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Abstract  

In this thesis are presented studies which are aimed at elucidating the effects, if 

any, that the hydrogel phase has in influence chemical processes of relevance 

to abiogenesis over the aqueous phase. The significance of this is set in the 

light of the hydrogel hypothesis which suggests that the most primitive 

organisms would have emerged within a hydrogel environment rather than 

purely an aqueous one. 

Chapter 1 provides an introduction to the fundamental principles of interest to 

this work, discusses hydrogels, their synthesis, properties, applications and 

especially their potential role in abiogenesis. Also discussed are the concepts of 

amphiphilic self-assembly and molecular diffusions which are two molecular 

behaviours that have been looked at in most detail here. This chapter then 

concludes with some discussion of the analytical techniques used within the 

project. 

Chapter 2 describes the preparation of silica hydrogels (the main hydrogel used 

in this work) along with methods for isolating the silica matrix and surface 

analyses using electron microscopy and associated techniques (BET, EDX). 

This section also includes the results of dynamic light scattering and 

thermogravimetric studies on silica hydrogels.   

Chapter 3 outlines how amphiphilic self-assembly of a probe molecule, sodium 

dodecylsulphate (SDS), behaviour differs between the aqueous and silica 

hydrogel phases. This is achieved through measurements of critical micelle 

concentrations in both phases using UV-VIS spectrophotometry and 

colorimetric reporter dyes (merocyanine 540 and pinacyanol chloride). The key 

outcome being that CMCôs are definitively reduced in the salt-containing silica 

hydrogel over the pure aqueous phase. 

Chapter 4 describes investigations into a decolourisation phenomenon 

observed with the merocyanine 540 dye which says it complete colour bleach at 

high silicate concentrations of the hydrogel. Whilst the investigations did not 

produce a definitive answer to this issue it did highlight a protective role for 

amphiphiles in the decolourisation and also led, indirectly, to observations 

allowing us to probe gelation times using simple light scattering.  

Chapter 5 discusses the use of diffusion order spectroscopy (DOSY) as a 

technique for measuring and comparing molecular diffusion coefficients in both 

aqueous and silica hydrogel phases. Molecules of prebiotic significance such as 

the adenosine phosphates and condensed phosphates, AMP, ADP, ATP as 

well as the sugar d-ribose. Results suggest that direct measurements of 
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diffusion coefficients in the silica hydrogel phase is effective and offers a 

potentially useful tool for probing more complex diffusional behaviours. 

Chapter 6 contains the experimental details from Chapters 2-5 and Chapter 7 

offers a summary, conclusions and future work perspective. 

 

Abbreviations 
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3D  three dimensions 
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Chapter 1 Introduction and Background 

The aim of this chapter is to explain the structural concept of silica hydrogel 

along with its importance in abiogenesis studies as a reaction environment in 

which most likely to be present in Hadean period. The next part of this chapter 

mainly focus on techniques and instrumentations which used during my study 

and the theory principles behind it. 

1.1 Hydrogels 

A hydrogel is a three-dimensional network composed of a (macro)molecule that 

is dispersed in water, forming a structure that contains large amounts of water. 

This ability is due to cross-linkage of the hydrophilic chains of the gelator1. The 

following definition of a hydrogel by P. W. Atkins has widely acknowledged: ñit 

is a semi-rigid mass of a lyophilic sol in which all the dispersion medium has 

been absorbed by the sol particlesò2.  

The term óhydrogelô should fulfil the following criteria and phenomenological 

characteristics to be considered as a gel system: (a) it consists of at least two 

different components one of which is an aqueous phase, and (b) the formation 

of matrices which are solid, soft or solid-like components 3. 

 

1.1.1 Applications of silica hydrogels(SHGs) 

In the work described in this report, commercially available sodium silicate 

solutions (water glass) have been to prepare silica hydrogels. The repeat unit 

of the hydrogel chain is shown in Figure 1-1 

 

Figure 1-1 Structure for commercially available aqueous sodium silicate 
solution 

 

The polymer chains of silica hydrogels (SHGôs) usually exist in a random 

orientation coiled around each other 1. Several recent applications of silica 

hydrogels have appeared, of which the following are highlights: 
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1- The hydrogels can be used as the basis for drug delivery systems 4-6 

2- Silica hydrogel hybrid beads have been developed as an array chip used 

in the medical field as cancerous tumour markers 7. 

3- Used in producing a hydrophilic and gel-like biological interface coating 

material by using a method called Low-Pressure Plasma without any 

reaction of a functional group in the aqueous phase 8. 

4- Biodegradable systems for wound healing 9. 

5- Sugar-based hydrogels have been developed as food additives 10.  

