CH2-SH coated 3nm AuNPs).   

As shown in Figure 3.7, the phase transfer for the 15-C-5-CH2-SH coated 3nm AuNPs 

was monitored similarly to the 18-C-6-CH2-SH coated 3nm particles. At t=0 there is no 
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obvious differences between the three solutions.  However, at t=90 minutes the 4 mM 

KCl solution resulted in a surprisingly rapid transfer of particles from the aqueous to the 

organic phase, which continued throughout the experiment, with the reduction in transfer 

being limited only by the rate of diffusion to the aqueous-organic interface. The 4 mM 

NaCl solution shows gradual transport of particles from the aqueous phase to the organic 

phase, with a slight discolouration in the organic phase at t=330 minutes; but becoming 

more obvious after 18 hours. The 4 mM LiCl solution shows no transport to the organic 

phase, just the settling of the particles upon the interface, a similar process as seen by the 

18-C-6-CH2-SH particles in Figure 3.1.   

 

 

 

 

 

 

Figure 3.7: Images showing the phase transfer as a function of time for 18-C-6-CH2-SH coated 3nm AuNPs when in the 
presence of 4mM KCl, NaCl and LiCl respectively. 

 

This outcome was slightly unexpected. It is stated in the literature8, 9 that the binding 

constants of K+ to 18-Crown-6 and 15-Crown-5 in methanol are 6.08 and 3.43 

respectively, suggesting that the 15-Crown-5 should bind to K+ to a lesser extent than 

18-Crown-6, even when attached to an AuNP and in the presence of water rather than 

methanol this dramatic shift in apparent binding seems amiss. It has, however, also been 

stated in the literature10, 11 that 15-Crown-5 moieties attached to nanoparticles show a 

strong affinity to bind to K+ by sandwiching a singular K+ ion between two 15-Crown-5 

rings. Upon further inspection with both ζ, Figure 3.8, and UV-Vis, Figure 3.9, it is 

strongly indicated that such a process occurs within this system.  

Figure 3.8 shows the change in ζ with relation to the number of available cations per 

AuNP. Upon adding a small population of KCl (160 cations : AuNP) the ζ changes 

dramatically, with an increase of +23mV. This rapid change in the ζ swiftly abates 
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however as further additions of KCl result in very slight changes in the ζ resulting in a 

plateau. The ζ for the NaCl solution shows the expected result; a relatively sharp change 

in the initial ζ followed by a gradual plateau as the particle becomes saturated with the 

complimentary cation. The LiCl solution shows no obvious signs of binding with only a 

very gradual trend towards zero in the ζ, which correlates nicely with the phase transfer 

experiment shown in Figure 3.6, where we see no phase transfer for the LiCl solution.   

 

 

 

 

 

 

 

 

 

 

Figure 3.8: The change in zeta potential of 15-C-5-CH2-SH coated 3nm AuNPs when in the presence of increasing ratios 
of alkaline metals (KCl, NaCl and LiCl) 
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looking at the values of cation : AuNP at which both the K+ and Na+ plateaus start to 

occur. In the case of K+ the plateau is observed to start at 640 cations : AuNP, whilst the 

Na+ plateau is observed to begin at 1600 cations : AuNP indicating that the crown ethers 

are saturated at much lower ratios of cation : AuNP in the presence of K+ over Na+.  This 

could indeed be due to having to accommodate a singular K+ with two or more crown 

ethers. This is of course only an approximation; no specific data values/experiments have 

been done in order to further prove this relationship, but the current trend observed 

seems to fit well with both literature and data shown within this thesis. Additionally, 
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further evidence for the sandwiching process is shown when comparing the UV-Vis 

spectra of the 15-C-5-CH2-SH coated 3nm AuNP with and without K+ ions present, 

Figure 3.9. A slight hump has developed upon the slope.  This hump is the beginning of 

a plasmon absorbance peak which is typical of particles >3 nm in size. This slight change 

in the UV-Vis spectrum also supports the presence of larger AuNPs within the solution 

when in the presence of K+. With the development of the hump being an indication of 

particle flocculation, as the close proximity of the AuNPs would result in a more 

pronounced plasmon resonance; experimental evidence has shown, for the most part, 

that when in the presence of alkali salts the AuNPs show no obvious signs of losing 

stability as separate entities within solution. So, this unexpected change in the plasmon 

resonance peak for this specific experiment is a strong indication that this sandwiching 

effect is the cause, an interesting observation that should be researched further. 

 

 

 

 

 

 

 

 

 

Figure 3.9: UV-Vis spectra of the 15-C-5-CH2-SH coated 3nm AuNP with and without 4mM K+ 

Figure 3.10 shows the expected linear trend of increasing conductivity with increasing 

concentration of electrolyte and follows the same trend as seen in Figure 3.3 which was 

to be expected, with the hydration radii of each cation resulting in slight shifts in their 

relative conductivities. 
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Figure 3.10: The change in conductivity of 15-C-5-CH2-SH coated 3nm AuNPs when in the presence of increasing ratios 
of alkaline metals (KCl, NaCl and LiCl) 

 

3.1.3 12-Crown-4-CH2-SH (12-C-4-CH2-SH) 

The experimental procedure for the following data is a replication of the experimental 

discussed in Section 3.1.1, with the only change being the type of particle used (12-Crown-

4-CH2-SH coated 3 nm AuNPs).  

 

 

 

 

 

 

Figure 3.11: Images showing the phase transfer as a function of time for 12-C-4-CH2-SH coated 3nm AuNPs when in the 
presence of 4mM KCl, NaCl and LiCl respectively 
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As shown in Figure 3.11, the phase transfer for the 12-C-4-CH2-SH coated 3 nm AuNPs 

was monitored similarly to the 18-C-6-CH2-SH coated 3 nm particles. At t=0 there is very 

little difference between the solution and there is no apparent difference between each 

particle solution until the image taken at t=18 hours, where the 4 mM NaCl solution has 

phase transferred into the organic phase, albeit not very well. The majority of the particles 

appear to sit upon the interface.  This behaviour, again, was noted when particles with no 

cations present are able to interact with the aqueous-organic interface, which can be seen 

in Figure 3.5, indicating that there is little interaction between the cations and the 12-

Crown-4 present upon the AuNP surface.  

This low degree of interaction between the cations and the particles becomes apparent 

when looking at the ζ in Figure 3.12. Unlike the smooth saturation curves observed for ζ 

with both the 18-C-6-CH2-SH AuNP and 15-C-5-CH2-SH AuNP when presented with 

complementary cations, the ζ obtained for the 12-C-4-CH2-SH AuNPs shows no such 

thing.  Most of the changes in ζ follow a linear trend, including for Li+, the cation that is 

supposedly complementary for 12-Crown-412  Interestingly the presence of Li+ in solution 

results in lower values of the ζ when compared to both Na+ and K+, with the Na+ showing 

a relatively steep rise at 320 cations : AuNP but then is caught up by K+.  Such a change 

in the ζ for the larger cations could indicate that the 12-Crown-4 is attempting to sandwich 

each cation13, similar to the 15-Crown-5 seen in Figures 3.8 and 3.9. This could explain 

why the Na+ solution shows some degree of transfer respectively to both the K+ and Li+.  

Combined with no dramatic change in the ζ it is not possible to explain this data away as 

a sandwiching effect. In Figure 3.12 we can see that the conductivity of the system mimics 

that of both Figures 3.3 and 3.8, so the presence of salt within this system is unchanged 

with respect to the others.  

With the ζ showing very little change between each cation, combined with the slow/no 

transfer of 12-C-4-CH2-SH AuNP it can be concluded that the overall selectivity of these 

AuNPs is quite poor, showing a small interaction with every cation (K+, Na+ and Li+), 

resulting in these linear increases in ζ, and no effective transport of the particles, as seen 

in Figure 3.12, with the conductivity showing the expected linear relationship with 

increasing salt concentration, Figure 3.13. 

 



75 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: The change in zeta potential of 12-C-4-CH2-SH coated 3nm AuNPs when in the presence of increasing 
ratios of alkaline metals (KCl, NaCl and LiCl) 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: The change in conductivity of 12-C-4-CH2-SH coated 3nm AuNPs when in the presence of increasing ratios 
of alkaline metals (KCl, NaCl and LiCl). 
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3.1.4 Zeta Potential Comparisons for Each Crown Ether 

In order to develop of a greater understanding of which crown ether AuNP was most 

suitable for successfully transporting cations across a membrane the change in the zeta 

potential (Δζ) for each cation in the presence of each crown ether was plotted against the 

cation : AuNP.  In Figure 3.14a firstly it is observed that in the presence of K+ the 18-C-

6 AuNPs eventually show the highest degree of association, with the 15-C-5 AuNPs 

initially showing a greater degree of association; this observation has already been 

explained in section 3.1.2 via the sandwiching of multiple crown ethers over a singular 

cation.  Secondly, the early plateau experienced by the 15-C-5 AuNPs compared to the 

much smoother plateau of the 18-C-6 AuNPs also suggest that a larger proportion of the 

binding sites are used up at low cation : AuNPs ratios, which is then followed by rapid 

saturation. Finally, the 12-C-4 AuNPs also show a degree of association but the overall 

curve does not follow the trend now associated with a strong affinity to bind, as seen by 

the 18-C-6 and 15-C-5 AuNPs.  

In Figure 3.14b it is observed that in the presence of Na+ the 18-C-6 AuNPs show a very 

gradual Δζ, a large change in comparison to the K+ values, indicating a low degree of 

cation association. The 15-C-5 AuNPs show a similar Δζ change as to that seen with K+ 

except the curve is much smoother, as seen by 18-C-6 AuNPs in the presence of K+. The 

12-C-4 AuNPs show a slightly higher Δζ than observed with K+ and follow a similar curve 

as previously seen.  

In Figure 3.14c it is observed that in the presence of Li+ the 18-C-6 AuNPs show only a 

very small Δζ, indicating a low degree of cation association. The 15-Crown-5 AuNPs also 

show only a small Δζ, again indicating a low degree of cation association. The 12-Crown-

4 AuNPs however show a moderate Δζ which indicates a moderate degree of association.  
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Figure 3.14: Δζ for 18-C-6-CH2-SH, 15-C-5-CH2-SH and 12-C-4-CH2-SH coated 3nm AuNPs when in the 

presence of increasing ratios of alkaline metals, a)KCl, b) NaCl and c)LiCl). 
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It becomes clear after analysing the current data for each crown ether in the presence of 

the cations of interest that the 18-Crown-6 AuNPs show the most promise for selective 

cation transport across a membrane, with K+ association resulting in fast particle transfer, 

whilst Na+ and Li+ result in no particle transfer and very minor Δζ (Figure 3.1), which 

indicates very little association. The 15-Crown-5 AuNPs, whilst showing very fast transfer 

in the presence of K+, potentially due to crown ether sandwiching, also show transport 

with Na+, making them undesirable for cation selective transport. The 12-Crown-4 

AuNPs show no obvious preference for any singular cation, with no strong association 

observed at lower cation : AuNP ratios, resulting in very slow/no phase transfer, making 

them, like the 15-Crown-5, undesirable for cation selective transport.  

In summary the 18-Crown-6-CH2-SH 3 nm AuNPs developed and prepared in Chapter 

2 of this thesis showed the highest potential to achieve selective cation transport across 

an artificial membrane. 

 

3.2 Phase Transfer of Crown Ether Particles with BaCl2  

It has been previously stated that the high binding affinity of 18-Crown-6 for K+ cations 

is due to the complementary nature between hole size and ionic radii.   Similarly, the ionic 

radii of K+ (1.37 Ǻ) and Ba2+ (1.35 Ǻ) has been shown to result in association of Ba2+ 

within the 18-Crown-6 cavity14-16. Due to the double charge present upon the barium 

cation it would be interesting to observe how this alters the phase transfer of each crown 

ether particle. 

Phase Transfer: The phase transfer experiments shown within this section were 

prepared in a similar method as stated in section 3.1.1 with the following changes: 0.25 

ml of each AuNP solution was taken and diluted with 0.75 ml fresh MQ water and 4 mM 

of BaCl2  

Zeta Potential: ζ measurements were collected as described in section 3.1.1 except for 

the addition of BaCl2 to each crown ether solution. 

Figure 3.15 shows the phase transfer as a function of time for 3 nm 18-Crown-6, 15-

Crown-5 and 12-Crown-4 modified AuNPs when in the presence of 4 mM BaCl2.  It 

should be noted that the differences in colour of each solution is due to slight variations 

in the size of each nanoparticle and not an alteration in concentration, with the slight 
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variation in size arising from having to prepare each solution in small batches. The ratios 

of cation : AuNP are approximately the same for each solution.  

 

 

 

 

 

 

Figure 3.15: Images showing the phase transfer as a function of time for 3nm a) 18-Crown-6, b) 15-Crown-5 and c) 12-
Crown-4 modified AuNPs when in the presence of 4mM BaCl2 

 

It is observed in Figure 3.15 that the 3 nm 15-Crown-5-modified AuNPs show the highest 

rate of transfer into the organic phase, showing almost complete transfer after 18 hours. 

The 3 nm 12-Crown-4-modified AuNPs also exhibit phase transfer but at a reduced rate, 

with a large majority of the particles appearing to sit upon the interface before undergoing 

phase transfer. The 3 nm 18-Crown-6-modified AuNPs only a very small rate of phase 

transfer, with the organic phase showing only a small population of particles after 18 

hours. 

The cause of the unexpected behaviour of the 3 nm 18-Crown-6-modified AuNPs 

showing reduced rates of transfer in the presence of a complementary cation with respect 

to the other crown ether AuNPs becomes apparent once ζ measurements were taken, 

Figure 3.16. The steep rise in ζ for the 3 nm 18-Crown-6-modified AuNPs with only small 

values of BaCl2 indicates that Ba2+ is complexed in a similar fashion to that of K+, with 

the initial sites becoming rapidly filled followed by a gradual saturation with increasing 

cation concentration. The Δζ is much more prominent in comparison to K+ however, 

with 640 cations : AuNPs resulting in a change of 47.1 mV, with K+ giving only a change 

of 29.6 mV. This can be attributed to the divalent nature of the Ba2+ cation, resulting in 

a higher population of positive charge present around the particle at similar cations : 

AuNPs ratios. The most important aspect of this change in the ζ is that at 640 cations : 

AuNPs the ζ is +14 mV, well above zero. Earlier in this chapter it was postulated that the 

rate of transfer from the aqueous to the organic phase was related to the charge of the 
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particle. The lower the charge present around each particle, the more pronounced the 

phase transfer will be. The positive charging of the particle with Barium resulting in very 

slow phase transfer strongly supports this theory. 

As stated earlier both the 3 nm 15-Crown-5-modified and 12-Crown-4-modified AuNPs 

undergo phase transfer in the presence of 4 mM BaCl2, with the 15-Crown-5-modified 

AuNPs showing a higher rate of transfer than the 12-Crown-4-modified AuNPs. Once 

again, the ζ provides insight into this behaviour. At 640 cations : AuNP the ζ for the 15-

Crown-5-modified and 12-Crown-4-modified AuNPs are -7.07 and -17.4 mV 

respectively. The charge present upon the 3 nm 15-Crown-5-modified AuNP is closer to 

zero, hence resulting in the increased rate of transfer.  

Of noticeable interest is the variance in the plateau levels for each crown ether-coated 

AuNP.  The 3 nm 18-Crown-6-modified AuNPs show a saturation curve that has become 

typical of these particles when in the presence of complementary cations, with the plateau 

occurring at approximately +18 mV. The 15-Crown-5 AuNPs show a similar saturation 

curve but result in a plateau at approximately -3 mV, whilst the 12-Crown-4 AuNPs 

appear to become saturated very quickly, resulting in a sharp plateau at approximately -

14 mV. Interestingly, the conductivity for both the 12-Crown-4 /15-Crown-5-modified 

gold nanoparticles behaves linearly, which is the expected outcome, but the 18-Crown-6-

modified gold nanoparticle solution conductivity measurements has a reduced rate of 

increase during the addition of the first Ba2+ cations, Figure 3.17. This slower rate of 

conductivity correlates perfectly with the initial huge increase in the ζ seen in Figure 3.16. 

Indicating that due to the uptake of Ba2+ cations into the crown ether cavities the overall 

conductivity of the solution is reduced as those associated cations can no longer take part 

in passing charge through the solution. This serves as an added validation that the cations 

within these systems are indeed being snatched up by the crown ethers providing they are 

complimentary cations.  
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Figure 3.16: The Δζ of crown ether-coated 3nm AuNPs when in the presence of increasing ratios of BaCl2 

 

 

 

 

 

 

 

 

 

 

Figure 3.17: The change in conductivity of 3nm crown ether modified AuNPs when in the presence of increasing ratios of  
BaCl2 
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3.3  Phase Transfer of Crown Ether Particle with Protons 

With the crown ether modified AuNPs showing overall a successful phase transfer from 

the aqueous phase to the organic phase when presented with cations complimentary to 

the specific crown ethers, interest was given to the ability of the crown ether modified 

AuNPs to transport protons (H+) as well, or at least observe a behaviour change upon 

interaction with increasing concentrations of H+. The interaction between crown ethers 

and protons has been previously studied17, with particular attention being paid to both 

15-Crown-5 and 18-Crown-618 as well as modified crown ether complexes19. So, there is 

no reason for effects on the phase transfer properties of the crown ether-modified 

AuNPs to not occur when in the presence of H+.  

Phase Transfer: The phase transfer experiments shown within this section were 

prepared in a similar method as stated in section 3.1.1 with the following changes: 0.25 

ml of each AuNP solution was taken and diluted with 0.75 ml fresh MQ water and 4 mM 

of HCl 

Zeta Potential: ζ measurements were collected as described in section 3.1.1 except for 

the addition of HCl to each crown ether solution, up to 4 mM instead of 5 mM due to 

conductivity limitations within the Zetasizer. 