6- Scaffolds in tissue engineering 11 

7- According to Wang óhydrogel composites may be used as a growth 

factor and cell carriers for cardiovascular tissue engineeringô 12. 

8- Hydrogels have been developed as biosensors in a neural control 

system 13. 

9- Hydrogels have been proposed as a plausible environment for the first, 

primitive proto-cells within the field of cellularity emergence. 14. 

10- Hydrogels have been used as control systems to regulate fluid flow 

within microfluidic channels 15 

11- Hydrogels are routinely used in the field of cell engineering and 

regenerative medicine as culture models due to their viscoelastic 

nature16.  

12- Recent biomedical applications for hydrogels have seen them used as 

enzyme-responsive systems inside cells 17. 

13- Hybrid organic-inorganic films, prepared by the sol-gel method, have 

been used as a coating material to reduce corrosion in aluminium 

pipes18. 
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1.1.2 Importance of Hydrogels in Abiogenesis 

The origin of life problem continues to challenge scientists, philosophers and 

the general public alike.  From the scientific perspective, scientists are trying to 

understand how the first, primitive cellular life forms could have emerged on the 

early, Hadean earth. This involves consideration of which physical and 

chemical conditions would have been required, which environments are 

suitable for the growth and division of the first such cellular organisms and 

whether mineral surfaces or deep oceanic vents, among others are implicated 
14, 19-25. To answer these questions, an implicit presumption is made that a 

biological cell, is essentially an aqueous suspension of solutes. Thus, it is 

usually considered that pre-cellular environments would also most likely 

conform to an aqueous suspension either by itself or in close proximity to a 

mineral surface with the potential to act as a catalyst/partitioning material 26. 

Consequently, all essentially prebiotic chemical studies have been conducted 

within environments that resemble: (i) fresh water aqueous, (ii) salt water 

aqueous, (iii) wetting-drying cycles, (iv) the aqueous-mineral interface. it has 

been proposed that another environment may be as important if not more 

important that these others, and that is a hydrogel. Why? If we are trying to 

understand the emergence of the most primitive life on earth, then this life is 

most probably viewed as a unicellular organism. Unicellular organisms exist 

today of course and It has been shown that their basic environment is one of  

cytoplasm, and this is best described as being a hydrogel rather than an 

aqueous suspension 26.   

Despite this connection, to date there have been remarkably few experimental 

studies published, to the best of our knowledge, that explore abiogenesis 

experiments within hydrogel environments27. The idea was recognised and 

promoted as a theoretical hypothesis in the mid-2000ôs. Trevors and Pollack in 

2005 proposed that óa primitive hydrogel was a more suitable environment for 

the assembly of pre-cells, and ultimately cells capable of growth and divisionô. 

Gels, for example, retain their integrity even in the absence of a membrane as 

they have a definitive separation mechanism from its immediate aqueous 

environment that is due to differences in natural density or viscosity. The 

hydrogel environment has the ability to retain a large amount of water, gas 

bubbles and oily hydrocarbons due to the cross-linked molecular structure 14. 

The first, most primitive geological gel environment may have been composed 

of an oily water mixture interfaced with each other 28. Such a prebiotic gel may 

then have transitioned into something akin to a biofilm, by capturing essential 

nutrients (from the surrounded environment) until a sufficient level of required 
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concentration of reactant molecules was achieved to enable the first integrated 

chemical machines from which life ultimately emerged 14. Williamson et al 

reported inclusions of crystallised silica colloid, based on textural and chemical 

characterisation within a Topaz granite and the colloidal origin of inclusions of 

Varlamoffite in the Topaz 29. Silica colloid crystal was probably trapped in a 

form of hydrogel during greisenisation process1 30. These observations are 

considered amongst the first evidence of formation of silica colloids in high 

temperature thermal fluid systems 29. 

 

1.1.3 Formation and Structural Analysis of Silica Hydrogels 

(SHGôs) 

A variety of techniques can be used to provide information concerning the 

structures of SHGs, for a better understanding of the mechanisms of formation 

and how the silica hydrogels have the ability to retain large amounts of water. 

The use of X-ray scattering and dielectric spectroscopy techniques to illustrate 

water confined within the 3D structure of optically transparent SHGs is 

especially powerful 31. 

Sol-gel preparation methods have been used to prepare SHG and 

measurements have been conducted on samples after having experienced 

various ageing times, the results were then compared with previous results 

obtained using near infrared (NIR) absorption spectroscopy. The results of X-

ray scattering techniques provide an estimation of the size and structure of the 

pores present within the matrix and the irregular distribution of water molecules 

around the SHGs. For example, the average pore size of 0.5 M SHG was found 

to be 162 nm. This contribution 32 presents structural (Wide Angle X-ray 

Scattering, WAXS), and Small Angle X-ray Scattering, SAXS) and dynamic 

(dielectric relaxation spectroscopy) studies on water molecules trapped in the 

cross-linked structure of SHGs and compare the result data with prior data from 

NIR spectroscopy.    

The dielectric spectroscopy technique which operates at higher temperatures of 

ca. 130-280 K provides information on water dynamics within the 3D structure. 

The results show that the structure of SHGs can best be described as 

disordered and depends on the age of the gel samples. It also shows that the 

distribution of water molecules inside the pores of the matrix is irregular, the 

disorder of water molecules increasing with an increase in ageing time of the 

                                            
1 a post magmatic process associated with the origin of high silica granites 
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sample used. Suggestions have been made that the constraints forced by the 

gel matrix on trapped water molecules increase with increasing sample age31. 

Another technique, proposed by Ferri, used elastic light scattering to study 

different formations of a hydrogel, including aerogels and colloidal SHG. These 

types of gels show mass fractal behaviour (a mass fractal is a structure 

containing branching and crosslinking to form a 3D network33) at length scale 

under a crossover length and the fractal dimension depends on silica volume 

and gelation conditions 32. 

The surface structures of SHGs have been studied by using the reaction of 

aluminium chloride (AlCl3) and silicon chloride (SiCl4) with a hydroxyl group on 

the surface of the gel 34. Results showed that even on highly dried surfaces, a 

higher degree of hydroxyl group residuals is paired with each other.  

 

 

 

Scheme 1-1: Possible reactions of SiCl4 with surface hydroxyl groups 
with to yield apparent stoichiometry of 1:2 or 1:3 (X=Na) 
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Scheme 1-2: Possible reactions of SiCl4 with surface hydroxyl groups each 
SiCl4 molecule was allowed to react with only one hydroxyl group but one 
H2O molecule was also formed by condensation. 

 

Greater than 95% of hydroxyl groups were found to have undergone chemical 

transformation at a temperature of 400 ºC after drying while higher than 85% of 

the hydroxyl groups were found to have reacted at 600 ºC after drying. The 

result also showed that if a pair of hydroxyl groups exists, the surface has the 

ability to reassemble around 111 faces of cristobalite, while when the surfaces 

are fully hydrated, the surface has the capacity to assemble around 100 

cristabolite faces. The cristabolite faces contain two hydroxyl groups attached 

to one surface silicon atom 34. 

 

  

Figure 1-2: Left: Surface hydroxyl group (white) are attached randomly 
rather than in regular alternation, to surface silicon atoms (not shown), 
held in interstices between oxide ion (grey). Right: Two hydroxyl groups 
(white) are held by silicon atoms in interstices beneath the (+ sign). Other 
silicon atoms are held in interstices beneath the small circles34 
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Sukhayy et al studied the silica gel - sodium sulfate composite system by 

examining their sorbent properties by using wide-angle X-ray scattering and IR-

spectroscopy. Results showed that the sorption properties tend to be a non-

linear combination of the medium and salt properties which is evidence of 

expected structure formation, increasing in the crystal hydration and water 

evaporation rate in a SiO2 medium35.  

 

1.1.4 Critical Point  Drying (CPD) Technique 

Critical Point Drying (CPD) is employed in the biological and medical sciences 

to dehydrate fragile biological tissue prior to examination of samples by 

scanning electron microscopy (SEM) or other microscopy techniques 

(Figure 1-3). It allows preservation of the surface morphology that may be 

damaged if exposed to evaporative air drying 36. A similar destructive fate can 

occur using freeze-drying methods also. Such damage is caused by the 

surface tension of liquid present in the specimens (mainly water), which upon 

evaporation from the cell boundary causes increased cell tensile strength and 

ultimate collapse of the cell structure 37. A comparison of the surface properties 

of liquids other than water (e.g acetone) shows that replacing water with a 

liquid that has lower surface tension can help preserve the internal gel matrix 

structure. The critical point drying technique involves a substitution of water 

with another liquid having a lower surface tension to maintain the basic 

structure of examined specimen in the absence of an aqueous fluid phase. 

When the surface tension of a liquid became insignificant or reduced to zero, 

the liquid surface becomes unstable and finally disappears. At this pressure-

temperature intersection, liquid and vapour phases co-exist as a new phase, 

the critical phase (Figure 1-3). When the critical point is reached, it is possible 

to shift from liquid to gas phase without any sudden change in the gel matrix, 

and the specimen will transition from wet to dry environment, avoiding contact 

with the surface and avoiding much of the damage caused by the surface 

tension 38, 39. 
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Figure 1-3: Left: Block diagram of critical point of drying CPD instrument. 