 

 

 

 

 

Figure 3.18: Images showing the phase transfer as a function of time for 3nm a) 18-Crown-6, b) 15-Crown-5 and c) 12-
Crown-4 modified AuNPs when in the presence of 4mM HCl 

Figure 3.18 shows how the presence of 4 mM HCl effects the phase transfer of each type 

of crown as a function of time. Only upon reaching 150 minutes a noticeable difference 

between the solutions, with the 15-Crown-5-modified AuNPS appearing to transfer into 

the chloroform first; the other two solutions do start to show signs of phase transfer after 

330 minutes has passed, ending with all three types of crown ether AuNP readily 

transferring into the chloroform phase after 420 minutes. After 18 hours there is very 
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little evidence of the particles remaining within the aqueous phase, and all three solutions 

appear to have resulted in complete phase transfer to the chloroform. Interestingly the ζ 

result shown in Figure 3.19 deviate slightly from those previously seen with other various 

salts. Both the 15-Crown-5 and 12-Crown-4-modified AuNPS show prominent 

association curves, already readily observed previously when involving complimentary 

cations, while the 18-Crown-6-modified AuNPS show what can be best described as a 

hysteresis shape. The initial change in ζ is relatively small in comparison to the large 

changes 180 and 360 Cations : AuNP; with further increases in H+ resulting in a gradual 

plateau.  

With regards to previous phase transfer experiments this is the first set to show all three 

particles systems phase transfer within roughly the same time frame. It is also the first 

time that two of the crown ether species (12-Crown-4 and 15-Crown-5) have shown 

similar affinities to interact with a positive ion in solution. As to why the 18-Crown-6-

modified AuNPS do not show a similar trend in ζ is not entirely known. It is possible that 

the size of a proton is just too small to effectively associate within the 18-Crown-6 cavity, 

meaning both 15-Crown-5 and 12-Crown-4 can coordinate more effectively. It is quite 

possible that the hysteresis curve observed for the 18-Crown-6-modified AuNPS is not 

even related to association between the crown ether cavity and the proton, but 

protonation of the crown ether moiety itself. The particles are present in an increasingly 

acidic solution meaning that protonation is more than likely to occur. This change may 

not be observed for both the 15-Crown-5 and 12-Crown-4-modified AuNPS because 

they are technically already “protonated” when interacting with protons within their 

cavity, or quite possible the protonation is simply masked by the change in ζ due to 

association.  

The most interesting aspect of this experiment is the conductivity measurements shown 

in Figure 3.20. The conductivity for both the 15-Crown-5 and 12-Crown-4-modified 

AuNPs is upward curving rather than linear, like that seen for the 18-Crown-6-modified 

AuNPS. A similar effect was observed, although not to such a noticeable extent, between 

the 18-Crown-6-modified AuNPS and BaCl2, which is known to associate well with 18-

Crown-6. The only explanation for a non-linear increase in conductivity is that a portion 

of the conducting ions are becoming incapable of transferring charge, a case that would 

be quite likely if the ions were trapped within the cavity of a crown ether, effectively 

masking their presence. The fact that both 15-Crown-5 and 12-Crown-4-modified 
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AuNPS show a non-linear conductivity increase and sharp increase in the ζ heavily 

indicates that the particles are indeed associating with the protons and then proceeding 

to phase transfer.  

 

 

 

 

 

 

 

 

 

 

Figure 3.19: The Δζ of crown ether-coated 3nm AuNPs when in the presence of increasing ratios of H+ 

 

The results of this experiment were slightly surprising, literature showed that both 

18-Crown-6 and 15-Crown-5 had affinities for binding protons; with no literature 

showing a similar relationship for 12-Crown-4 it was assumed that there was relatively 

little interaction between the two. These results show that both 15-Crown-5 and 12-

Crown-4, when attached to AuNPS, associate strongly with protons and the 18-Crown-

6-modified AuNPS show very little interaction, however it cannot be ignored that the 

situations and environments that these associations are taking place in are vastly different 

and so alterations in the binding affinities are not entirely surprising.  

Due to this line of work not being within the scope of this thesis no further work 

involving protons association will be discussed. However, the nanoparticles systems are 

being incorporated in more advanced electrochemical systems involving planar 

membranes, as mentioned and discussed in chapter 5, are being undertaken by Steven 

Danks within the Brust research group to develop a better understanding of the system.  
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Figure 3.20: The change in conductivity of 3nm crown ether modified AuNPs when in the presence of increasing ratios of 
HCl 

 

3.4 Phase Transfer of 18-Crown-6 AuNPs with Higher 

Concentrations of KCl 

In Section 3.1 it was determined that the most appropriate crown ether coated AuNP for 

attempting cation transfer was the 18-Crown-6 AuNP due to its high degree of selectivity 

for K+ over Na+ and Li+ and relatively fast transfer into the organic phase. Within this 

chapter it has been shown that the rate of transfer of these particles is strongly related to 

the charge present upon the particle, monitored in this chapter by ζ, with a faster rate of 

transfer occurring as the charge tends towards zero. It was noted that this Δζ started to 

reach a plateau at higher concentrations of KCl (Figure 3.2), postulated to be the 

saturation of the 18-Crown-6 cavities upon the AuNP surface.  

This section describes the experiment set used to develop a better understanding of how 

the particles behave at even higher concentrations of KCl, to determine whether they still 

retained their phase transition properties.  
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3.4.1 Thermodynamic Phase Transfer of 18-Crown-6 AuNPs with KCl 

The thermodynamics of phase transfer for the 18-Crown-6 AuNPs was quantitatively 

determined by the following procedure: An aqueous dispersion of 18-Crown-6 AuNPs 

(1.52 x1016 NP/mL, 1.75 ml) was diluted with fresh MQ water (5.25 ml) to achieve a final 

volume of 7 ml (3.8x1015 NP/mL), the solution was separated into 7x1 ml aliquots to 

which 0, 5, 10, 50, 100, 200 and 400 mM of KCl were added respectively, the solutions 

were then vortexed for 30 seconds and left for a further 5 minutes to reach equilibrium. 

Each solution was then placed upon chloroform (1 mL) within a glass vial (4 mL). Upon 

addition each solution was shaken vigorously for 15 seconds. Upon achieving phase 

separation, the two phases were separated in order to prevent further particle transfer. 

Each solution was then analysed with UV-Vis spectroscopy in order to determine the 

concentration of particles present within solution.  

Figure 3.21a shows the equilibrium partitioning of the 18-Crown-6 AuNPs between water 

and chloroform at different potassium chloride concentrations in the aqueous phase, after 

intense mixing and subsequent phase separations. This is also shown in terms of UV-Vis 

absorbance at 400 nm, Figure 3.21b.  With increasing salt concentration, the particles 

initially become more hydrophobic, reaching maximal hydrophobicity at around 50 mM 

salt concentration. At further increasing salt concentrations this trend is reversed so that 

the highest salt concentration used (400 mM) results in a large majority of the particles 

remaining within the aqueous phase, comparable to the situation without salt present. 

Thus, the empirical optimum of salt concentration for creating hydrophobic particles is 

at around 50 mM.  Note that the change in hydrophobicity is initially very steep (0-5 mM), 

indicating a dramatic change in the hydrophobicity of the particles. From ζ measurements 

shown in Figure 3.2, it can be seen that within this salt concentration region the charge 

upon the particle changes quite rapidly due to cation complexation, tending towards zero. 

From 5-10 mM KCl the hydrophobicity change appears to be minimal; this is not entirely 

unexpected as from Figure 3.2 it is apparent that the ζ is reaching a saturation plateau and 

so any change in hydrophobicity as a result of the particle charge at these salt 

concentrations will be relatively small. For the nanoparticles used within these 

experiments a ligand shell coating of anything larger than 300 ligands per AuNP is 

unlikely, meaning that full saturation with potassium ions is expected at these relatively 

low concentrations of KCl and is highly suggested by the ζ results shown previously.  
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Figure 3.21: a) Equilibrium partitioning of the 18-Crown-6-modified AuNPs with increasing KCl concentrations, b) 
Partitioning of the aqueous-organic phases stated in UV-Vis absorbance at 400nm. 

 

Above 10 mM KCl concentration the appearance of the graph appears to be quite 

independent of particle concentration, suggesting an important contribution from other 

effects that are independent of particle concentration. As stated previously the optimal 

hydrophobicity of the particle is observed at around 50 mM KCl; at these salt 

concentrations it is possible that the salting-out effect is being observed, whereby the 

increased ionic strength of the solution results in the disposition of solutes present within 
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the aqueous media. The most curious observation here, however, is that as the salt 

concentration is increased further (100-400 mM) the hydrophobicity of the particles is 

reduced, with the quantity of particles present in the chloroform phase decreasing in a 

linear fashion, an opposite trend to that observed previously. This reversal in 

hydrophobicity could be attributed to the build-up of a large electrochemical double layer 

around the particles as a result of the aqueous phase becoming saturated with KCl. As 

the electrochemical double layer grows with increasing salt concentrations the particle 

becomes “masked”, meaning that the properties of the particles are no longer evident, 

just the properties of the salt ions themselves. This build up in the electrochemical double 

layer will inherently result in a more highly charged system, giving rise to this reduction 

in phase transfer.  

So within this experiment we observe three effects taking place: 1) The increase in 

hydrophobicity of the system due to the complexation of a complementary cation (0-10 

mM), 2) The increase in hydrophobicity of the system due to the increased ionic strength 

of the aqueous phase giving rise to “salting out” (50-100 mM) and 3) The decrease in 

hydrophobicity as the aqueous phase becomes saturated with KCl, resulting in the build-

up of an electrochemical double layer around the particles, blocking their path to the 

chloroform interface.  

 

3.4.2 Kinetic Phase Transfer of 18-Crown-6 AuNPs with KCl 

The kinetics of phase transfer for the 18-Crown-6 AuNPs was qualitatively found by 

following the procedure as described in 3.3.1 but rather than shaking each vial, they were 

left to allow phase transfer at the interface to occur naturally, Figure 3.22. 

It is important to note that whilst the images shown in Figure 3.22 give rise to some 

interesting observations, which shall be discussed later in this section, the rate of transfer 

for the 18-Crown-6 AuNPs vs salt concentration was not accurately determined within 

this thesis, as calculating the multiple factors that can potentially affect this rate of transfer 

was not within the scope of this project.  

Overall the kinetics of phase transfer follow the same trend as the thermodynamic 

experiment shown in section 3.3.1; increasing KCl concentrations initially resulting in an 

increased presence of particles in the chloroform, followed by a decreasing presence of 

particles in the chloroform at even higher KCl concentrations, with the similarities being 
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most notable in the 6 and 18-hour images in Figure 3.22. However, within the earlier 

stages of kinetic transfer (far from equilibrium) there are some noticeable differences 

between the rates of particle phase transfer. 

 

 

 

 

 

 

 

Figure 3.22: Kinetic Phase Transfer of 18-Crown-6 AuNPs with: 0, 5, 10, 50, 100, 200 and 400mM of KCl. 

The change in the size of the depletion layer with changes in the KCl concentration is 

most notable, with 5 mM KCl giving rise to the largest depletion layer which then 

gradually decreases with increasing salt concentration, resulting in no depletion layer at 

200 mM KCl concentration. The exact explanation for this effect is not entirely 

understood. It is postulated that the gradual reduction within the depletion layer with 

increasing salt concentration is due to the build-up of the electrochemical double layer 

surrounding the particles, with the increasing size of the double layer masking the particles 

environment (including the organic phase boundary), reducing the rate at which the 

particles can associate with phase boundary, resulting in the rate of depletion reducing, 

and the rate of diffusion within the aqueous phase staying the same. As to why the salt 

concentration that shows the most transfer thermodynamically (Figure 3.21 50-100 mM) 

is not matched kinetically (Figure 3.22 5-10 mM) has not been studied in detail. It does 

however enforce that there are multiple factors at work when these particles begin phase 

transferring.  
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3.5 Transfer of 18-Crown-6 AuNPs into Solvents with Varying 

Polarity  

With the optimum KCl concentration for achieving the highest percentage of transfer 

being found to be 50 mM, the next step was to determine whether the particles could be 

effectively transferred into less polar solvents. The reasoning behind this is that less polar 

solvents such as hexane and toluene are more appropriate for attempting to mimic the 

conditions within the membrane.  

An aqueous dispersion of 18-Crown-6 AuNPs (1.52 x1016 NP/mL, 1.25 ml) was diluted 

with fresh MQ water (3.75 mL) to achieve a final volume of 5 ml (3.8x1015 NP/mL), the 

solution was separated into 5x1 ml aliquots to which 50 mM of KCl was added, and then 

the solutions were vortexed for 30 seconds and left for a further 5 minutes to reach 

equilibrium. The solution was placed upon 1mL of organic solvent (Chloroform, 

Dichloroethane, Diethyl Ether, Toluene and Hexane) with polarity indexes of 4.1, 3.5, 

2.8, 2.4 and 0 respectively. The solutions were then shaken vigorously for 30 seconds, 

followed by each phase being analysed via UV-Vis for the determination of the presence 

of particles. Images were taken just before mixing, just after mixing and 1 day after mixing, 

as shown in Figure 3.23, with the percentage transfer into each solvent shown in Table 

3.1. 

 

 

 

 

 

Figure 3.23: Images of 18-Crown-6 AuNPs with a KCl concentration of 50mM attempting transfer into: Chloroform, Di-
chloroethane, Di-Ethyl Ether, Toluene and Hexane. 
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Solvent Chloroform Dichloroethane Diethyl Ether Toluene Hexane 

Transfer 
(%) 

96 76 0 0 0 

 

Table 3.1: Percentage transfers of 18-Crown-6 AuNPs with a KCl concentration of 50mM into a range of solvents 
after 1 day. 

The transfer into chloroform was highly successful, giving 96% of particles transferred; 

this was to be expected from previous experiments. In the case of dichloroethane the 

particles initially associated with only the interface (Figure 3.23), but over the course of a 

day gradually dispersed into the organic phase, giving a particle transfer of 76%. Diethyl 

ether, toluene and hexane all showed no presence of particles within the solvent at 0% 

transfer.   

It is evident from the above phase transfer results that even when presented with 50 mM 

KCl, the concentration of complementary salt that result in the highest hydrophobicity, 

the 18-Crown-6 AuNPs are incapable of transferring to less polar solvents. 

 

3.5.1 Temperature Dependent Reverse Phase Transfer 

Whilst the lack of phase transfer into less polar solvents proved unsuccessful with pure 

crown ether-modified gold nanoparticles, an interesting property was observed within the 

dichloroethane system. It can already be seen in Figure 3.23 that the particles adhered 

strongly to the interface between water and dichloroethane followed by a gradual 

movement into the organic phase over time. Upon cooling to 2°C the system then 

behaved unexpectedly, as shown in Figure 3.24. 

Figure 3.24: Images showing the reversible phase transfer of the 3nm 18-Crown-6-modified gold nanoparticles, when cooled 
down to 2ºC and left to thaw to room temperature (RT), when in Dichloroethane, Phase transfer is shown to be irreversible 

in chloroform. Note, the organic phase is at the bottom. 

Figure 3.24 compares two solutions of crown ether-modified gold nanoparticles in the 

presence of 50 mM KCl after being left to settle for 1 day in both chloroform (CHCl3, 

1 Day after shaking  3 Days at 2°C  1 Day left at RT 

CHCl C2H4C CHCl CHClC2H4C C2H4C
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left) and dichloroethane (C2H4Cl2, right). When cooled down to 2°C the chloroform 

system shows no signs of the particles returning to the interface/moving back into the 

aqueous phase. However, within the dichloroethane system we see a very obvious change 

in the behaviour of the particles; rather than stay in the organic phase they move towards 

the interface, which can be seen in middle image as a dark inner disk upon the interface; 

not only do they move back to the interface but start to redistribute back into the aqueous 

phase. When the solution was left to heat back up to room temperature the particles 

gradually transferred back into the organic phase, with both the colouration of the 

aqueous phase and the concentration of particle at the interface depleting and eventually 

disappearing. This trend of decreasing temperature resulting in increasing hydrophilicity 

is not only observed here but is also seen to be a unique property of the larger 7.5nm 

crown ether-modified gold nanoparticles.  This is discussed in Chapter 4 of this thesis, 

whereby the larger particles agglomerate in the aqueous phase at higher temperatures 

followed by stable re-dispersion at lower temperatures.  

 

The process behind this unique property will be described in detail in Chapter 4 when 

discussing the 7.5 nm crown ether-modified AuNPs.  However, a short explanation shall 

be replicated here for clarity.  

At higher temperatures the entropy gain by removing the hydrophobic particles from the 

aqueous phase over compensates the positive ΔH associated with transferring the 

particles from one phase to another, resulting in the phase transfer at room temperature, 

as seen in Figure 3.24. When the temperature is lowered the absolute value of the ‘TΔS’ 

term for transfer to the organic phase is smaller than that of ΔH, resulting in the 

equilibrium shifting towards the other side (the aqueous phase).  

Further research involving this interesting property was not achieved and shall be 

discussed in future work. 

 

3.6 Potassium Transport Through Vesicle Membranes. 

The following work was achieved with the help of Marcin Grzelczak, helping to both use 

and understand the methodology behind obtaining the fluorometric data, without his 

input this experiment set would not have been possible. With the 18-Crown-6 modified 
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3nm gold nano particles showing the highest potential for carrying cations selectively 

across an aqueous organic-interface (in this case potassium cations into chloroform) it 

became possible to develop further experiments involving vesicles, where the modified 

nanoparticles could be capable of acting as a new type of artificial ionophore, resulting in 

the polarisation of the phospholipid bilayer membrane. In order to achieve this the 

potassium concentrations inside and outside the vesicles need to be adjusted so that in 

the presence of an ionophore specific for potassium a membrane potential, Δψ, can be 

established according to the Nernst-Donnan equation.  

∆𝛙 =
𝑹𝑻

𝒁𝑭
𝒍𝒏

[𝑲+]𝒐𝒖𝒕
[𝑲+]𝒊𝒏

 

In order to monitor the change in membrane potential via the transport of potassium 

cations Safranin O was decided upon. Safranin O is a potential-sensitive, lipophilic 

cationic fluorescent dye which is suitable for spectroscopic detection of membrane 

potentials in both cellular and vesicular membrane systems, and is extensively used in 

multiple biological applications such as mitochondrial membrane potentials20-23 and 

membrane potentials across other cell membrane preparations24, 25. Due to the almost 

linear association between its absorbance changes and the membrane potential it was 

deemed a suitable candidate for the testing of the modified crown ether gold 

nanoparticles.  The molecular structure of Safranin O is shown in Figure 3.25a. 

So that the dye could be effectively used within these experiments control tests had to be 

implemented to directly observe this proposed linear relationship between the fluorescent 

intensity and the membrane potential.  To effectively calibrate the system a well-known 

potassium ionophore must be used, in this case, Valinomycin.  Valinomycin is a naturally 

occurring dodecadepsipeptide used in the transport of potassium. The structure is made 

of twelve alternating amino acids and esters to form a macrocyclic molecule, with the 

twelve carbonyl groups being essential for metal ion binding, as shown in Figure 3.25b.  

The general shape and properties of Valinomycin are relatable to the shape and properties 

of the crown ether moieties used within this thesis, strongly suggesting that these particles 

coated in the crown ether could potentially allow for the transfer of cations across a 

membrane. 
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Figure 3.25: a) Molecular structure of the fluorescent dye Safranin O, b) Molecular structure of the potassium ionophore 
Valinomycin. 

 

3.6.1 Fluorescent Calibration Tests with Safranin O and Valinomycin 

The data presented in this section was obtained using the following procedure: Vesicles 

were prepared by a modified variant of the method described by Newcomb26 et al. Briefly, 

a 10 mM stock solution of phospholipids was made by the dilution of liposome kit 

lyophilized powder (cholesterol 9 mmol, L-a-phosphatidylcholine (egg yolk) 63 mmol, 

stearlyamine 18 mmol) in chloroform. 1 mL aliquots of the stock solution were rotary 

evaporated for 2 hours to remove all residues of organic solvent and a solution of KCl 

and NaCl was used to hydrate the phospholipids.  The concentration of KCl and NaCl 

used varied depending on the desired membrane potential which can be calculated using 

the Nernst-Donnan equation. To make the now white suspension of phospholipids more 

homogenous the solution was heated to 60°C followed by 8-10 freeze-thaw cycles via the 

use of liquid nitrogen, with the solution being vortexed for 15 seconds after every thaw 

cycle. Next the hydrated and homogenous phospholipid solution was extruded 20 times 

through a mini-extruder (Avanti) with a 100 nm-pore-size polycarbonate filter (Whatman) 

to form vesicles of about 100 nm in diameter. The vesicle solution was then purified via 

dialysis using MWCO 12 000-14 000 dialysis tubing (Serva), with the external KCl 

solution concentration kept constant at 1 mM.  

A suspension of vesicles with a final concentration of phospholipids of 1 mM was placed 

in a fluorometric cuvette followed by the addition of the potential probe dye Safranin O 

(180 nM final concentration). Then the fluorescence intensity was allowed to equilibrate 

  a) b) 
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for 2 minutes. The kinetic mode was used to detect continuously the fluorescent intensity 

changes at 589 nm, with an excitation wavelength of 521 nm. Finally, 20 nM of 

Valinomycin was added and the fluorescent intensity was monitored for 1700s. 

The results of the change in fluorescence for Safranin O when Valinomycin is added at 

varying degrees of membrane potential are shown in Figure 3.26. Providing that the 

interior membrane charge is negative we observe a change in the fluorescence of 

Safranin O as Valinomycin is added, with the change in fluorescence increasing as the 

membrane potential is increased. When the fluorescent maximum is plotted against the 

membrane potential it can be seen that the relationship is indeed almost linear. It should 

be noted that the red data points marked in Figure 3.26b are estimated values for the 

change in fluorescence whilst the black data points are taken from experimental 

observation.  With the calibration data confirming the reliability of using this system to 

attempt potassium transfer with the modified crown ether gold nanoparticles the next set 

of experiments were undertaken.  

The requirement of the interior membrane to have a negative a charge is generally 

assumed to be due to the fact that the positively charged dye is driven into the membrane 

from outside the vesicle by the electric field across the membrane which then allows for 

quantification of the membrane potential 
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Figure 3.26: a) Fluorescent measurements showing how the fluorescence changes with increasing membrane potential. 
b) Fluorescent change maxima plotted against membrane potential. 
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3.6.2 Fluorescent Analysis of Crown Ether Modified 3nm Gold 

Nanoparticles 

The data was collected via application of the experimental process described in section 

3.4.1 with modification as follows: The concentrations of KCl and NaCl inside the vesicle 

were set to 100 mM and 1 mM respectively, whilst the concentrations of KCl and NaCl 

outside the vesicle were set to 1 mM and 100 mM respectively. The stated experimental 

set up was then used to monitor the fluorescent changes for three concentrations of 

crown ether-modified 3 nm AuNPs at 5, 10 and 20 nM.   

Figure 3.27a is a model describing the experiment and how it should proceed.  Should a 

suitable ionophore for potassium present itself to the system then the high concentration 

of potassium inside the vesicle will be allowed to diffuse out, resulting in a membrane 

potential with a negative charge localised on the interior membrane wall, causing an 

increase in the fluorescence of Safranin O. The experimental results are shown in Figure 

3.27b.  As observed in the calibration experiment described in 3.4.1 the addition of 20nM 

of Valinomycin results in an increase in fluorescence, shown by the black spectra, with 

the fluorescence increasing gradually until the end of the experiment. This outcome was 

to be expected due to the reliability of Valinomycin as a potassium ionophore and also 

ensured that the experiment was working as desired, allowing for testing with the crown 

ether modified particles. When the system is presented with varying concentrations of 

crown ether modified gold nanoparticles it becomes apparent that the particles are 

capable of successfully transporting potassium cations across the phospholipid 

membrane with the rate of change in fluorescence being dependent upon the 

concentration of particles within the system; 5 nM is slower, 10 nM shows a similar initial 

rate and 20nM shows a higher initial rate.   

Interestingly, the particles, whilst showing obvious signs of cation transport, do not 

behave exactly the same as Valinomycin. Instead of showing a gradual increase in 

fluorescence throughout the entire experimental duration they reach a plateau which is 

followed by a gradual decrease in the fluorescence intensity. This change can be attributed 

to the degree of selectivity both Valinomycin and 18-Crown-6 have for potassium and 

sodium. Valinomycin is known to have exquisite selectivity for potassium cations over 

sodium, with a binding constant nearly 1x105 higher for potassium over sodium whilst 

18-Crown-6 only has a binding constant of 1x103 higher for potassium over sodium.  Such 

a reduction in the degree of selectivity can more than likely result in the allowance for a 
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small majority of sodium ions to diffuse into the vesicle, lowering the membrane 

potential, resulting in the observed gradual loss of fluorescence.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27: a) Model of the polarised phospholipid bilayer membrane with a crown ether modified gold nanoparticle acting 
as a potassium ionophore. b) Fluorescent spectra showing the change in fluorescence of Safranin O in the presence of either 

Valinomycin or Crown ether modified gold nanoparticles. 

 

It should also be noted that the 20 nM experiment resulted in an unexpected lowering of 
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could be confirmed. However, there are a few postulations that can attempt to explain 

this odd behaviour. One is that an increased population of crown ether-modified gold 

nanoparticles initially present within the system would result in an overall increased rate 

of fluorescence due to an increased number of channels, which is clearly seen in 

Figure 2.37b within the initial stages of the experiment. Secondly, the reduced 

fluorescence peak could be attributed to an excessive number of particles presenting at 

the vesicular surface, hindering one another in their ability to transport potassium cations 

through the membrane; an example of such a hindrance would be when two particles are 

in contact with one another the crown ethers become preoccupied with associating to 

one another resulting in few crown ethers capable of acting as ionophore-channels for 

the potassium. Finally, it is also possible that an increased number of particles could be 

causing an excessive quenching of the dye, potentially resulting in a lower than expected 

fluorescence as the quenching of fluorescent dyes is not uncommon in the presence of 

nanoparticles27-29.  These are all theories however and there is no solid baseline of data to 

adhere them too, further research needs to be conducted in order to fully understand 

potential artefacts/discrepancies within this system.  

The previous experiment was repeated with the salt concentrations reversed30.  A model 

and the results are shown in Figure 3.28.  As stated previously, Safranin O requires that 

the internal membrane of the vesicle within these experiments becomes negatively 

charged upon presentation of the ionophore due to the need to pull the dye into the 

membrane in order to provide quantitative fluorescent data on changes in membrane 

potential. 

In the case of Valinomycin, whereby the potassium selectivity is well known, we should 

observe no increase in the fluorescence, but in fact a decrease in intensity as the positive 

charge localised upon the inner membrane forces the Safranin O out of the membrane, 

preventing fluorescence. In the case of the crown ether-modified gold nanoparticles it 

was observed that the fluorescence gradually decreased after a certain period of time, 

indicating a potential to be not as selective as once hoped for potassium over sodium. 

Whilst this experiment would not provide any quantitative data due to the unreliability of 

Safranin O when the internal membrane of the vesicle is positive, it can provide 

quantitative data on whether or not the particles are highly selective for potassium over 

sodium by following a similar trend as shown by Valinomycin. 
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Figure 3.28: a) Model of the polarised phospholipid bilayer membrane with a crown ether modified gold nanoparticle acting 
as a potassium ionophore, with opposite salt concentrations to Figure 3.24, b) Fluorescent spectra showing the change in 
fluorescence of Safranin O in the presence of either Valinomycin or crown ether-modified gold nanoparticles.  

 

In Figure 3.28b it is observed that upon the addition of Valinomycin the fluorescence of 

the system decreases gradually, indicating an opposite polarisation of the membrane as to 

that shown in Figure 3.27b, resulting in the rejection of the Safranin O from the 

membrane. The same effect occurs when the system is presented with 20 nM of the crown 

ether modified gold nanoparticles, again showing a decrease in the fluorescence intensity, 
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albeit over a longer period than that seen for Valinomycin. This is to be expected 

however, with Valinomycin having potassium selectivity 100 times greater than that of 

the 18-Crown-6, some deviations between the two were to be expected.  

The outcome of this experiment set is the successful demonstration that these 

newly-made crown ether-modified nanoparticles are capable of not only selectively 

binding potassium, which fits nicely with the phase transfer experiments shown earlier in 

this chapter but are also capable of incorporating into a membrane and allowing for 

selective cation transfer across the membrane.  

It is somewhat surprising that the particles appear to act as near perfect selective 

ionophores comparable to the standard compound Valinomycin. The mechanism of ion 

transfer has not yet been studied and still remains open to speculation. It’s possible that 

the complexation of potassium is in relatively fast equilibrium with free potassium and 

that the transfer of potassium across the membrane is facilitated by a tumbling motion of 

the particles that randomly exposes crown ether moieties to either side of the membrane. 

An alternative and perhaps more appealing mechanism could be that the crowns self-

organise on the surface of the particle in such a way that a continuous channel is formed, 

with a comparatively high level of ligand shell organisation as reported previously in work 

by Rotello31 et al and Stellacci32-34 et al, although the results of the Stellacci have later been 

disputed by others35, 36. Further experimentation will need to be done in order to better 

understand and develop a much more refined understanding of the method of transport 

within this system.  

 

3.7 Phase Transfer with Larger Crown Ether-Modified Gold 

Nanoparticles  

With the 3nm 18-Crown-6-modified gold nanoparticles showing positive results for the 

successful transport of a complimentary cation (K+) and after deciding they were the most 

promising candidate, the next logical step for the project was to determine whether the 

transfer of electrons was also possible with these particles. Successfully accomplishing 

this to any high degree of transport is not trivial as there are a few factors that strongly 

hinder electron transport across AuNPs. The first is the size of the capping agent coating 

the gold core, which is typically particles that are capable of dispersing and remaining 
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stable within organic media coated with long organic chains.  Additionally, the terminating 

group of these capping agents can be highly hydrophilic, giving rise to amphiphilic 

particles37-40.  This does not remove the presence of the hydrophobic chain dwelling closer 

to the gold core and typically these chains struggle with effective conduction of electrons 

to the gold core41-43. This gives rise to a dilemma when attempting to transport electrons 

across a gold core situated within a membrane, as the low conductivity capping agents 

results in too large an energy barrier to overcome.   

The second limiting factor for the transport of electrons through an artificial membrane 

via a AuNP is the size of the gold nanoparticle itself. Gold, being a highly metallic 

substance, is highly conductive44 but upon reaching the nanoscale the ease by which 

electrons could flow through gold becomes restricted.  This is clear in the case of small 

gold clusters45-47, where the coulomb blockade effect arises. Essentially the particle in 

question has become so small that even single electrons residing upon the core create a 

strong enough coulombic repulsion to prevent further electrons from moving through 

the system. Coulomb blockading is the extreme example of this however, and typically 

only occurs on gold clusters smaller than 2 nm in diameter. This does not mean that 

anything larger than 2nm in diameter is exempt from restricted electron flow however; 

the 3 nm 18-Crown-6-modified gold nanoparticles discussed in this chapter would still 

exhibit restrictions upon electron flow as their capacitance is relatively low.   

To overcome this restriction upon the flow of electrons, the size of the gold core needs 

to be increased, to raise the capacitance of each AuNP and lower the energy barrier for 

the transport of electrons across the gold core situated within an artificial membrane.  The 

challenge that now presents itself is to develop a particle of a suitable size such that it was 

able to accommodate the flow of electrons through its core and accommodate the flow 

of cations through the capping agent, yet also be capable of integrating into a membrane 

to allow these transport processes to flow between previously confined environments.  

Chapter 2 of this thesis describes and discusses both successful and failed attempts at 

developing larger 18-Crown-6-modified AuNPs. Within this section we shall discuss the 

first success for larger particles, the 15.7 and 25.5nm 18-Crown-6-modified AuNPS 

developed by the two-step functionalisation involving PEG 5000 as an intermediary step.  
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The 15.7 and 25.5 nm 18-Crown-6-modified AuNPs were subjected to the same phase 

transfer experiments as the 3 nm 18-Crown-6-modified gold nanoparticles to determine 

whether they can achieve phase transfer across an aqueous-organic interface and whether 

the rate of transfer was on par with their smaller counterparts, this is shown in Figure 

3.29.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.29: Phase transfer of 3.5nm, 15.7nm and 25.5nm 18-Crown-6-modified gold nanoparticles after this addition of 
4mM KCl. The concentrations of gold nanoparticles were calculated such that the number of crown ether ligands in each 

solution was approximately the same.  

 

The concentrations for each particle solution were modified so that the total number of 

18-Crown-6 ligands in each solution was approximately the same, this was done to try 

and prevent any discrepancies from occurring due to differing ratios of cation : 18-

t = 0h 

t = 4h 

t = 24h 
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Crown-6. It can be seen in Figure 3.29 that after the addition of the complimentary cation 

the 15.7 and 25.5 nm 18-Crown-6-modified gold nanoparticles follow a similar phase 

transfer process as the 3nm variety; with the depletion layer forming above the aqueous-

organic interface as the rate of transfer overcomes the rate of diffusion within the aqueous 

phase.  

With the larger particle variants showing promising phase transfer properties in the 

presence of the complimentary cation the stability of the 15.7 and 25.5. 18-Crown-6-

modified AuNP within the aqueous phase needed to be checked, which is shown in 

Figure 3.30.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.30: UV-Vis of a) 15.7 nm18-Crown-6-modified gold nanoparticles, b) 25.5nm 18-Crown-6-modified gold 
nanoparticles in both the aqueous phase (Black) and the organic phase (Red). With optical images of the particles present in 

the chloroform phase.  
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For both larger sizes of particle, the stability within the organic phase (chloroform) 

appears to be as good as the smaller particles. Within the organic phase, the UV-Vis 

spectra showing no broadening of the plasmon peak and only minor red shifts which can 

be attributed to the change in the solvent polarity index when moving from water to 

chloroform. The optical images show no aggregation or discolouration of the particles, 

indicating a high degree of stability within the organic media.  

Whilst both larger sets of particles showed very promising results with regards to phase 

transfer and organic phase stability, the extent to which they worked was surprising; when 

large particles are functionalised with small ligands such as the 18-Crown-6 ligand they 

are inherently unstable and a large majority of the time the functionalisation would not 

even work, resulting in rapid aggregation due to the small size of the ligand of interest. 

This raised a suspicion about just how much of the PEG 5000 that was used as an 

intermediary step for functionalisation was remaining upon the nanoparticle surface. To 

determine whether the particles were phase transferring purely because of the 

18-Crown-6 associating with its complimentary cation or just by the presence of some 

remaining intermediary stabilising agent the phase transfer experiment was repeated for 

the PEG 5000 intermediary particles, as shown in Figure 3.31. 