Right: Phase diagram of Critical Point Drying technique 36.  

 

 

1.1.5 Scanning Electron Microscopy (SEM)

SEM is a form of microscopy that uses high-energy electron beams, focused on 

the sample to generate different signals from the surface of a solid specimen, 

allowing the generation of high magnification images, and less than 0.1 µm of 

the sample morphology. When coupled to an energy dispersive X-ray 

instrument (EDX), chemical composition information can also be gained as a 

result of element-specific X-ray emission 40. The images generated by SEM 

reveal information about the crystalline structure, surface texture, chemical 

composition and orientation of materials which forms the sample 41. A beam of 

high voltage electrons (~ 5-100 KeV) formed from an electron source which is 

usually heated tungsten wire is accelerated within a vacuum tube and attracted 

towards the sample with positive electrical potential as shown in Figure 1-4. 

The electron beam is then focused on the sample using a set of magnetic 

lenses. Scanning electron microscopy techniques have the ability to analyse 

macromolecular compounds, mixtures within their 3D structures or within a 

biological  or cellular environment. Figure 1-4 shows the effect of high voltage 

electrons incident from the source towards the sample which leads to 

producing low-energy (< 50 eV) secondary electrons, required sample depth, 

light emission, back scattered electrons, characteristic X-ray emission, high 

voltage primary electron path and transmitted electrons 42. 
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Figure 1-4: Left: Block diagram of scanning electron microscope and 
indicating parts of the instrument. Right: Effect of bombarding electrons 
on a solid sample41 
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1.2 Amphiphile self-Assembly 

1.1.1 Micelle Formation 

Surfactant molecules are amphiphilic molecules which are made up of 

hydrophilic, polar head groups (ionic or non-ionic) and hydrophobic, apolar tail 

groups 43.  

 

Figure 1-5: Classification of surfactant according to the polarity of the head 
group: non-ionic, anionic, cationic, amphoteric surfactants  

 

Surfactants are surface-active compounds which reduce the surface tension of 

water when used in a small concentration and have a wide range of applications 

in pharmaceuticals, motor oils, detergents, soap industry and as a membrane 

for mimicking investigations on cellular systems 44.  

The importance of amphiphilic surfactants is due to their ability to self-assemble 

in solution and form a regular dynamic, nanoscale or larger structures. The 

nanoscale structure determines many features of amphiphiles, related to their 

specific applications in biomedicine, materials and pharmaceuticals. The self-

assembly behaviour of surfactants has been studied widely as a result of this 

broad-based applicability. The overall shape of these aggregates has a direct 

effect on the properties of surfactant systems, for example, viscosity, 

viscoelastic properties and solubility 45.  

To choose molecules that have preferred structural properties such as micelles 

which are globular, spherical or rod-like, or vesicles which are composed of a 

spherical bilayer, it is essential to understand how amphiphile structure controls 

the formation shape and size of resulting aggregates 45.  



11 
 

 

Figure 1-6: Structures formation of surfactant in solution representing 
various aggregates of micelle and vesicle structur shape  

As pointed out by Tanford 46, the driving force behind the self-assembly 

behaviour of surfactants, may be represented mathematically by the balance of 

free energies  on aggregation , which is equal to óthe difference in the standard 

state free energy between singly dispersed surfactant molecules present in 

solution and surfactant molecules present in an isolated aggregate of any shape 

in solutionô. By using the free energy expression below, the driving force of 

surfactant aggregation in an aqueous phase and the limited growing process 

can be viewed as being one of balancing several forces 46. 
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           Equation 1-1 

The term (æÕo
g/kT)Transfer in the above equation represents a negatively charged 

free energy transfer of the hydrophobic amphiphile tail from a specific point in 

solution to the hydrocarbon-like phase in the centre of the aggregate. The 

following term, (æÕo
g/kT)Interface is a positively charged limit due to the fact that 

not the entire surface area of the tail is physically in the aggregate centre, there 



12 
 

is still contact between the tail and the aqueous environment. The third term, 

(æÕo
g/kT)Head is a positive limit representing the repulsive interaction between 

the head groups that gather at the surface of the aggregated structure directed 

towards the solvent phase 46. One factor that affects significantly the self-

assembly behaviour molecules in aqueous systems and aggregation behaviour 

is the ratio of the size between hydrocarbon head group and tail. This ratio 

dictates the energies of the interaction of both head and tail groups and thus, 

the morphology of the self-assembled structure observed in practice47. 

A self-assembled micelle structure (Figure 1-7) has been defined by Hine and 

Martin as óAn aggregate of molecules in a colloid. Small clusters of molecules in 

which the nonpolar hydrocarbon groups are in the centre and the hydrophilic 

polar groups are on the outsideô 48. 