In the presence of 4 mM KCl, the 15.7 nm PEG 5000 AuNPs show a degree of phase 

transfer from the aqueous phase to the organic phase. The overall process is quite 

different to the 18-Crown-6-modified AuNPs however. Within two hours the 18-Crown-

6-modified AuNPs showed a strong degree of transfer into the organic phase with the 

characteristic depletion layer being shown (Figure 3.29). After the same amount of time 

the PEG 5000 modified AuNPs showed very little to no transfer into the organic phase, 

and instead of a depletion layer a destabilisation layer is observed, which is obvious from 

the change in colouration between the top and bottom of the colloidal solution. This 

destabilisation does progress further, with the eventual transfer of some particles into the 

organic phase.  

The same experiment was attempted on the larger 25.5 nm PEG 5000 AuNPs but due to 

their inherent instability within the aqueous phase (the stock is kept in pure ethanol) it 

was not possible to compare the result. 
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Figure 3.31: Phase transfer of 15,7nm PEG 5000 gold nanoparticles in the presence of 4mM KCl. 

 

So, whilst the intermediary PEG 5000 AuNPs do show evidence of phase transfer into 

the organic phase in the presence of 4 mM KCl, the time it takes it is significantly 

increased in comparison to the final 18-Crown-6-modified AuNPs and the mechanism 

of transfer seems to be altered, with the PEG 5000 showing a destabilisation layer rather 

than a depletion layer. Whilst it would have been better to observe that the PEG 5000 

AuNPS show no evidence of phase transfer, the difference between the two is  enough 

to validate that the larger 15.7 nm and 25.5 nm 18-Crown-6-modified gold nanoparticles 

are phase transferring largely due to the association of a complimentary cation.  

Unfortunately, when the 15.7 nm and 25.5 nm 18-Crown-6-modified AuNPs particles 

were used in the vesicle experiments as discussed in section 3.5.2, there was no evidence 

of cation transfer in either case; the phase transfer experiments positively indicate that 

these particles are capable of associating with the crown ethers complimentary cation 

t = 0h t = 2h 

t = 6h t = 24h 
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(K+), just like their smaller counterparts, but are unable to effectively shuttle the cations 

through an artificial membrane. Even though the vesicle experiment gave a negative 

result, it does not provide information on just how the particle is interacting with the 

membrane, which could provide insight, it was therefore decided to investigate the 

interaction further using Cryo-TEM. 

 

3.8 Cryo-TEM of Vesicle and 18-Crown-6-modified Gold 

Nanoparticles 

The previous sections of this chapter showed that the 3 nm, 15.7 nm and 25.5 nm 18-

Crown-6-modified AuNPs were all capable of achieving aqueous-organic phase transfer 

when in the presence of a complimentary cation (K+), with all three sizes of particle 

exhibiting similar properties such as the rate of transfer and the development of a 

depletion layer.  Upon moving to proper artificial membranes in the form of vesicles only 

the 3 nm 18-Crown-6-modified gold nanoparticles showed any sign of effective cation 

transport. To try and uncover what caused this lack of transport for the 15.7 and 25.5 nm 

particles Cryo-TEM was utilized. This technique allows the observation of the interaction 

between particle and vesicle in-situ, rather than having to dry the sample out, resulting in 

vesicle destruction and therefore unreliable evidence.  

 

3.8.1 Cryo-TEM of 3nm 18-Crown-6-modified gold nanoparticles  

Samples for cryo-TEM were prepared by pipetting approximately 10uL of solution, onto 

a holey support film carbon grid, freshly glow-discharged using argon plasma. After 

10 minutes of incubation the grids were quickly blotted on each side twice for two 

seconds and instantly plunged into a liquid ethane bath, freezing the sample in a thin layer 

of ice.  This process was achieved using a FEI Vitrobot Mk2 system working at >98% 

humidity. The frozen sample was then quickly transferred onto a cryo-holder (626 Gatan 

cryo-holder) with a small liquid nitrogen tank attached to keep the sample arm chilled. 

The samples were then imaged using the same TEM as described previously.  

Two samples were prepared for the 3 nm 18-Crown-6-modified gold nanoparticles: 1) 

0.5 mM of vesicle stock, 0.25 ml was mixed with 1.52x1016 NPs/mL, 100uL, 2) 0.5 mM 

of vesicle stock, 0.25 ml with 4 mM KCl was mixed with 1x52x1016 NPs/mL.  
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Images were taken of the two frozen samples containing vesicles and 3 nm 18-Crown-6-

modified gold nanoparticles, with the second sample containing the 4 mM of KCl. The 

best images were selected that gave the broadest impression of the sample overall and 

had enough resolution to compare the interactions.  These are shown in Figure 3.32 

Figure 3.32a shows how the particles and vesicles react in the absence of K+.  It can be 

seen that a large proportion of the particles are sitting upon the edge of the carbon film 

coating the TEM grid, whilst there are a select few particles sitting upon the vesicles and 

thus it can be confidently stated that majority are seemingly uninterested in the vesicles.  

(The resolution of the vesicles is limited in the image due to attempting to focus upon 

the particle more to effectively locate them; due to the vesicle being large it is still possible 

to observe their location when out of focus and so a compromise had to be made.) 

Figure 3.32b shows how the particles and vesicles interact in the presence of K+.  It 

becomes obvious very quickly that the interaction is quite different. Instead of most of 

the particles sitting upon the edges of the carbon grid, seemingly uninterested in the 

vesicles, almost all the particles are interacting with the vesicle membranes, readily 

observable around the edges and in the membranes. The addition of KCl into the system 

has triggered the particles into moving into the membrane of each vesicle.  This coincides 

nicely with the phase transfer experiments discussed previously, as well the vesicle 

experiments showing evidence of cation transport. It can be confidently stated now that 

when in the presence of K+ the 3 nm 18-Crown-6-modified AuNPs successfully integrate 

within the vesicle membrane and allow for the transport of K+ across the system. 
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Figure 3.32: Cryo-TEM images showing the interaction between 3nm 18-Crown-6-modified gold nanoparticles with:  
a) Vesicles + 3nm 18-Crown-6-modified gold nanoparticles, b) Vesicles + 3nm 18-Crown-6-modified gold nanoparticles 

+ 4mM KCl. 
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3.8.2 Cryo-TEM of 15.7 nm and 25.5 nm 18-Crown-6-modified Gold 

Nanoparticles 

Samples were prepared as stated in section 3.7.1 except 3 nm 18-Crown-6-modified gold 

nanoparticles were replaced with 15.7 nm/25.5 nm 18-Crown-6-modified gold 

nanoparticles and the total time left to incubate was increased from 10 minutes to 1 hour. 

Section 3.7.1 described how when in the presence of 4mM K+ the 3 nm 18-Crown-6-

modified gold nanoparticles readily interfaced with vesicle membranes, helping to validate 

that those particles were capable of transporting K+ through a vesicle. As stated 

previously, the vesicle experiments involving the 15.7 nm 18-Crown-6-modified gold 

nanoparticles resulted in no evidence of K+ transfer through the membrane. This 

correlates with what is observed when using Cryo-TEM as shown in Figure 3.33. In the 

absence of K+ the particles do not interact with the vesicle membranes, much like the 3 

nm particles. The same is observed when the particle are left to incubate for 1 hour with 

4 mM KCl present, which is the opposite of what happens with the 3 nm particles. No 

definitive attachment is observed; there are perhaps two or three particles that appear to 

be sticking to the membrane, but many of the particles within the system do not show 

any interest. This fits well with the particles showing no transport of K+ within the vesicle 

experiments.  

The same situation is also evident for the 25.5 nm 18-Crown-6-modified gold 

nanoparticles, shown in Figure 3.34, with the particle behaviour with and without 4 mM 

KCl remaining constant and not interacting with the vesicle membranes. This again 

correlates with no observable K+ transport from earlier vesicle experiments.  
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Figure 3.33: Cryo-TEM images showing the lack of interaction between 15.7nm 18-Crown-6-modified gold nanoparticles 
with: a) Vesicles + 15.7nm 18-Crown-6-modified gold nanoparticles, b) Vesicles + 15.7nm 18-Crown-6-modified gold 

nanoparticles + 4mM KCl. 
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Figure 3.34: Cryo-TEM images showing the lack of interaction between 25.5nm 18-Crown-6-modified gold nanoparticles 
with: a) Vesicles + 25.5nm 18-Crown-6-modified gold nanoparticles, b) Vesicles + 25.5nm 18-Crown-6-modified gold 

nanoparticles + 4mM KCl. 
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With the aid of Cryo-TEM it becomes possible to understand why the larger particles 

(15.7 nm and 25.5 nm) showed no cation transport during vesicle membrane experiments, 

simply due to them showing little to no association with the vesicles even though they 

behaved similarly to the 3 nm 18-Crown-6-modified gold nanoparticles when it came to 

the phase transfer experiments.  

The two most prominent reasons behind this change in behaviour are, firstly, the change 

in interface, switching from a simple water-chloroform interface to a phospholipid 

bilayer, and the difference in the energetic barrier associated with integrating with a vast 

planar surface, experienced within the glass vial phase transfer experiments, compared to 

a relatively small vesicle surface. It is shown in the literature that as nano-structures 

increase in size, the favourability of integrating into a membrane is altered dramatically48, 

49. This fits with other observed results as the larger particles did indeed show no interest 

in properly associating with the vesicle membranes, yet the 3 nm 18-Crown-6-modified 

particle can be seen to be heavily integrated within the vesicle membrane, being small 

enough to not disrupt the structure of the bilayer in an unfavourable way. Secondly, 

another potential reason as to why the 15.7 nm and 25.5 nm 18-Crown-6-modified gold 

nanoparticles were unsuccessful in membrane integration could be due to the presence 

of PEG 5000 left over from the intermediary step during synthesis. Completely removing 

an original thiol capping agent in exchange for a new one is not trivial and near impossible. 

The sizes of PEG 5000 could more than likely prevent these particles from integrating 

with a membrane.  

So even though 15.7 nm and 25.5 nm 18-Crown-6-modified gold nanoparticles were 

created, large enough to potentially allow a generous flow of electrons across the gold 

core, they proved ineffective in successfully integrating with the vesicle membranes in 

order to facilitate the transport of ions.  This unsuccessful attempt is put down to a 

combination of the sheer size of the gold core, as well as potential remnants of the 

intermediary PEG 5000 during synthesis, with both factors potentially making integration 

unfavourable. This means that in order to achieve cation transfer and electron transfer, a 

sweet spot must be found; the particle must be large enough to allow for the electron 

transportation but also small enough to still be favourable for membrane insertion.  

Additionally, it needs to have only 18-Crown-6 present upon the surface, without the 

presence of overly large capping agents. A particle with these characteristics was 
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successfully developed, see Chapter 2, Section 2.23, and is characterised in Chapter 4 of 

this thesis.  

  

3.9 Summary 

The role of this chapter was to discuss whether the 3 nm 18-Crown-6, 15-Crown-5 and 

12-Crown-4 modified AuNPs developed in Chapter 2 were capable of incorporating their 

well-known aqueous-organic cation phase transfer properties onto an AuNP.  

Initial phase transfer tests with potential complimentary cations, such as K+, Na+, Li+ and 

Ba2+, were undertaken to determine which of the crown ether modified AuNPs gave the 

highest potential for selective cation transfer across artificial membranes. These phase 

transfer results were further validated by the application of ζ to observe the change in 

charge of the particles upon interaction with cations present within the solution.  

Upon successfully finding the most promising candidate, 3 nm 18-Crown-6-modified 

AuNPs, which not only had the highest degree of selectivity between cations, but also 

resulted in one of the highest rates of transfer; further testing with a wide range of KCl 

concentrations (0-400mM) was completed to try and fully understand how the particles 

were interacting with ions present in solution. Upon obtaining the salt concentration 

(50mM) with the most effective transfer rate into chloroform, studies involving the 

transfer of particles in less polar organic solvents were initiated. With only dichloroethane 

showing any transfer of particles, less polar solvents showed no apparent interest in 

accommodating the particles. These experiments did, however, allow the observation of 

a unique and interesting property of the 3 nm 18-Crown-6-modified AuNPs when in 

dichloroethane, which was the reversible phase transfer between the aqueous and organic 

phase when the solution was cooled and heated.  

The 3 nm 18-Crown-6-modified AuNPs were then put to the test, by incorporating them 

into a vesicle system, to determine whether they were capable of transporting their 

complimentary cation (K+) through an artificial membrane. This turned out to be highly 

successful; not only were the particles capable of transferring K+ through the vesicle 

membranes, but they also showed a rate of transfer like that of Valinomycin, albeit a lower 

selectivity with regards to other cations such as Na+. This was a milestone for the project, 
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demonstrating that cations could be transferred selectively by incorporating specially 

functionalised AuNPs into a confined compartment system.  

The remaining section of this chapter discussed attempts at developing larger particles 

(15.7 and 25.5 nm 18-Crown-6-modified AuNPs), in the hopes of retaining the selective 

cation transfer through an artificial membrane while opening the gold core to effective 

electron transport at the same time, with the hopes of coupling electron and cation 

transfer across an artificial membrane. Whilst the development of larger 18-Crown-6-

modified particles was achieved via the use of an intermediary functionalisation ligand 

(PEG 5000), neither of the two types of larger particles (15.7 and 25.5 nm) showed cation 

transfer across the vesicle membranes, even though they showed initially very promising 

phase transfer when in the presence of the complimentary cation (K+). This lack of 

success regarding these larger particles was put down to the size of the particles being too 

large to effectively attach to the vesicle membranes to allow any kind of transport through 

them to be possible. This was also thought to have been affected by using the bulky 

intermediary functionalisation ligand 5000.  

In short, cation transfer through an artificial membrane was achieved by 3 nm 18-Crown-

6-modified gold nanoparticle when using the complimentary cation K+.  When larger 

particles were developed to improve electron transferral this resulted in the loss of the 

cation transferral and so further research had to be undertaken to try and find the “Sweet 

spot” to allow both of these processes to occur simultaneously across one particle.  This 

is discussed in Chapter 4, where the 7.5nm 18-Crown-6-modified gold nanoparticles are 

investigated, including some of their highly unique reversible agglomeration properties 

when subjected to temperature changes.  
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Chapter 4 Entropy Driven Reversible Agglomeration 

of Crown Ether Capped Gold Nanoparticles 

 

In Chapter 3 of this thesis it was shown that the use of thiolated crown ethers as capping 

agents for small AuNPs allowed the control of the hydrophilicity via complexation of 

complementary cations, resulting in phase transfer between aqueous and organic solvents1 

followed by evidence of cation transfer across a phospholipid membrane. In this chapter 

it shall be demonstrated that the same ligand can also be used to prepare thermal-

responsive particles that exhibit entropy driven reversible agglomeration, with 

controllable transition temperatures directly related to the degree of cation complexation 

of the crown ether moiety, with the overall process being briefly summarised in Figure 

4.1.  The research discussed here is published in Chemistry – A European Journal (Chem. 

Eur. J. 2018, 24, 3151-3155)2. 

 

 

 

 

 

 

 

 

 

Figure 4.1: Illustration showing how the LCST of crown ether coated gold nanoparticles changes depending on the 
concentration/type of salt added to the local environment. 

 

Interparticle plasmon coupling resulting from the agglomeration of AuNPs can readily 

be exploited to create simple colorimetric test formats for analytical or diagnostic 

purposes3-5; in particular, the body of work by Mirkin and colleagues6, 7 on the use of 

plasmon coupling in AuNPs for DNA and RNA analysis stands out as a significant 
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ongoing development with many scientific and commercial ramifications. In recent years, 

a plethora of chemical and physical stimuli that can trigger the agglomeration of AuNPs 

have been identified including light8, pH9, 10, metal ions11-13 and temperature14, 15. 

 

Nanoparticles that assemble upon cooling have been developed by functionalising with 

polymers (Figure 4.2) that have upper critical solution temperatures (UCSTs), such as 

poly(N-acrlyoylglycinamide)16 and poly(N,N’-dimethyl-(methacrylamido propyl) 

ammonium propanesulfonate)17. On the other hand, nanoparticles that assemble upon 

heating are typically functionalised with polymers with lower critical solution 

temperatures (LCSTs), such as poly(N-isopropylacryamide), better known as pNIPAm18, 

and oligo(ethylene glycol) terminated polymers such as poly(ethylene oxide-st-propylene 

oxide)19. Nanoparticles with thermo-responsive behaviour can prove useful to a wide 

range of applications such as cellular internalisation20, controlled drug release21, catalysis22 

and colorimetric sensors23. pNIPAm, one of the best-known thermo-responsive LCST 

polymers, has a phase transition that occurs at 31-32°C24. It has been observed that during 

this process pNIPAm forms coils within aqueous media followed by their collapse to 

form large insoluble globular structures, resulting in precipitation. A similar property has 

been seen in both PEG AuNPs25 when at suitably high temperatures/ionic 

concentrations and oligo ethylene glycol (OEG) AuNPs when presented with suitable 

alkyl terminating groups26. The agglomeration of functionalised nanoparticles at elevated 

temperatures is somewhat counterintuitive but typical for entropy driven processes such 

as hydrophobic interactions.  