 

 

 

Figure 1-7: The reversible monomer-micelle thermodynamic equilibrium. 
Indicating the surfactant heads groups (hydrophilic) and the surfactant tails 
groups (hydrophobic). 

 

Arguably, the most important property of the surfactant is an ability to engage in 

self-assembly which allows energy-balanced phase separation between 

hydrophobic and hydrophilic regions43. This then permits the more effective 

dispersion of moderately soluble molecules in water by incorporating them into 

the hydrophobic interior of the structure 43. In aqueous solution micelle 

formation will only take place above a certain minimum concentration called the 

critical micelle concentration (CMC). Critical micelle concentration is defined as 

the minimum concentration of molecules at which the vesicle, micelle, hydrogen 

bonding and aggregates start forming in a solution at a given temperature and 

pH 49. The critical micelle concentration is one example of critical assembly 
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concentration number which also includes; critical vesicle concentration (CVC), 

critical micelle concentration (CMC), critical hydrogen-bonding concentration 

(CHC) and critical aggregation concentration (CAC). The critical concentration 

of an analyte which is distributed in a solvent is a significant factor and known 

as CMC is a key concept for surfactants, while CHC and CAC are a vital 

concept for biological peptide and portions 49. 

 

1.2.1 Vesicle Formation  

Vesicles are hollow aggregates 50, built from bilayers of amphiphilic molecules, 

distributed into and filled within a solvent.  

These aggregates can be described as (below, above and at) equilibrium meta-

stable structures and they exhibit a rich variety of different morphologies 50. Due 

to their physical and chemical properties, vesicles are used in a wide range of 

industrial 51-53, and biological 54-59 applications.  

Vesicle structures are bounded and soft aggregates which contains a flexible 

bilayer of amphiphile molecules to form a spherical unilamellar, multilamellar or 

oligovesicular overall shape, while the size may vary from few nanometres to 

micro meters 50. 

 

Figure 1-8: Different vesicle bilayer morphologies, the small circles 
represent the hydrophobic head group and squiggly lines are the 
hydrophilic tail group 50. 

 

The study of the selfïassembly behaviour of mono-hydrocarbon chain 

amphiphiles has thus focused on phosphate ester (amphiphile) and derivatives 

because of their aggregation feature and containing mainly on hydrophobic 

moiety between head and tail group 60.  
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The investigation of the formation of bilayer by phosphate ester was found to be 

sensitive to factors that directly affected the shape and vesicle formation rate, 

these factors are: 

1- The pH of the medium 61 

2- The ionic strength of phosphate ester in solution 62 

3- The temperature of the solution were the bilayer formation take place 63 

4- The number of methyl groups in the hydrocarbon chain 60 

 

1.1.2 Measurements of critical micelle concentrations  

Different techniques have been used to measure the CMC of a surfactant such 

as the surface tension of the surfactant-water mixture, solution conductivity 

changes and spectroscopic methods, fluorimetry and UV-vis spectroscopy, 

among others. Below is a brief summary of how these different methods work 

and a discussion of which methods have been selected for use in this project. 

 

1.1.2.1 Surface Tension & Conductivity methods 

Surface tension methods for estimating the CMC for a surfactant are based on 

the fact that the surface tension of a system decreases with increase in the 

concentration of surfactant in solution 64. At concentrations below the CMC, the 

surfactant molecules exist as separated monomers in solution and aggregate at 

the surface where aqueous and atmospheric phases interface. The surfactant 

molecules are in dynamic equilibrium between these states. At equilibrium, at a 

given set concentration, pressure and temperature parameters,  the number of 

monomeric amphiphilic molecules and monomers adsorbed at the surface is 

constant 65.  
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Figure 1-9 Schematic representation of the three states in which surfactant 
molecules reside in water, i.e. monomers adsorbed at the air/water 
interface, monomers in the bulk solution and micelles. 

 

Micellisation is essentially a process driven by the entropy change of surfactant 

molecules interacting with a solvent environment 46. The process of solvating a  

surfactant in an aqueous phase leads to a disturbance of the structure of the 

water molecules within that phase and ultimately decreases the free energy of 

the solution. The surfactant molecules have a tendency to congregate at the 

surface where, at the air/water interface, the hydrophobic head group of the 

surfactant is arranged in a conformation where it can be directed away from the 

water surface which consequently reduces the free energy of the solution to a 

minimum. The surfactant molecules distribution caused by water molecules 

structure can be minimized by the accumulation of surface active molecules into 

micelles in which the head groups are collectively arranged towards the 

aqueous phase and the hydrophobic tails phase separate within the micelle and 

away from the aqueous phase. 