 

Crown ethers27, which are cyclic oligomers of ethylene oxide, are known for their ability 

to strongly bind to specific cations, whilst being completely inert to  others. This unique 

property is due to the hole-size cation-diameter relationship28 and has resulted in their use 

for a variety of applications such as sensing29, 30, phase transfer catalysis31-33 and ion 

encapsulation34, with particular note given to Kotov5 et al who developed long-chained 

18-Crown-6 capped AuNPs capable of detecting melamine via the forced agglomeration 

of the AuNP system. Further information involving the historic background of crown 

ethers and their functional uses can be found in Chapter 1 of this thesis. 
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Characterising the temperature dependant properties of the 7.5nm 18-Crown-6-modified 

gold nanoparticles would potentially open pathways to successful membrane insertion for 

a system previously incapable of doing so with particles larger than 3nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: UCST Polymers: a) poly(N-acrlyglycinamide, b) poly(N,N’-dimethyl-(methacrylamido propyl) ammonium 

propanesulfonate, LCST Polymers c) poly(N-isopropylacrylamide), d) poly(ethylene oxide-st-propylene. 
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4.1 Temperature Cycling Experiments 

4.1.1 UV-Visible Spectroscopy 

An aqueous dispersion of the 18-C-6-CH2-SH coated AuNPs (4.0x1014 Np/mL) prepared 

as synthesised in Chapter 2 Section 2.2.3 was subjected to a series of temperature cycles 

from 5ºC to 35ºC, with a UV-Vis spectrum taken at 5ºC and 35ºC for every cycle.  The 

heating of the sample was achieved via immersion in a water bath set to 35ºC and cooling 

was achieved by placement into a fridge set at 5ºC.  Figure 4.3 shows the UV-Vis spectra 

obtained, along with images showing the colours of the particle solutions at the three 

temperatures. 

In Figure 4.3a it should be noted that the colour of the line is related to the cycle number, 

whereby the first temperature cycle is indicated by the black lined spectra for both 5ºC 

and 35ºC, whilst the tenth cycle is indicated by the bright red lined spectra for both 5ºC 

and 35ºC, with the gradual colour shift from black to red indicating the cycles (2-9) in 

between.   

When the aqueous solution was kept at 5ºC the particles are stable as singular entities 

within solution, resulting in the plasmon peak being observed at 518 nm, typical for 

AuNPs of 7.5 nm in diameter35. As the temperature is increased to 35ºC the particles 

become unstable as singular entities and gather together to form a more stable structure, 

resulting in larger particulates and shifting the plasmon peak to a higher wavelength.  This 

can be seen in figure 4.3a as the plasmon resonance changes from 518 nm to 555 nm, 

along with a much broader shoulder heading into the 700-900 nm wavelength region, 

indicative of much larger structures (1000+ nm) being present. The presence of an 

increased agglomerate size becomes obvious when the aqueous solution is subjected to 

even higher temperatures of 50ºC, as shown in figure 4.3b, where the solution becomes 

deep blue in colour and opaque, with a slight gold tint via the scattering of reflected light. 

This increase in scattered light is typical of much larger AuNPs36-38 and is further proof 

that large agglomerates are forming within this system. As the temperature is decreased 

back to 5ºC the AuNPs once again become stable as singular entities, resulting in a shift 

of the plasmon peak back to 518 nm, and so returning to their original deep red colour. 
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Figure 4.3: a) UV-Vis spectra of the particle solution taken at 5 and 35ºC over the course of 10 temperature cycles, 
b) Images showing the colour of the particle solution at 5, 35 and 50ºC 

 

After every temperature cycle the spectrum taken at 5ºC shows a gradual decrease in 

absorbance, Figure 4.3, with the overall change in absorbance decreasing with every cycle, 

indicating a saturation limit is being reached. The reverse trend is seen in the spectra taken 

at 35ºC, with the plasmon peak at 555 nm increasing gradually with every cycle, with a 

similar saturation point occurring as seen for the 5ºC spectra. This change in absorbance 

for both spectra can be attributed to a slow film formation process, which begins at 35ºC 

and is not reversible in aqueous media. It should also be noted that the plasmon peak 

shifts from 555 nm to 560 nm, shown in Figure 4.4, where the change in the plasmon 

peak during each cycle is shown. This can be attributed to an increasing film thickness of 

AuNPs which  has been observed and noted on by Brust et al 39.  

300 400 500 600 700 800 900

0.0

0.5

1.0

1.5

2.0

 

 

A
b

s
o

rb
a

n
c
e

Wavelength/nm

5°
C

35°C 

Cuvette  
Film 

a) 

 

5°C 35°C 50°C 

b) 

 



124 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: A graph showing the reversibility of the plasmon peak during temperature cycling between 5 and 35ºC. 

 

To confirm that these changes in absorbance are the formation of a film and not just loss 

of particulate matter due to aggregation, a picture of the cuvette was taken after the 10 

temperature cycles, as shown in Figure 4.5. It is obvious from this image that there is layer 

of particles presenting at the surface of the plastic.  The cuvette film was analysed directly 

with UV-Vis in air, resulting in the purple spectrum shown in Figure 4.3a, with the 

spectrum being enhanced to better compare it to the aqueous dispersion spectrum. The 

cuvette film spectrum has a plasmon peak at 560 nm, the exact same as the final plasmon 

peak of the aqueous dispersion spectrum shown in Figure 4.5.  The film was dissolvable 

in chloroform, the resulting solution being analysed via UV-Vis, giving the spectrum also 

shown in Figure 4.5.  When compared to the spectra of the aqueous dispersion, presented 

at 5ºC, it showed a very similar absorbance spectrum, with the only difference being a 

slight shift in the plasmon peak, which can be attributed to the change in the solvent 

refractive index 40 rather than any kind of loss in stability 41. 
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Figure 4.5 UV-Vis spectra comparing the plasmon peak of the particle solution when dispersed in water and chloroform, 
(inset) Image showing the presence of a particle film upon the cuvette after temperature cycling. 

With evidence of film formation occurring within the system the changes in absorbance 

in various locations can be better explained.  After each cycle a population of particles 

that was present in solution adhere to the walls of the cuvette, with the initial population 

of particles that adhere being relatively large due to having a clean surface to adhere to. 

These particles are now lost to the bulk solution and begin to absorb light at 555-560 nm. 

When the particles are present at 5ºC this loss of material to the film results in a lower 

concentration of particles within solution, giving rise to a reduced plasmon peak intensity.  

A similar effect is seen within the 700-900 nm region, where once again the loss of 

material results in fewer particulates capable of absorbing the transmitted light, lowering 

the overall absorbance. This increase in absorbance at 555-560 nm is due to the film 

absorbing at the same wavelength, and so contributes to the plasmon peak additively. It 

is interesting that the film is not completely saturated within the first cycle, but steadily 

becomes saturated over the course of multiple cycles, indicating that there is a steady 

build-up of particles upon the surface, Figure 4.6. Brust et al 42 observed a similar effect 

when experimenting with the self-assembly of nonane-1, 9-dithiol AuNPs onto an Au 

coated quartz crystal and it has been demonstrated that only 50-60% of the total available 
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surface area is accessible43, with the increase in thickness of the next few cycles resulting 

from the increased roughness of the first initial monolayer 

 

 

 

 

 

Figure 4.6: The state of 7.5nm 18-Crown-6-modified gold nanoparticles are: a) Kept beneath the phase transition point, 
resulting in all particle being stable within the aqueous media, b) Heated up to 35˚C, resulting in agglomeration within 

solution or partial coverage of the container wall, c) Cooled back down to 5˚C, reversing the solution agglomeration but some 
particle remain upon the surface, d) Cycled between 35 and 5˚C numerous times, resulting in an increasingly thick film of 

particles upon the container wall. 

 

4.1.2 Transmission Electron Microscopy 

To better understand and explain the results that were observed when undertaking the 

temperature cycling experiments electron microscopy was used to try and observe these 

thermo-responsive effects on the microscopic scale rather than the macroscopic. To 

obtain the TEM images shown in Figure 4.7 and 4.8 the following procedures were used: 

An aqueous dispersion of the 18-C-6-CH2-SH coated AuNPs (5.8x1013 Np/mL, 4 µl) was 

drop-cast upon two carbon-coated 400 mesh copper grids, one grid was left to slowly 

evaporate at 5ºC whilst the second grid was left to evaporate at 30ºC. To obtain a more 

reliable image of the particles at 50ºC (Figure 4.9) a different approach was used; a carbon 

coated 400 mesh copper grids was heated up to 50ºC followed by 4 µl of the particle 
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solution being drop cast onto it, resulting in a very fast evaporation of the solution whilst 

preventing any cooling of the particles during evaporation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: TEM images showing the crown ether coated particles when prepared at 5ºC, with varying levels of 
magnification. 

 

The aqueous AuNP dispersion evaporated at 5ºC shows a nice even distribution of 

particles upon the grid when viewed with a lower magnification (Figure 4.7a), with a 

couple of dark spots observed throughout the sample where a small quantity of particles 

has agglomerated. However, the majority of particles presented upon the grid show an 

even coverage. This is especially obvious once the magnification is increased (Figure 

4.7b). At this magnification it becomes obvious that each particle is separated from its 

neighbour, which is to be expected for particles considered stable within their liquid 

media. 
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The TEM images shown in Figure 4.8 were taken at 30ºC to catch the beginning of the 

agglomeration process before the phase change occurs, which would result in the 

development of large agglomerates. This was a success; at a lower magnification (Figure 

4.8a) the particles appear much more disorganised upon the grid surface, with multiple 

areas of the grid void of particles whilst other sections show increased populations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: TEM images showing the crown ether particles when prepared at 30ºC, with varying levels of magnification. 

 

The cause of this change in the nanoparticle dispersion across the grid becomes apparent 

when a higher magnification is used, Figure 4.8b; the particles presented in this image are 

no longer separated from their neighbours, but actively adhering to them, forming dimers, 

trimers and sometimes larger groupings, which shall be discussed further on in this 

section. Whilst a change in nanoparticle composition is observed when comparing TEM 
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images between 5ºC and 30ºC, the overall effect is relatively minor due to it being the 

beginning of the phase transition. In this regard the experiment was a success, observing 

the beginning of the phase transition process as the particles being to adhere one another. 

The most dramatic change in the nanoparticle compositions is when comparing the 5ºC 

images to the 50ºC images, as seen in Figure 4.9. 

It is immediately obvious even at lower magnification, Figure 4.9a, that there has been a 

dramatic change within the solution. On first sight the grid appears to be covered with a 

large polymeric structure that could quite easily be mistaken as an organic impurity. At 

higher magnifications, Figure 4.9b and c, it becomes apparent that the structure 

potentially arising from an organic impurity is not the cause, but large populations of 

particles adhering to one another in huge frameworks that span across the grid. The 

agglomeration of the particles to one another becomes highly apparent when looking at 

Figure 4.9c, where the formation of long branched lines of particles is observed; these 

chains of particles appear to then wrap around one another and become part of a much 

larger overall structure seen in Figure 4.9a. 
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Figure 4.9: TEM images showing the crown ether particles when prepared at 50ºC, with varying levels of magnification. 
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4.1.3 Dynamic Light Scattering Analysis 

Unfortunately, due to the nature of TEM, where the sample is effectively dried out, the 

actual size of these large agglomerated structures is impossible to determine unless further 

experimental techniques are used. To try and obtain a better understanding of the 

particulate size changes occurring within the system with increasing temperature, DLS 

was employed.  An aqueous dispersion of the 18-C-6-CH2-SH coated AuNPs 

(3.95x1013 Np/mL, 1 mL) was placed in a quartz cuvette and for each temperature 

measurement the AuNP solution was allowed to equilibrate for five minutes before the 

measurement was taken. A total of four measurements were taken at: 5, 30, 40 and 50ºC. 

The results of this experiment can be seen in Figure 4.10. 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: A graph showing the change in particulate size at various temperature levels when observed using Dynamic 
Light Scattering. 

 

When the aqueous AuNP solution is at a temperature of 5ºC DLS shows the estimated 

particulate size to be around 9 nm in diameter, slightly larger than both TEM and UV-

Vis suggest (around 7 nm in diameter).  However it is well known that the accuracy of 

DLS for small particles is not precise due to the measurement of size relying on the 

intensity ratio of scattered light between the particle and the solvent, resulting in only a 

small difference between these two when smaller particles are involved44. This effect is 
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described in greater detail in Chapter 1- Introduction; This slight deviation in particle 

diameter is due to instrumental error with regards to this particle size. 

Upon heating the solution up to 30ºC a secondary peak emerges, giving two peaks in 

total, one stating a diameter of 9 nm and the other stating a diameter of 150 nm. It has 

been discussed previously in this section that at 30ºC populations of particles begin to 

agglomerate, forming dimers, trimers and larger structures. Having a secondary peak 

arising at this temperature point was to be expected. The appearance of two peaks within 

DLS can be attributed to the presence of anisotropic shapes of particles or agglomerates. 

For example, it is also observed in Au nanorods45. It is already apparent from Figure 4.9c 

that these particles initially develop long chains, which then collect together to form much 

larger structures, allowing us to better interpret this double peak at 30ºC as the initial 

assembly of long linear chains of particles before further agglomeration occurs, this is 

often the case in destabilising charged colloidal systems 46. 

Upon heating the solution up to 40ºC there is now only a single peak at 1000 nm particle 

diameter. At this temperature the solution is past the phase transition point of the AuNPs 

and so only the presence of large agglomerates of particles is observed. This is reinforced 

by the peak remaining at a particle diameter of 1000 nm upon heating to 50ºC.  This fits 

nicely with the image shown in Figure 4.3 where heating the particles up to 50ºC results 

in a deep blue colouration and high degrees of light scattering, indicative of large AuNP.  

 

4.1.4 Environmental Scanning Electron Microscopy  

4.1.4.1 In-situ Droplet Observation 

Whilst TEM is an exceptional tool for observing AuNP particles in high resolution when 

dried and encapsulated upon a grid, it proves ineffective at providing insight into how the 

particles behave and interact when in solution. To build up a more refined picture of the 

agglomeration behaviour within the aqueous media, attempts to observe the particles 

whilst still present within a droplet and heated up to 50ºC were undertaken.  This process 

proved immensely challenging however; if the droplet was placed within the SEM 

chamber under a low enough humidity (<50%) that an acceptable resolution of the 

system could be obtained, the droplet rapidly evaporated over a period of a minute, as 

can be seen in Figure 4.11.  On the other hand, if a suitable humidity was used that 
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prevented the droplets evaporation or at least slow it down enough to observe the sample 

in dispersion (>50%) the resulting resolution incapable of discerning anything of value.  

 

Figure 4.11: Images showing the rapid evaporation of the aqueous droplet containing crown ether particles when attempting 
to observe them in situ. 

The images shown in Figure 4.12 were the most successful results obtained from this set 

of experiments. Unfortunately, due to the difficult nature of this process, only the 

presence of a thin film of water upon the grid surface was observed, rather than a large 

water droplet. Whilst the overall outcome of this experiment set was not entirely as 

desired, the ability to observe the particles present even in a thin film upon the surface 

was still interesting and informative. 

To achieve the images shown in Figure 4.12 the SEM was used in transmission mode, to 

see events occurring within the droplet, rather than analysing the surface. Figure 4.12a 

was taken at a lower magnification to show how the thin film looks from a broader 

perspective, with darker patches indicating the presence of particles. With increased 

magnification (Figure 4.12b) it is observed that the particles are developing a similar 

agglomerated structure as seen in the TEM images previously (Figure 4.9), with the 

particles attaching to one another to form long branched structures. When attempting to 

further increase the magnification to better resolve the structure (Figure 4.12c) it becomes 

apparent that obtaining singular particle resolution would be impossible in the presence 

of water upon the surface along with humidity of 50% or above within the chamber, once 

again defining the limitations we observed with this experiment. In Figure 4.12d the 

surface boundary of the water layer (left) compared to the dried-out grid (right) is 

observed and it becomes obvious that the presence of water upon the surface greatly 

effects the ability to observe exactly how the particles interact with one another upon 

increasing temperature. 

T=0s T=30s T=60s 
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Figure 4.12: SEM images in transmission mode attempting to show the presence of particle within a water droplet present 
upon the grid. 

A more appropriate method to observe the structures that these particles create upon 

agglomeration when heated would be cryogenic TEM. Unfortunately, due to time 

constraints this procedure could not be attempted 

 

4.1.4.2 Thin Film Formation on Hydrophilic and Hydrophobic Surfaces  

As observed in section 4.1.1 of this chapter the 7.5 nm 18-Crown-6-modified AuNPs 

tend to coat their external environment when heated above their transition temperature. 

In this section the observations of this film formation on both hydrophobic and 

hydrophilic surfaces will therefore briefly be discussed.  In this case Highly Orientated 

Pyrolytic Graphite (HOPG) was used as the hydrophobic surface and Au coated glass as 

the hydrophilic surface. Both substrates were placed into the same particle solution at 

5ºC.  The solution was then steadily heated up to 50ºC, then cooled back down to 5ºC, 

at which point the two substrates were removed, rinsed with MQ water and allowed to 

dry at room temperature. Each substrate was then placed into the SEM and analysed 

under high vacuum with an electron beam of 10.00 kV, resulting in the images shown in 

Figure 4.13 and Figure 4.14.  
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Due to the hydrophobic nature of the surface of HOPG47 the particles were expected to 

disperse across the surface in a relatively even distribution due their increase in 

hydrophobicity upon heating. The prediction appears to hold true in observation. 

Figure 4.13a shows the surface of the HOPG coated in the AuNP film, with a high 

density of AuNPs appearing in the crevices and shelves present upon the HOPG surface.  

On closer inspection of these higher density areas (Figure 4.13b) relatively smooth layers 

of AuNPs are seen to be present upon the surface; unfortunately, due to the handling of 

the HOPG (layers of HOPG placed upon scotch tape) the film of particles has become 

damaged during transport, resulting in the large cracks as seen in Figure 4.13c. Upon 

closer inspection of the more planar areas of the HOPG (Figure 4.13c) it is observed that 

whilst the density of gold particles is much reduced the formation in which the film forms 

remains the same. Whilst observing the build-up of large populations of AuNPs within 

the high energy crevices and shelves is still interesting, the coverage in these areas masks 

the underlying initial film formation, resulting in the lower populated planar areas of the 

HOPG providing greater insight into the formation of the film. It becomes obvious in 

Figure 4.13d that film that is created upon the hydrophobic surface of HOPG is very 

ordered and has extremely good surface coverage, with only a few small gaps exposing 

the underlying surface.  

Figure 4.13: SEM images in reflectance mode showing the film formation of crown ether coated particles upon a HOPG 
surface. 
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When the particles were allowed to build up a film upon a more hydrophilic surface, in 

this case Au coated glass, the formation of the film changes drastically as can be seen in 

Figure 4.14a and b; rather than observing smooth layers of particles upon the surface we 

see the formation of varying sizes of “islands”, the result of the particles being unable to 

effectively stabilise themselves upon the hydrophilic surface and agglomerating together 

in order to more effectively lower their energy. When attempting to resolve the film 

further by increasing the magnification it becomes increasingly difficult to distinguish 

between the substrate surface and the AuNPs (Figure 4.14c and d).  This is a result of 

there being little contrast between the substrate surface (gold) and the AuNPs. This does 

not detract from the obvious differences between the two films however, with HOPG 

showing a strong degree of coverage with an overall smooth build-up of particles, and 

the Au coated glass showing the formation of islands across the entire surface where a 

large majority of the AuNPs agglomerate together.   

 

 

 

 

 

 

 

 

 

 

Figure 4.14: SEM images in reflectance mode showing the film formation of crown ether particles upon an Au coated glass 
surface. 

In summary, it was possible directly to observe the change in the film formation structure 

of the AuNPs upon heating by changing the hydrophilicity of the substrate on which they 

form the film. This is what was expected due to the particles showing increased 

hydrophobicity upon heating and fits nicely with the overall data set collected.  
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4.1.5 Phase Transition Temperature vs Cation Complexation 

As discussed in Chapter 1 of this thesis 18-Crown-6 has a strong degree of selectivity for 

binding to K+ due to a multitude of reasons28 including: 1) The cation-diameter-hole-size 

relationship, 2) The solvation enthalpies and entropies of the cation and ligand, 3) The 

number of donor atoms participating in binding, and 4) the conformation of the bound 

and unbound macrorings, but most noticeably the complementarity between the cavity 

size (260-320 pm) and the ionic radii of the K+ cation (276 pm).  This was further proved 

in Chapter 3 in this thesis when the change in zeta potential of 18-C-6-CH2-SH coated 3 

nm AuNPs in relation to selective cation binding and how that affected the rate of transfer 

between the aqueous and organic phases was observed. Now we shall move on to 

exploring how these complementary binding states affect the phase transition 

temperature of the larger 7.5nm 18-Crown-6-modified AuNPs. 

The data shown in Figures 4.15 and 4.16 was obtained by the following experimental 

procedure:  

Figure 4.15: An aqueous dispersion of 7.5 nm 18-Crown-6-modified AuNPs (5.8x1013 

Np/mL) was separated into six fractions of 0.5 mL, each being placed into a cuvette and 

left to equilibrate at 5ºC for 30 minutes. Concentrations of salt were added to the separate 

cuvettes in the following order, 0 mM, 1 mM, 2 mM and 5 mM of KCl, 1 mM NaCl and 

1 mM LiCl. Each solution was thoroughly mixed for 1 minute and then left to equilibrate 

at 5ºC for 10 minutes.  

Separately, each solution was placed into a water bath set at 5ºC, an initial UV-Vis 

spectrum was taken at this point. The temperature of the water bath was steadily increased 

by 0.5ºC a minute with a UV-Vis spectrum being taken at 5ºC intervals, the temperature 

intervals at which the UV-Vis spectra was taken was changed to 2ºC upon observing the 

beginning of the phase transition process. Once it was apparent that the phase transition 

was complete, the temperature interval was reverted to every 5ºC. The experiment was 

stopped after observing and extended period of no change within the plasmon peak. 

Figure 4.16: An aqueous dispersion of 7.5 nm 18-Crown-6-modified AuNPs (5.8x1013 

Np/mL) was separated into three fractions of 1 mL, each being placed into a Lo-Bind 

Eppendorf (2 mL) and left to equilibrate at 5ºC for 30 minutes. Before addition of salt 

one of the solutions was placed into a DTS 1070 disposable cuvette and had the ζ 

measured for a minimum of 10 scans per run for three runs. This solution was then 
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removed and placed back into its Lo-bind Eppendorf. All solutions after the addition of 

salt were thoroughly mixed for 1 minute and left to equilibrate within the Zetasizer in a 

DTS 1070 disposable cuvette at 5⁰C for 5 minutes before measurements were taken, with 

each measurement having a minimum of 10 scans per run for three runs. To the first 

solution 0.25 mM of KCl was added and the ζ measured, the same solution had further 

additions of KCl resulting in final concentration of: 0.5, 1, 2, 4 and 8 mM of KCl with 

each concentration having the ζ measured. To the second and third solutions a similar 

approach was used as the first with the final concentrations being 1, 4 and 8 mM of NaCl 

and LiCl respectively. 

 

 

 

 

 

 

 

 

 

Figure 4.15: A graph showing the change in plasmon peak versus the change in temperature in the presence of different salt 
concentrations 

 

It should be noted that the change in the plasmon peak wavelength observed within 

Figure 4.15 is not the change of the bulk solution into large agglomerates, as ~1000 nm 

particulates absorb within the UV-Visible spectra in the 700-900 nm range and typically 

show a very broad hump, as can be seen in Figure 4.3a at 35ºC. What is being observed 

is believed to be the formation of more stable structures that builds up upon the surface 

of the cuvette, again seen in Figure 4.3a, which was explained as film formation. It was 

decided that due to the inaccuracy of attempting to obtain a plasmon peak from the broad 

hump of the large agglomerates, as well as the rapid sedimentation of such large 

structures, it was better to compare the build-up of the surface structures due to their 
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consistent nature and the fact that they are still entirely reversible (apart from the film), 

as seen in Figure 4.3a. The build-up of the surface structures is still entirely reliant on the 

temperature change as well as the salt present within the solution as the particles that 

cause it are still present within the bulk solution before they adhere, and so it was deemed 

to be a good indicator of the overall effect occurring in the bulk solution.  

 

 

 

 

 

 

 

 

 

 

Figure 4.16: A graph showing the change in zeta potential of the crown ether nanoparticles when subjected to different salt 
concentrations. 

 

In Figure 4.2 the AuNP solutions that have no salt, 1 mM NaCl and 1 mM LiCl have an 

initial phase transition point at 30ºC, with the centre point occurring at 35ºC for both no 

salt and 1 mM LiCl and at 33ºC for 1 mM NaCl.  The phase transition then plateaus for 

all three solutions at 50ºC.  This data coincides nicely with what was previously seen in 

Figure 4.3 where an obvious change in the solution is seen at 35ºC and then a dramatic 

change at 50ºC. By looking at Figure 4.16 the ζ of the particles with no salt present occurs 

at -7.7 mV. In the presence of 1 mM LiCl the zeta potential becomes slightly more 

negative at -8.83 mV resulting in practically no change, which was to be expected as seen 

in previous experiments in Chapter 3, Section 3.1.1, Figure 3.1, where very little binding 

of Li+ was seen, which also agrees with the literature for 18-Crown-6 48The addition of 1 

mM NaCl results in a small change in the ζ, going from -7.7 mV to -1 mV.  This change 
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also agrees with data shown in Chapter 3, Section 3.1.1, Figure 3.1, where the slight 

binding of Na+ is observed, which also agrees with the literature48. Interestingly it appears 

that the change in the phase transition temperature of the AuNP solution is related to the 

change in the ζ of the system, with the presence of LiCl showing no change in the phase 

transition temperature and the presence of NaCl resulting in a steeper phase transition 

slope as the ζ tends towards zero. This becomes especially obvious when observing the 

change in phase transition temperature in the presence of K+, the cation that has the 

highest binding affinity to 18-C-6 as stated by literature and seen in Chapter 3, Section 

3.1.1, Figure 3.1. 

Upon the addition of 0.25 mM KCl a very large change in the ζ is seen,  

(-7.7 mV to +10.9 mV), a change that is in the order of magnitudes higher when 

compared to both NaCl and LiCl. Upon increasing the salt concentration to 0.5 mM KCl 

the ζ increases from +10.9 to +14.3 mV and when 1 mM of KCl is present the ζ becomes 

+17.6 mV, a change of 25.3 mV in total.  Comparing this to the changes in ζ for NaCl 

and LiCl at 6.7 and 0 respectively it becomes obvious that these particles have a much 

higher affinity to bind K+ over both Na+ and Li+ which was to be expected. What is 

interesting is that this large change in ζ has resulted in a large change in the phase 

transition temperature as seen in Figure 4.15 where the initial phase transition point has 

gone from 30ºC to 45ºC. In the presence of 2 mM KCl the phase transition temperature 

increased further to 48ºC (+22 mV), reaching 53⁰C (+28 mV) when the 5 mM KCl is 

present, with the ζ for 5 mM KCl being calculated by observing the general trend of the 

ζ data.  

With increasing concentrations of KCl the returns on the change in phase transition 

temperature gradually reduce.  This makes sense with respect to the ζ as a saturation of 

the charge upon the particle as the ratio of crown ether is being seen; K+ becomes overly 

large. This same trend was also observed for the 3nm particles discussed in Chapter 3.  

Plotting the change in ζ (∆ZP) versus the change in phase transition temperature (∆T), as 

seen in Figure 4.17, it is observed that the relationship between these two parameters is 

close to being linear; even with only three points present the strong correlation helps 

support the hypothesis on how this process is believed to occur.  Unfortunately, it was 

not possible to add extra data points to the graph. 
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Figure 4.17: A graph showing the roughly linear trend between the changes in phase transition temperature and zeta 
potential when increasing concentration of KCl are present within solution.  

 

What is nice about this system is that whilst other effects do most likely play a part, the 

major contributor that can explain the observations in the simplest manner is the 

hydrophobic effect. The hydrophobic effect describes the phenomenon whereby non-

polar solutes present within water tend to separate out from the aqueous media. The 

unfavourable free energy change accompanying the dissolution of these non-polar solutes 

results from structural changes in the solvent around each solute molecule. The 

explanation behind this process is that the number of water molecules required to create 

an ordered solvent cage around two separate non-polar solutes is greater than that of 

having to create a solvent cage around two combined non-polar solutes. This is due to 

the reduced surface area of the solutes, resulting in an overall increase of free water 

molecules within the system resulting in an increase in entropy (∆S) of the system, which 

readily obeys the second law of thermodynamics “all spontaneous processes produce an increase 

in the entropy of the universe”. This effect has long been recognised to be of great importance 
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in physical49 50and bio chemistry51 and this theory will now be applied in order to better 

explain the system in this chapter, and which is visually represented in Figure 4.18.  

Figure 4.18: A schematic showing how the temperature at which the 7.5nm 18-Crown-6-modified gold nanoparticle undergo 
agglomeration is related to the concentration of KCl present at: a) 0mM, b) 1mM and c) 5mM. With the concentration of 
KCl directly altering the ζ of the particles, resulting in increased ΔH values and therefore increased temperature to achieve 
agglomeration. This model assumes that the entropy of the system remains unchanged, at the point of discussing this work 

this value was not determined.  

By taking the second law of thermodynamics:  

∆𝑆𝑢𝑛𝑖𝑣 =∆𝑆𝑠𝑦𝑠 + ∆𝑆𝑠𝑢𝑟𝑟 ≥ 0 

and rearranging it such that:  

∆𝑆𝑡𝑜𝑡𝑎𝑙 =∆𝑆𝑢𝑛𝑖𝑣 = ∆𝑆𝑠𝑢𝑟𝑟 + ∆𝑆𝑠𝑦𝑠 

the formula for entropy changes in the surroundings, which is: ∆𝑆𝑠𝑢𝑟𝑟 =
∆𝐻𝑠𝑦𝑠

𝑇
, can be 

applied which gives rise to the following equation: 

−𝑇∆𝑆𝑢𝑛𝑖𝑣 =∆𝐻𝑠𝑦𝑠 − 𝑇∆𝑆𝑠𝑦𝑠 

a) 

b) 

c) 



143 
 

which is better described as the Gibbs Free Energy Equation: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                              

With this equation the agglomeration process of the 18-C-6-CH2-SH coated 7nm AuNPs 

can be explained. 

 

As discussed in Chapter 1 of this thesis the stabilisation of gold nanoparticles in solution 

is not trivial; exposed metal cores of such sizes naturally occupy a high energy state and 

so will gather together to lower their energy state. To prevent this process, capping agents 

must be present around the particle resulting in energy being required to overcome this 

new boundary being greater than the energy release upon combining. The enthalpy (∆H) 

of such systems is positive and, as such, energy must be placed into the system to 

overcome the stabilisation boundary. It is easy to therefore state that the AuNP system 

must also have a positive ∆H, seeing as the AuNPs are being stabilised by the presence 

of the thiolated crown ether.  

It has already been made clear with the data shown in this chapter so far that the AuNPs 

are stable in solution at cooler temperatures, and agglomerate in much larger structures 

at high temperatures. By applying the Gibbs Free Energy Equation and knowing that a 

process is only spontaneous when ∆G ≤ 0 it can be surmised that the entropy changes 

of the system (∆S) is positive. This fits in with the original discussion of the hydrophobic 

effect whereby the agglomeration of the AuNPs in solution results in an increase in the 

number of free water molecules present within the system, giving a positive ∆S. Now that 

the base states both ∆H and ∆S has been determined it is possible better to explain why 

the phase transition temperature increases with increasing concentrations of 

complementary cations (K+) present.  

As previously discussed in Chapter 3, Section 3.1.1 we know that the charge of the AuNPs 

in solution is altered in the presence of a complementary cation, with the charge tending 

towards positive.  This is strongly reinforced by the zeta potential results obtained within 

this system, Figure 4.16; the increase in charge surrounding each particle will result in an 

increased electrostatic repulsion between a singular particle and its neighbours, which can 

be better described as an increase in the value of ∆H for the system. If the value of ∆H 
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within the AuNP system becomes more positive, then either the temperature (T) or ∆S 

of the system must also increase in order to make ∆G ≤ 0.  

At present time it is being assumed that the overall entropy of the system remains 

constant, and so the only parameter that can change is T. This fits perfectly with the 

current set of experiments. It is seen that the system requires an increase in T to make 

the agglomeration process spontaneous when the charge of the nanoparticle becomes 

more positive.  

To gain a better understanding of the system an attempt was made to obtain quantitative 

values for ∆G, ∆H and ∆S via the use of Isothermal Titration Calorimetry (ITC).  

 

4.2 Isothermal Titration Calorimetry (ITC)  

The previous section of this chapter described how the change in phase transition 

temperature for the reversible agglomeration of the 7.5 nm 18-Crown-6-modified gold 

nanoparticles was due to cation association with the crown ether moiety, resulting in an 

increased electrostatic repulsion between the particles. This process was then postulated 

to correlate well with the Gibbs free energy equation, ITC analysis would therefore prove 

useful in attempting to fully understand the energetics occurring within the nanoparticle 

system and provide greater insight into further understanding how to utilise the system 

for cation transport across membranes.  

The following procedure was followed to obtain the preliminary ITC data showing in this 

section: A standard volume (1.2 mL) 24 carat gold isothermal chamber within a NanoITC 

calorimeter was rinsed thoroughly with both water and ethanol (300 ml) using a 

specialised vacuum pump related to the machine. Once cleaned the 24 carat 1.2 ml 

reference cell was filled with fresh Milli Q water, followed by the insertion of a metal 

syringe needle to mimic the presence of the injection syringe within the main cell. 1.2 ml 

of fresh milli Q water was slowly injected into the analysis cell, taking care to prevent the 

formation of any air pockets. A specialised interval injection syringe was then filled with 

11.6 mM KCl solution and carefully placed into the analysis cell. The syringe was set to 

stir at 400 rpm and the system was left to equilibrate for 45 minutes at 45˚C. Upon 

completion the injection process was initiated, with 15.1 uL of 11.6 mM KCl solution 
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being injected every 5 minutes for a total of 15 injections. Upon completion of the 

procedure the results were analysed using the NanoAnalyse software.  

The same procedure as above was repeated except instead of 1.2 ml of Milli Q water 

being injected into the analysis cell, 1.2 ml of 7.5 nm 18-Crown-6-modified AuNPS 

(1x1015 Np/mL) was injected instead. 

The goal of the above experiments was to determine whether the system can detect the 

reversible agglomeration process that occurs during the phase transition point of the 

particles, this was achieved by slowly raising the salt concentration of the solution above 

the determined concentration of salt required for the particles to phase transition after 

45˚C (Figure 4.15), which was just over 1 mM in concentration. The reason why fresh 

water was used first was as a control experiment. The injection of dissolution peaks as 

the two fluidic volumes mix together and equilibrate. The control experiment was needed 

to confirm whether the peaks observed during salt injection were that of crown ether-

cation association, or just salt dissolution peaks.  

The data for these two experiments can be seen in Figure 4.19 and Figure 4.20.  

Figure 4.19 shows that upon injection of 11.6 mM KCL solution into pure water within 

the NanoITC we observe what can be only be attributed to dissolution peaks, with initial 

injections resulting in nearly 90 uJ input from the machine to retain the same temperature 

of 45˚C. It can also be observed that as the experiment progresses with increasing 

injections the total amount of energy input necessary to retain the same temperature 

reduces, this is due to the concentration gradient of KCl between the two solutions 

reducing as more salt is present within the analytical cell already. It was confirmed by this 

control experiment that the injection of 11.6 mM KCl will certainly result in dissolution 

peaks when it comes to running experiments with the particles also present. 
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Figure 4.19: ITC data showing: a) The raw heat rate (uJ/s) of injecting 11.6mM KCl solution into pure water (1.2ml), in 
15.1uL intervals every 5 minutes, b) The total energy amount of energy per injection (uJ) the ITC system had to input to 

retain an equivalent temperature to the reference cell. 