However, the surfactant molecules may also have some of their molecular 

freedom constrained by being restricted within a micellar structure. Besides this 

effect, in the case of an ionic charged surfactant, these amphiphilic molecules 

experience electrostatic repulsion effects from the charged head-groups. These 

forces lead the free energy of the system to increase and hence micelle 

formation becomes less favourable energetically. Hence, the micellisation 

process depends on the equilibrium of forces between Van der-Waals and 

hydrophobic forces and those opposing the formation such as electrostatic 

repulsion and kinetic energy 66. 

The conductivity method for estimating the CMC of a surfactant, which is used 

only for ionic surfactants, depends on the nature and concentration of mobile 

ions in ion exchange solution or polymers. The addition of electrolytes to the 
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solution is generally observed to result in a decrease of the CMC value, while 

this parameter tends to increase with decreasing the charge density of the 

mobile ions in an ion exchange polymer 67. The change in the conductivity of a 

surfactant solution at the CMC point is due to the difference between the degree 

of ionization of the surfactant below and above the CMC point. Below the CMC 

point where the aqueous solution of surfactant is free from micelle formation, 

then the specific conductivity of the solution is due to charges of the surfactants 

itself.  

Above the CMC, the conductivity of the ionic surfactants solution increases. 

This is explained by, the micelle formation is capturing the charged monomers 

within the solution 67.  Figure 1-10 shows the formation of the spherical micelle 

of the negatively charged surfactant SDS in an aqueous solution.  

 

 

 

Figure 1-10: The spherical micelle formation of the anionic surfactant SDS 
in aqueous solution 67  

 

Colloidal electrolytes show a rather unexpected discontinuity in some physical 

properties over the short concentration range characterized by the CMC value. 

Above this point, it is well recognized that the amphipathic ions aggregate while, 

below the CMC it has been assumed that despite less concentration of 

electrolytes in the system, ion aggregation still occurs 68.  
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1.1.2.2 Fluorimetery and UV-Vis spectroscopy methods 

Spectroscopic methods are also important tools in the determination of CMC 

concentrations. The use of spectroscopic methods to determine CMC values of 

amphiphiles depends on the use of probe molecules which easily partition into 

micelles and with a specific spectroscopic characteristic change within that 

micelle structure 69. The fluorimetric method is based on the dependence of the 

solvent vibrational band intensities in pyrene solution monomer fluorescence.  

Pyrene (Figure 1-11) is a polycyclic aromatic hydrocarbon PAH containing of 

four benzene rings, resulting in a flat aromatic system and has the chemical 

formula C16H10, and considered to be one of the few condensed aromatic 

hydrocarbons that show clear vibrational bands in their monomer fluorescence 

spectra in solution (Figure 1-11). The intensities of the different vibrational 

bands of pyrene display a strong dependence on the solvent environment due 

to chemical and physical interactions 70.  

The fluorescence method exploits the use of a hydrophobic fluorescent dye 

which has different fluorescent properties depending upon the physical 

properties of the system in which it is soluble 71.  

The fluorescence probe method shows the importance of solvent dipole 

moment and dielectric constant on the sensitivity of the method and eventually 

the value of CMC point 70. To achieve higher fluorescence quantum yields and 

clearer spectra, the probe molecules need to be consist of an amphiphilic group 

with a specific excited state and large electric dipole moments 69. 

 

                  

Figure 1-11: Left: Peaks from Flourolog instrument of 1.0 mM of surfactant 
SDS and pyrene in aqueous phase. Right: Structure of PAH pyrene 
indicating the flat aromatic ring system. 
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The spectroscopic features of pyrene change dramatically from a polar to a 

non-polar environment; making its use in fluorimetric method of CMC 

determination valuable. This method consist of plotting the peakôs intensity 

against the concentration and the intersection between the lines indicates the 

CMC estimated value, this method explained in details in Chapter 3. 

However, one of the practical issues with pyrene is its rather low water-solubility 

(0.135 mg/L) which can limit florescent applications in this solvent thus leading 

to the tendency to form spectrum-clouding microcrystals 69, 72. 

However, such issues can frequently be managed by moving from fluorescence 

techniques to other spectrophotometric methods involving absorption 

measurements in the UV or visible range of the electromagnetic spectrum.  For 

example, merocyanine 540 and other merocyanine derivatives are among those 

widely used in spectrophotometric investigations of CMC measurements73.  

Most CMC measurements rely on identifying the marked changes in the specific 

properties of solutions containing the amphiphile, as their concentration of the 

latter is increased around the critical micelle concentration or the marked 

changes in electronic spectra of the probe indicator molecules due to change in 

excitation-relaxation states 73.  