 

Figure 4.20 shows how the system changes when in the 7.5 nm 18-Crown-6-modified 

AuNPs are present within the analysis cell, not only was it hoped to observe a dramatic 

change in the initial injection peaks in order to indicate a binding association between the 

crown ether moiety and the complimentary cation, but also to observe a change around 

injection 7, 8 and 9 (1800s-2500s) as this would be the point where the particles are 

suitably complexed with K+ that they become stable at 45˚C. Unfortunately, neither of 

these observations appear to have occurred. The overall trend of the injection data 

follows that of the control experiment shown in Figure 4.19, with initially large peaks 

followed by a gradual decline and plateau. There are a few minor changes in the system 

such as the overall energy input requirements for the first few injections (60uJ) being 

lower than that of the control experiment (~90 uJ), and the peaks in the final series of 

injections showing an increased energy input (~25 uJ) compared to the control 

a) 

b) 
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experiment (~10 uJ). It should also be noted at this point that the solution that came out 

of the cell upon removal was bright red, indicating that the particle had indeed de-

agglomerated over the course of the experiment. 

Figure 4.20: ITC data showing: a) The raw heat rate (uJ/s) of injecting 11.6mM KCl solution into 7.5nm 18-Crown-6-
modified AuNPs (1x1015) (1.2ml), in 15.1uL intervals every 5 minutes, b) The total energy amount of energy per injection 

(uJ) the ITC system had to input to retain an equivalent temperature to the reference cell.  

 

There are multiple potential causes for the experiments described above to have not given 

rise to any significant temperature changes within solution. The first reason is that the 

amount of time spent working with the machine was extremely limited, and therefore 

experience in refining parameters to produce a substantial result was lacking. This was 

especially prevalent due to the complexity of the system that was being investigated. The 

second reason could simple be that the machine is not sensitive enough to detect these 

changes that are experienced by the nanoparticles. The concentration of nanoparticles 

within the solution is in nano molars, resulting in the estimated crown ether concentration 

being approximately 10-50 uM. Literature has shown that even with 0.5 mM of 18-

a) 

b) 
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Crown-6 present in solution52, 53 the associative binding constant between it and 

complimentary cations is challenging to observe. Unfortunately creating more 

concentrated stocks of the 7.5 nm 18-Crown-6-modified AuNPS is not trivial. 

Centrifugation of the colloidal solution typical results in a noticeable loss of particles due 

to the difficulty of pelleting them completely, the amount of processing that was required 

to increase the concentration of the stock solution by ~20% was not considered valuable 

enough to follow for this thesis work. The final reason is that the particles are within an 

environment that has never been directly observed throughout the rest of this research. 

The presence of a pure gold surface could influence the interaction between the particles, 

or perhaps the syringe being present in solution throughout the entire injection process.  

Another potential cause for not being capable of observing any notable temperature 

changes within solution is that the agglomeration process is not a first order phase 

transition but a second order phase transition. First order phase transitions result in a 

rapid (and normally large) change in the thermodynamics of the system. The change in 

phase occurs at the critical temperature (Tc) and so a large amount of energy is 

gained/lost at a singular point in time, resulting in an observable thermodynamic change. 

For second order phase transitions the order parameter rises continuously from zero up 

to the Tc and has a continuous entropy at Tc. What this physically means is that the 

change from one phase to another occurs very smoothly and does not change the 

thermodynamics of the system abruptly, making it challenging to see the change in 

conventional systems.   

So, preliminary analysis using ITC to gather more definitive details upon the enthalpy and 

entropy of the 7.5 nm 18-Crown-6-modified AuNPs proved unsuccessful. This does not 

mean that the technique should not be pursued further however, with more experience 

in the technique combined with an appropriate amount of time could bear fruit for this 

system. With the hope of further validating that this system does indeed correlate well 

with the Gibbs free energy equation. 
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4.3 Cryo-TEM of 7.5nm 18-Crown-6-modified Gold 

Nanoparticles 

In previous sections of this chapter it is discussed as to why the 7.5 nm 18-Crown-6-

modified gold nanoparticles exhibit reversible agglomeration with increasing temperature. 

With the particles coming together at higher temperatures to produce more favourable 

larger agglomerates in solution. The observation that during these agglomeration cycles 

particle that are near an external surface, such a glass/plastic container will readily adhere 

to them, forming thin films. It is thought that these particles are doing so to experience a 

less polar surface than that of the water molecules in solution. If this is the case, then the 

presence of vesicles within the system could result in the 7.5 nm 18-Crown-6-modified 

gold nanoparticles interacting with the membrane instead of themselves/container 

surfaces.  

The experimental tools used for this experiment are laid out in Chapter 3, Section 3.7.1 

with the following modifications. 0.5 mM of vesicles stock (2x250 ml) were placed into 

separate Lo-bind Eppendorfs, 4x1014 NP/ml, 100 uL of 7.5 nm 18-Crown-6-modified 

gold nanoparticles was added to each vesicle solution at 10ºC. The solutions were mixed 

thoroughly and left to incubate for 1 hour; after this period one sample was prepped for 

Cryo-TEM whilst the other was quickly heated up to 50º and left to incubate further for 

10 minutes. After this period the sample was also prepped for Cryo (Section 3.7.1).  

The highest quality images obtained from this experiment are shown in Figure 4.21. 

Figure 4.21a shows the 7.5 nm 18-Crown-6-modified gold nanoparticle left to incubate 

at only 10ºC. The image shows the majority of the particles surrounding the carbon film 

edge, with a minute number of particles seemingly associating with the vesicles. This fits 

well with previous data as at 10ºC the particles are stable within aqueous media.   
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Figure 4.21: Cryo-TEM pictures showing the change in interaction between 7.5nm 18-Crown-6-modified gold nanoparticles 
and the membranes of vesicles when: a) The particles are incubated at 10ºC for 1 hour, b) The particles are incubated at 

10ºC for 1 hour and then a further 50ºC for 10 minutes. 

 

The behaviour of the particle is seen to change in Figure 4.21b, where the sample was left 

to incubate for a further 10 minutes at 50ºC, whilst there still appears to be a large number 

of particles presenting themselves at the carbon film coating the TEM grid there is a 

much more prominent number of particle seemingly associating with the vesicle 

membranes; Indicating that if the 7.5 nm 18-Crown-6-modified gold nanoparticle is 

heated up with organic interfaces present then they are capable of associating with them.  

Association between the vesicle membranes and 7.5 nm 18-Crown-6-modified gold 

nanoparticles could prove useful in achieving both cation and electron transport through 

an artificial membrane as being able to successfully incorporate the particle into the 

membrane at increased sizes was proving a challenge. From previous TEM imaging 

showing the particles at 50ºC to be forming large complexes it was a bit surprising to see 

100nm 

100n
m 

a) 

b) 
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that the particles that were not directly associated with the vesicle membranes did not 

have the agglomerated clumped up line structures as previously discussed within the 

chapter. It is believed that this is attributed to the preparation time required to get the 

sample ready for freezing, typical taking 5 minutes, a droplet of 10 uL in size could easily 

dissipate heat within that time, especially when in contact with a metallic TEM grid. As 

the agglomeration process is reversible the lower temperature droplet would now have 

singular particles existing once again, such as those observed within Figure 4.21b.  

Unfortunately, due to time constraints, further work and Cryo-TEM imaging was unable 

to be achieved for this section of the research, nevertheless, this potential association of 

the 7.5 nm 18-Crown-6-modifed gold nanoparticles when cycling the temperature of the 

solution could be useful in furthering the development of a particle capable of achieving 

both cation and electron transport through an artificial membrane.  

 

4.4 Phase transfer of 7.5nm 18-Crown-6-modified Gold 

Nanoparticles 

With the development of the 7.5 nm 18-Crown-6-modified AuNPs resulting in not only 

a stable colloidal system when using only the crown ether ligand, but also the potential 

for successful integration into phospholipid bilayers via just a change in the temperature 

of the solution; the ability of the particles to achieve a similar effect but via the use of 

complementary cations came into question.  

To effectively build an understanding of whether the 7.5 nm 18-Crown-6-modified 

AuNPs could achieve this, preliminary experiments like those seen in chapter 3 for the 3 

nm 18-Crown-6-modified AuNPs had to be completed.  

 

4.4.1 Phase Transfer in the Absence of Salt  

A 1 ml solution of 18-Crown-6-modified gold nanoparticles (4.0x1014 Np/mL) 

synthesised as stated in Chapter 2 of this thesis was placed on top of 1ml of chloroform 

within a glass vial (4 mL) followed by observation via optical imaging over the course of 

6 hours, with these images being shown below in Figure 4.22.  

 



152 
 

 

Figure 4.22: Attempted phase transfer of 7.5nm 18-Crown-6-modified gold nanoparticles in to chloroform in the absence of 
complementary salts.  

 

Interestingly rather than the particles remaining stable in the aqueous phase, or moving 

gradually to the organic phase, it is observed that the colloidal system slowly destabilises 

within the aqueous phase over time, with the deep red solution gradually turning purple, 

followed by the gradual precipitation of the particles upon the interface. A similar 

interaction was observed with the smaller 18-Crown-6-modified gold nanoparticles 

presented in Chapter 3 when in the absence of salt, with a gradual precipitation of the 

particles upon the interface, but in this case, there was no obvious change in colour. This 

was attributed to two major differences between the colloid systems: 1) The zeta potential 

(ζ) of the larger particles is -7.72 mV whilst the ζ of the smaller modified particles is -33 

mV, so in the absence of salt the larger particles are less inclined to stay within the aqueous 

phase, 2) The difference in size between the two particle systems, resulting in a much 

more dramatic change in colour due to the extinction coefficients of the constituent 

plasmon resonances. This process is not due to an inherent instability when in the 

presence of chloroform however. Within section 4.1.1 of this chapter showed that a thin 

film formed during temperature cycling in water can easily be dissolved in chloroform, 

resulting in a stable colloidal solution which is identical to the original water colloid 

system. What is believed to be occurring here is the diffusion of a small quantity of 

chloroform into the aqueous phase (chloroform has a solubility of 8.09 g/L at 20ºC); due 

to the preference of the particles for the chloroform phase they start to crowd around the 

chloroform molecules, resulting their gradual agglomeration. This is an effect very similar 

to that seen when these particles are heated past their phase transition point, turning 

purple as large agglomerates begin to develop. 

 

30s  10m  20m  2h  4h  6h  
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4.4.2 Phase Transfer in the Presence of K+, Na+ and Li+ 

With the phase transfer behaviour of the particles in the absence of salt observed to show 

no transfer, only destabilisation and sedimentation, the next step was to determine 

whether the particles behave similarly to their small counterparts when in the presence of 

their complimentary cation (K+) as well as the other two most prominent alkaline salts, 

Na+ and Li+.  

The experimental for the following experiment is the same as stated in section 5.1.1 

except 1 mM of the desired salt was added to each solution. The results are shown in 

Figure 4.23. 

It becomes immediately apparent that the presence of the different salts causes a 

substantial change in relation to the absence of salt and effectiveness of phase transfer. 

When in the presence of the complimentary salt (K+) the solution retains its ruby-red 

colouration, followed by a very gradual transfer of the particles into the chloroform phase.  

Conversely, the presence of Na+ not only results in a seemingly quicker destabilisation of 

the colloidal solution within the aqueous phase, but also a very prominent transfer of the 

solution into the chloroform phase.  A similar effect occurs in the presence of Li+ but the 

overall rate of transfer is slower with respect to Na+ addition. 

The changes in the interactions of the particles with the organic interface become much 

clearer when referring to Figure 4.16 in Section 4.1.5. The addition of 1 mM of K+ results 

in a Δζ of -7.72 mv to +17.6 mV, indicating that the crown ether has readily taken up K+ 

into its cavity and subsequently developed a positive charge (for a more detailed 

hypothesis of why this potentially occurs please see Chapter 3, section 3.1. With such a 

high affinity for K+ resulting in the crown ethers located upon the gold surface saturating 

their cavities, hence resulting in such a high charge, the solution is now no longer as 

influenced by the chloroform interface, or chloroform solutes, within the aqueous phase, 

resulting in a highly stable colloidal solution with a gradual diffusion process very similar 

to that as seen by the smaller 18-Crown-6 modified gold nanoparticles discussed in 

Chapter 3. 
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Figure 4.23: Optical Images showing the phase transfer of 18-Crown-6-modified gold nanoparticles when presented with K+, 
Na+ or Li+ and left for a period of 6 hours.  

 

The most interesting observation of these phase transfer experiments is the relatively fast 

rate of phase transfer for the Na+ system.  This can be attributed to the Δζ observed in 

Chapter 4, Section 4.1.5, Figure 4.16, resulting in a Δζ of -7.72 mV to -1 mV. The 

lower-degree complexation within the presence of Na+ results in a ζ that is much closer 

to zero. This gives rise to an increase in the particle hydrophobicity, lowering the energy 

barrier associated with interacting and crossing the aqueous-organic interface, resulting in 

the increased rate of aggregation and phase transfer. In the case of the Li+ system the Δζ 

is negligible, giving rise to a similar ζ as seen in the absence of any salt. Interestingly the 

particles still start to phase transfer quite readily into the organic phase, unlike the system 

without any salt. This was an unexpected observation as it sits outside the expected 

behaviour of the particles from what has been seen before.  A theory to potentially 

describe this unique behaviour could be that even though there seems to be very little 

association between the 18-Crown-6-modified gold nanoparticles and the lithium, there 

is enough interaction with the oxygens within the crown ether ring to lower the energy 

requirements for phase transfer, allowing for the particles to push through the interface 

rather than sit upon it. Unfortunately, this property was not able to be researched further 

and shall have to be undertaken at a later date. 

30s 10m 20m 
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The result of this preliminary experiment is that the 7.5 nm 18-Crown-6-modified AuNPs 

are still capable of transferring to the organic phase (whilst retaining stability within the 

aqueous phase) when in the presence of K+, whilst Na+ and even Li+ resulted in faster 

rates of transfer, the loss of stability within the aqueous phase is an unwanted side effect. 

With the ability to transfer ions cross phase boundaries confirmed, the next logical step 

was to see if the property that these particles were made for, their ability to more 

effectively conduct electrons, could be exploited.  

 

4.4.3 Phase Transfer with Ba2+ and Potassium Ferro/Ferri cyanide 

Previous results discussed in Chapter 3, Section 3.2, Figure 3.15 show that 18-Crown-6 

is also capable of readily binding Ba2+. Ba2+ can be readily exploited as a strong exothermic 

reaction, or downhill reaction, by allowing it to form the highly stable complex BaSO4. 

Should the particles be capable of transporting Ba2+ from one confined aqueous phase to 

another, one containing the SO4
2- anion, then the first stage of coupling a downhill 

process to an uphill process is complete. 

Another important aspect of this postulation is to find a suitable redox couple to attempt 

to combine the downhill reaction of the BaSO4 formation with the uphill process of 

electron transfer. In this case potassium ferro (II)/ferri (III) cyanide was determined to 

be the most viable candidate due to a combination of factors such as solubility in aqueous 

media, stability in the presence of oxygen, price and a relatively low redox potential (E0´) 

of +0.43 V at 30ºC54-56  

The experimental for the following procedure is the same as stated in Section 4.4.2 with 

the following changes: No salt, 1 mM BaCl2, 1mM potassium ferro (II) cyanide, 1 mM 

potassium ferri (III) cyanide, 1 mM BaCl2 + 1 mM potassium ferro (II) cyanide, and 1 

mM BaCl2 + 1 mM potassium ferri (III) cyanide were added to separate vials. The results 

of this phase transfer experiment are shown in Figure 4.24  
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Figure 4.24: Optical images showing the effect of BaCl2 and the potassium ferro (II)/ferri (III) cyanide compounds upon the 
aqueous phase stabilisation and the rate of phase transfer into the chloroform phase. From left to right: No salt, 1mM 

BaCl2, 1mM potassium ferro (II) cyanide, 1mM potassium ferri (III) cyanide, 1mM BaCl2 + 1mM potassium ferro (II) 
cyanide, 1mM BaCl2 + 1mM potassium ferri (III) cyanide. 

 

With no salt the present the 18-Crown-6-modified gold nanoparticles behave as seen 

previously, with no phase transfer and gradual stabilisation within the aqueous phase. 

In the presence of BaCl2 the particles behave similarly to those in the presence of K+, 

with the colloidal solution showing increased stability when in the presence of the 

chloroform phase followed by a gradual phase transfer into the organic phase. 

When subjected to potassium ferro (II) cyanide the colloidal solution behaves almost 

identically to the system with no salt present within solution, showing no sign of phase 

transfer and destabilisation within the aqueous media; with the counterion of the ferro 

(II) cyanide being potassium it was slightly unexpected to see practically no change in the 

system whilst the complimentary cation was present. This could mean one of two things: 

1) The ferro (II) complex’s association to its K+ counterions is greater than that of the 

binding energy gained by associating within the crown ether cavity, essentially ignoring 

the crown moiety entirely, or 2) The crown ether moiety is picking up the K+ counterions 

but is combined with the donation of an electron from the ferro (II) cyanide complex, 
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resulting in the formation of ferro (III) cyanide. Current observations would suggest that 

it is the first of the two as no colour transition to yellow (the colour of Fe (III)) was 

observed in the aqueous phase after 24 hours. It should be noted, however, that this does 

not prove that the latter effect is not occurring as the concentration of crown ether within 

the colloidal solution is barely into the µM range so the amount of ferro (II) converted to 

ferri (III) would be extremely small.  