Merocyanine 540 dyes are considered as the most thoroughly characterized of 

the different dye compounds used as indicators of solvent polarity and in CMC 

measurements. The change in solvent polarity leads to very large shifts in their 

electronic spectra. The latter shift the absorption maxima in UV-Visible 

absorption towards higher wavelength as the polarity of the solvent decreases 
73-76.  

 

 

                            Figure 1-12: Structure of Merocyanine 540  

 

Studies using this technique with Merocyanine  540 as an indication probe show 

ascending wavelength shifting maxima in its absorption spectrum in solutions 
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containing different detergents over various concentration ranges increasing 

from below to above the critical micelle concentration. The hydrophobic dye 

probe based on merocyanine 540 is preferentially solubilized by micelle 

formation so that the hydrocarbon tail of the molecule breaches the core of 

hydrophobic micelle while the hydrophilic head group is located in the same 

microenvironment as the head group of a surfactant forming the micelle73, 77. To 

estimate CMC with the help of merocyanine 540 dye, a method introduced by A. 

Wicken et al73 involving plot the absorption peaks at two different wavelengths 

against the concentration of the amphiphile may be used. This method is 

described in detail in Chapter 3. 

 

 

1.3 Dynamic Light Scattering (DLS) 

In solution, macromolecules are buffeted or being struck by solvent molecules, 

resulting in a system based on the random motion of macromolecules in the 

solution. This motion is called Brownian motion (see Figure 1-13), each 

macromolecule is constantly moving independently of another unless they 

undergo a collision; their movements are therefore stochastic 78. 

 

 

Figure 1-13: Schematic representation of the Brownian motion, random 
motion of molecules in solutions78. 

 

When a monochromatic light source undergoes scattering from a system of 

small, moving particles, this movement can be calculated. Therefore, the 

geometrical structure, size range and state of motion of macromolecules can 

also be calculated therefrom. This technique, which is commonly used to 
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measure the diffusivity of macromolecules undergoing Brownian motion, is 

called photon correlation spectroscopy or dynamic light scattering (DLS)79. 

DLS is one of the most common techniques used to determine the size of 

particles dispersed in solution. A high energy monochromatic light beam is 

directed towards a solution within which the molecules are assumed (see 

Figure 1-14) to behave as though they were spherically symmetrical particles 

and in random (Brownian) motion. Such random motion causes a Doppler 

Shift80 in the light when that light interacts with spherical particles leading to a 

change in the wavelength of the incident light. This change is related to the size 

of the molecules and it is possible to calculate the size distribution of the 

particles along with facets of their motion in solution from an analysis of the 

scattered light 81. Figure 1-15 shows the differences in the behaviour of 

bombarding small molecules which will have higher energy absorbed and lead 

to an increase the Brownian motion as compared with larger molecules. 

 

Figure 1-14: Block diagram indicating the parts of dynamic light scattering 
instrument78 

 

 

Dynamic light scattering techniques have been deployed to address numerous 

applications in the investigation of dynamic and structural problems in 

chemistry, biology, and physics. Some of the key advantages and applications 

of the technique include:  

1- The duration of the experiment is short (up to 2 minutes in range). 

2- Extensive experience is not required for routine measurements because 

it is almost all automated  
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3- This technique has moderated (or relatively low) development costs 

because most particle sizing commercial systems operate only single 

angle (90°) and used only a single wavelength (675 nm) monochromatic 

red light. 
4- In principle, the DLS technique is capable of differentiating the state of 

protein assembly; eg: whether a protein is present in monomer dimeric 

form 81, 82. 

5- DLS is considered as an advanced and high - performance tool for 

examining the dynamical behaviour of fluids around the critical 

concentration. 

6- Dynamic light scattering can be used in studying laminar or turbulent 

flows of fluid systems 79. 

 

 

 

Figure 1-15: DLS result graph of two samples: Larger particles on the top 
and smaller particles on the bottom83 

 

 

Studies of fluid flow behaviour are easier to perform compared to gelation point 

determinations which shows a sudden instrument error which is explained in the 

results chapter. Different techniques are used to study gelation points such as 

ball-drop and tube-tilting methods84, 85. Those methods are based on the 

difference in flow velocity between two layers (sol and gel layers) of different 

viscosity. However, for more viscous samples, measurements become less 
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precise and determination of gelation threshold becomes inaccurate. Therefore, 

Winter et al, suggested a new method to determine the gelation threshold using 

the oscillatory shear method as follows:  

The storage, Gǋ(ɤ), and loss moduli, Gǌ(ɤ), becomes equal to  ɤu ,at the 

gelation point where: 

 

Gǋ(ɤ) = Gǌ(ɤ) å ɤu                                                                          Equation 1-2 

 

Where ɤ is angular frequency and u is viscoelastic exponent 86. The validity of 

the above equation was studied and confirmed87. 