In the presence of potassium ferri (III) cyanide the colloid shows a dramatic increase in 

the rate of destabilisation, with the particle aggregating and settling upon the aqueous-

organic interface 20 minutes after addition. The particles then swiftly disperse into the 

chloroform phase, with there being no sign of any particles left in the aqueous phase after 

6 hours.   

 The combination of BaCl2 and potassium ferro (II) cyanide results in a similar process 

as seen when the particles are in the presence of just Ba2+; Similar to the addition of just 

ferro (II), which resulted in very little change from when no salts were present within 

solution. Indicating that there is very little to no interaction between the AuNPs and the 

potassium ferro (II) cyanide complex. Why there is such a drastic change in behaviour in 

the AuNPs when interacting with the redox couple is currently not known and should be 

researched further to fully understand the system and allow for progress to be made in 

coupling the redox couple with the formation of BaSO4 

The combination of BaCl2 and potassium ferri (III) cyanide shows a dramatic change in 

the overall process, with the particles aggregating and eventually resting upon the 

aqueous-organic interface with no indication of transferring to the organic phase. The 

reduced rate of destabilisation within the aqueous phase with respect to the sample 

containing only ferri (III) cyanide indicates that the crown ether moiety upon the particle 

surface is still achieving complexation with Ba2+ but becomes overwhelmed by the degree 

of destabilisation caused by the presence of ferro (III) cyanide resulting in the 

precipitation of the particles. These two effects are counteracting one another in such a 

way that the particles are no longer stable within either media and so results in the 

sedimentation layer seen in Figure 5.3. The mechanism for this process is once again not 

entirely understood. There are some odd but interesting interactions occurring within 

these preliminary phase transfer experiments, some of which could potentially lead to a 

successful fusion between electron and cation transfer via the use of these 7.5nm 18-

Crown-6-modified AuNPs, research to be undertaken at a later date. 
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4.5 Summary 

The purpose of this chapter was to discuss the unique properties of the 7.5nm 18-Crown-

6-modified AuNPs, with their synthesis and basic characterisation discussed in Chapter 2 

Section 2.2.3. Through the use of temperature cycling, UV-Vis, DLS and TEM the 7.5 

nm 18-Crown-6-modified AuNPs were shown to effectively demonstrate reversible 

agglomeration upon reaching a certain phase transition temperature point. That tipping 

point was also analysed and discussed, showing that phase transition point to be easily 

altered via the addition of the 18-Crown-6 –complimentary cation K+, but showing no 

change when in the presence of other cations such as Na+ and Li+. The phase transition 

point data was then supported by ζ values showing that the 7.5nm 18-Crown-6-modified 

AuNPs behaved in a similar fashion to the 3nm 18-Crown-6-modified AuNPs described 

in Chapter 3; With a large increase in the positive charge present around/upon the particle 

being suggested to be responsible for the increase in stability upon addition of the 

complimentary cation.  

Isothermal titration calorimetry (ITC) was attempted to try and observe the energetic 

changes in the system during the agglomeration process. Unfortunately, either through 

lack of experience upon the machine or the machine not being sensitive enough to detect 

this phase change, no reliable data involving the agglomeration process was attained, only 

what seemed to be salt dissolution peaks upon injection of the KCl solution. This 

technique should not be abandoned however, with proper experience and/or more 

sensitive equipment it is more than likely possible to detect the changes in enthalpy and 

entropy for the agglomeration process. This data would prove useful in understanding 

whether the system is behaving as is currently believed, or whether a completely different 

process is occurring that has not been thought of at present. Either way, further work 

involving the use of ITC should be done.  

The 7.5 nm 18-Crown-6-modified AuNPs were then integrated into solutions containing 

vesicles like those used in Chapter 3 to achieve show cation transport through an artificial 

membrane. It was observed via the use of Cryo-TEM that when below the phase 

transition point the particle showed little to no interaction with the vesicle membrane, yet 

when subjected to temperatures above the phase transition point the particles appeared 

to integrate with the vesicle membrane much more effectively; Indicating that the 

instability cause by increasing heat can be used to push the 7.5nm 18-Crown-6-modified 

AuNPs into membranes instead of agglomerating together.  A promising initial result that 
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could provide a starting pathway to developing a “sweet spot” particle capable of sitting 

within an artificial membrane and transport both cations and electrons.  

Preliminary experiments for phase transfer were then initiated, attempting to achieve 

cation transfer from the aqueous phase to the organic phase, mimicking the characteristics 

of the smaller 3nm 18-Crown-6-modified AuNPs, with the results showing promise for 

both stability and transfer with regards to K+, the expected complimentary cation. This 

mimicking of the 3 nm 18-Crown-6-modified AuNPs ability to transfer complimentary 

cations was then used to instigate some very preliminary phase transfer experiments to 

observe how the particle behave when in the presence of Ba2+, the desired downhill 

reaction via the formation of BaSO4, and the redox couple, potassium ferro/ferri cyanide. 

In the hopes of starting to develop an understanding of how the two species interact, 

both together and with the 7.5 nm 18-Crown-6-modified AuNPS. With more advanced 

experiments currently being undertaken outside of this thesis as first steps towards 

achieving the desired goal; an AuNP capable of achieving both electron and cation 

transfer through an organic interface.   
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Chapter 5 Conclusions and Future Work  

 

In this chapter potential experiments/methodology that could be implemented to further 

improve upon the research presented in this thesis shall be discussed. With a summary of 

the negatives and positives that arose from the work; followed by some suggestions on 

how to improve. The overall thesis will then be summarised briefly in a conclusion stating 

which milestones were reached and how the overall project can be taken further. 

 

5.1 The flocculation of 3 nm 18-Crown-6-modified AuNPs  

In Chapter 3 section 3.1.2 the increased rate of transfer from the aqueous phase to the 

organic phase (chloroform) was discussed; when 15-Crown-5-modified AuNPs were in 

the presence of a non-complimentary cation K+. It was determined via the analysis of the 

zeta potential (Figure 3.18) and UV-Vis spectroscopy (Figure 3.19), as well as literature 

study, that this increased rate of transfer could be due to the sandwiching of a singular 

cation between multiple crown ethers. This process would explain both the dramatic 

changes in zeta potential and the rate of transfer, a property that should be exploited 

further to potentially increase the rate of cation transfer across organic interfaces.  

A suitable experiment set to provide further insight into this unexpected trait is to 

determine whether the effect is reproducible for a non-complimentary cation that is large 

than the crown ether in question; Meaning Na+ for 12-Crown-4 (this property was 

potentially already observed as described in Chapter 3 but should not be considered fact 

until tested again) and Rb+/Cs+ 18-Crown-6. If the theory proves correct and increased 

rates of transfer can be shown for larger non-complimentary cations, it could prove useful 

for increasing the overall rate of cation transfer.  

Vesicle experiments as described in Chapter 3 section 3.6.2 should follow these results as 

they would further validate this process as a method of increasing the rate of transfer, 

providing that the particles are still suitably inclined to reside within the membrane when 

the particles experience the sandwich effect. This can only be found out through testing 

however.  
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5.2 Cyclic Voltammetry as a method of observing charge 

transfer across a membrane. 

Whilst the preliminary phase transfer experiments combined with the vesicle membrane 

cation transfer provide a convincing argument for the transfer of cations across a 

membrane. An approach that would not only reinforce these results but provide a strong 

set of quantitative data, is the use of cyclic voltammetry across a planar membrane to 

observe the rate of charge transfer electrochemically. This technique is currently being 

developed by Stephen Danks within the Brust research group, not only perfecting the 

method of developing the planar membranes, but also beginning to collect informative 

data on the behaviour of the particles when in solution and presented with various 

salts/positive charges (H+). Such a process could progress the project by allowing fine 

tweaks to be made to the system to optimise the rate of transfer, whilst also allowing for 

a high degree of reproducibility and increasing throughput of future results. 

 

5.3 Control of 3nm 18-Crown-6-modified AuNPs partitioning 

between aqueous and organic phase via changes in 

temperature.  

A property of the 3 nm 18-Crown-6-modified AuNPs that was found late on during the 

project, which was unfortunate due to it being quite a fascinating property that was briefly 

discussed in Chapter 3 section 3.5.1, whereby the concentration of particles present 

within: the aqueous phase, the interface and the organic phase (dichloromethane) could 

be controlled by a change in temperature. The most logical way to progress this 

experiment set would be to attempt ITC, much like that which was attempted on the 7.5 

nm 18-Crown-6-modified AuNPs in Chapter 4.  

This task would not be trivial however, attempting to observe the thermodynamic 

changes of a system involving both an aqueous and an organic phase would be extremely 

difficult, especially as most ITC instruments deteriorate when subjected to organic 

solvents, meaning the acquirement of quantitative data would be a challenge. Gaining 

more insight into the system via the use of a live UV-Vis spectrum could show promise 

however, with both the aqueous and organic phase being monitored in real time as the 

temperature is changed. This would allow for the portioning of the particles to be 
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qualitatively measured, providing insight into how to optimise the temperature control of 

the system. Ocean Optics sell portable UV-Vis spectrometers that can be used to analyse 

a solution within a cuvette in real time, a suitable appliance capable of achieving these 

results. 

 

5.4 Further experimentation with cryo-TEM on vesicle 

incubation 

Cryo TEM was a staple analytical tool used within this thesis to directly observe the 

interaction between vesicles and the crown ether particles. The major issues were its 

failure rate (2 in 3 grids were unsuccessful) and the preparation time, even when in the 

hands of a highly skilled user (Dr Domagoj Belic). This resulted in the experiments done 

within this thesis being very “to the point”, attempting to gather the vital information 

that was required to confirm whether they particles were in the membrane or not. This 

did not allow for interesting experiments to be run such as: observing how the change in 

particle concentration affects interactions with the vesicles, how changes in the vesicle 

size affects vesicle and particle interaction and how changes in the media (addition of 

small quantities of ethanol for example) could alter the interaction. These experiments, 

whilst not vital to the project would have certainly been interesting to try, potentially 

providing useful insight into how factors such as concentration play a role.  

 

5.5 Optimisation of the Environmental SEM to observe the 

7.5nm 18-Crown-6-modified AuNPs in situ when altering 

the temperature 

In Chapter 4 Section 4.1.4 attempts to observe how the 7.5 nm 18-Crown-6-modified 

AuNPs behaved in situ when subjected to changes in temperature were attempted. Whilst 

the result proved insightful into how the particles dried down onto a grid under vacuum, 

the true intent of the experiment was never reached. However, that is not to say that this 

occurred because of limitations with the machine, but more about finding just the right 

environment in which to successfully observe the droplet at up to 50˚C, whilst under 

vacuum, yet retaining the right humidly level to prevent the droplet from evaporating but 
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also allowing for an acceptable resolution of the particles themselves. Chapter 4 showed 

how the particles look when dried out on a TEM grid, very much like a large polymeric 

network, which, whilst backed up by both DLS and UV-Vis spectroscopy, would have 

been nice to observe the formation of in a more visual way. A similar effect could also be 

achieved by cryo-TEM, albeit with a similar level of experimental optimisation to bear 

fruit. Being able to observe the development of the large 3D structure would be both 

extremely interesting from a visual perspective, but also allow for the thermodynamics of 

the system to be better understood. It was postulated that the system initially developed 

strings of particles which then eventually collapsed into one another to create the much 

larger structures, being able to prove this via an SEM “video” is something that could 

further the understanding of the particles used within this thesis.  

 

5.6 ITC calorimetry as a method for determining the 

thermodynamics of the 7.5 nm AuNP ‘reversible 

agglomeration’  

In Chapter 4 ITC was used in an attempt to collect values for ΔH, ΔS and ΔG for the 

‘reversible’ agglomeration’ observed when the 7.5 nm 18-Crown-6 modified AuNPs were 

subjected to changes in temperature. This set of experiments resulted in not being able 

to provide such data, with multiple factors being the cause for this: The ITC used 

(NanoITC) did not have the correct specifications to detect the change in state for the 

colloidal solution, the concentration of particles was not high enough to be able to see an 

observable change; linking in with the previous limitation, and the lack of experience with 

using such an analytical tool.  

The insight that ITC data could provide with regards to this interesting ‘reversible 

agglomeration’ characteristic would prove invaluable in furthering our understanding of 

exactly how it occurs, which would provide the information needed to fully exploit the 

effect and allow for a more successful interaction with organic interfaces.  

The major factor believed to result in not obtaining substantial data was sensitivity 

limitations within the machine, either because it is simply not possible to detect this 

interaction (unlikely), or the combination of sensor limitation/particle concentration was 

not correct. Solutions for this are to use a more sensitive machine such as the Affinity 
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ITC provided by TA instruments, capable of detecting heat changes of 0.04 uJ, or to 

increase the concentration of the colloidal solution. The limitation for this is that upon 

centrifugation a large proportion of particles can be lost to the walls of the centrifuge 

tube, resulting in increasing the concentration of the solution by even 10-20% becoming 

a very time-consuming task, with potential for particle destabilisation as the solution is 

subjected to multiple centrifugations. The most effective solution for this would be to 

find centrifuge tubes capable of providing an entirely non-stick coating, allowing for no 

loss of particles during the centrifugation steps.  

The next factor believed to be responsible for not achieving substantial data for this 

experiment set was lack of experience with the tool itself; the experiment should be 

repeated with a more experienced hand, capable of tweaking the parameters, allowing for 

the experiment to be optimised for the colloidal solution in question. 

It was also believed that the use of a 24-carat gold cell could be causing unwanted 

interactions between the colloidal solution and the cell wall. To combat this a more 

suitable material such as Hastelloy should be used in order to provide a more sufficient 

barrier between the solution and adhering to the cell walls.  

If these changes could be implemented, then the gathering of the thermodynamic data 

for the ‘reversible agglomeration’ effect could be possible.  

 

5.7 Use of 7.5 nm 18-Crown-6-modified AuNPs in achieving 

both cation and electron transfer  

In the final section of Chapter 4 preliminary phase transfer data was discussed with 

regards to starting to develop a procedure/technique of being able to transport not only 

cations (specifically the complimentary cation), but also electrons via the introduction of 

a redox couple (potassium ferro/ferri cyanide), in the hopes of coupling the two processes 

together and develop the desired final goal system. This preliminary data is currently being 

used within the research group to further this goal and some interesting experiments have 

been postulated.  

Figure 5.1 is an illustration provided by Casper Kunstmann1 a  researcher within the Brust 

group. The illustration is a simplified model being used to describe how both electron 
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and cation transport could occur between aqueous droplets that had differing 

environments, by incorporating the 7.5 nm 18-Crown-6-modified AuNPs inside and 

allowing them to shuttle between the two environments through an organic phase 

(chloroform).  

This experiment set is still in the making and will require tweaking and optimisation to 

fully realise whether the hybridisation of the two processes is possible, but the process is 

advancing and is believed to be using the 7.5 nm 18-Crown-6-modified AuNPs as the 

transporting shuttle, the process the particles were designed for. 

Figure 5.1: Illustration provided by Casper Kunstmann showing how the 7.5nm AuNPs developed within this thesis are 
being used within water in chloroform emulsion experiments to demonstrate that both cation and electron transport are 

potentially occurring. 

 

5.8 Complimentary Cation sensitive electrodes by coating with 

7.5 18-Crown-6-modified AuNPs 

Chapter 4 discussed interesting property of the 7.5 nm 18-Crown-6-modified AuNPs 

whereby upon heating they would not only agglomerate with one another, but also readily 

stick to the container surface, resulting in increasingly thick layers of AuNPs upon the 

surface.  

It may be possible to exploit this property and combine this surface adherence with the 

cation selectivity that these particles exhibit. If an electrode is left within a solution of the 

7.5 nm 18-Crown-6-modified AuNPs throughout a series of heating cycles it would be 

possible to develop a thin film of cation selective AuNPs upon the surface. Due to the 

insolubility they have within aqueous solutions after adhering to a surface it may be 

possible to use the modified electrode to detect changes in salt concentration within a 
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body of water. With the charge located near the surface of the electrode being dependant 

on the effective binding of cations present within the crown ether AuNPs, resulting in an 

observable change in voltage measured. 

This is of course only a postulation and has not actively been tested but is a potential idea 

for which these particles may have an application for. 

5.9 Final Conclusions 

To conclude, the main goal of the project was to initiate the development of AuNPs 

capable of selectively transporting charge across organic interfaces; with the first 

milestone being the transfer of cations, and the second being the transfer of electrons. 

The first milestone was readily achieved with 3 nm AuNPs; starting from simple 

preliminary phase transfer experiments with various crown ether types, giving rise to a 

greater understanding of the system and how it behaves, to developing vesicle systems 

capable of showing the effective transport of cations via the use of fluorescence dyes; 

with the ability to observe this interaction between vesicle and particle directly  via the 

use of cryo-TEM. These successes were then transferred to the larger 7.5 nm 18-Crown-

6-modified AuNPs, the development of which was no easy task, resulting in not only the 

potential for cation transfer, but also electron transfer. Throughout the progression of 

both particle systems, unique and interesting properties were observed; some being 

studied extensively, whilst others ran short on time, no doubt interesting work for future 

research. 

The second milestone, the successful transfer of electrons, was not fully realised,  headway 

was made into starting to develop systems capable of achieving this via the use of redox 

couples. With the work in this thesis pathing the way for the future, it is certain that the 

development of an AuNP capable of achieving both cation and electron transfer as a 

coupled system is on the horizon.  
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