The technique of light scattering is considered as a standard method for the 

description and estimation of shape and size of polymer molecules in solutions. 

The measurements of the scattering vector or momentum transfer can be 

calculated by  

 

q = |q| = 
Ⱬ ▪

ⱦ
Ἳἱἶ

Ᵽ
                                                                  Equation 1-3 

 

where ɚ = wavelength of light in vacuumed tube, n0 = the refractive index of the 

solvent, — = scattering angle. By calculating the scattering intensity as a function 

of q, the size and shape of sample molecules can subsequently be calculated 

88,89. 

 

1.4 Thermal Analysis  

The International Confederation for Thermal Analysis and Calorimetry (ICTAC) 

have defined the concept of thermal analysis (TA) as follows: ó(TA) refers to a 

group of techniques in which a property of a sample is monitored against time 

or temperature while the temperature of the sample, in a specified atmosphere, 

is programmedô90 but this definition has been changed subsequently as a result 

of certain issues which have been raised and such issues are: i) they 

distinguish between the meaning of analysis and monitoring in terms of thermal 

experiments; the change in the property and not the property itself which been 

changed in most of the experiments; the temperature of the surrounding of the 

sample which been programmed and not the sample itself. 
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Therefore, the most recent definition suggested and proposed by Hemminger 

and Sarge 91 as: ó(TA) means the analysis of a change in a property of a 

sample, which is related to an imposed temperature alterationô 92. 

 

1.4.1 Thermogravimetry Analysis (TGA) 

Calculations of mass differences in the sample as a function of a change in the 

temperature of the sample which is made using a thermo-balance are capable 

of revealing information about composition; specifically what proportions of 

material comprise volatile materials1. A thermo-balance (or thermogravimetric 

analyser) is a mixture of an electronic microbalance with a heat source, a 

temperature controller and computer for control, which allows the sample to be 

heated, weighed and/or cooled simultaneously under controlled conditions.  

The balance environment needs to be under a controlled system so that it can 

regulate the pressure according to the experimentôs requirement either below, 

equal to or above the atmospheric pressure and an inert gas atmosphere. 

Figure 1-16 shows the parts of the TGA instrument and the weighing technique 

used. 

 

 

Figure 1-16: Schematic representation of the thermogravimetric 
instrument used to analysis the SHG samples93.  

                                            
1 The mass is the amount of the matter in a sample, whereas weight is the effect of the 

gravitational force on a mass.  
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There are different types of balances which can be used in TG analysis 

depending on the sensitivity required such as the typical electro-balance with a 

maximum load of 1 g and may be as sensitivity as 1µg92, 94 and quartz crystal 

microbalance95-97 with a sensitivity of up to 0.001 µg98. TGA plot shows the flow 

chart of weight lost percentage against increase the samples temperature and 

the weight of residue remaining. 

 

1.4.2 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is a technique used to determine the 

energetic transitions within the sample and shed light upon the mechanisms of 

those transformations. Differential scanning calorimetry measures the molar 

heat capacity of a sample with respect to temperature99.  

A complete thermodynamic characterization of a transition of a sample can be 

calculated by a sequence of heat gradients with different yields. There are three 

main features of the information that DSC experiment may provide: 

(i) The heat capacity of molecules of the sample. 

(ii) The overall thermodynamic parameters (enthalpy change [ H], entropy 

change [ S], and heat capacity change [ C p] and; 

(iii) The number of intermediate states, the partition function and their 

thermodynamic parameters99. 

 

1.5 Diffusion-ordered spectroscopy (DOSY) 

Standard nuclear magnetic resonance (NMR) experiments utilise NMR active 

nuclei and place them in the presence of an external magnetic field, which 

causes alignment of the nuclear magnetic moment with the external field. When 

the external magnetic field is constant and homogeneous, the populations of the 

energy levels of the nuclei at thermal equilibrium have specific values. When an 

oscillating magnetic radio frequency (RF) field is applied in the transverse plane 

to the external magnetic field, this causes a change in the population of the 

energy levels of the nuclei exposed to the transverse field, and the generation 

of a new magnetic moment along the plane of the RF field, whose amplitude is 

proportional to the number of nuclear spins present in the sample, which is 

dependent on the type of nuclei present100. As soon as the RF field is removed, 

the system (nuclear spins) realigns with the external magnetic field and the rate 

at which this realignment occurs is characterised by the longitudinal (T1) and 



25 
 

transverse (T2) relaxation times. The relaxation times represent a loss of 

coherence in the plane which the RF field was applied. The decaying signal 

(realignment) of nuclear spins is used in the production of conventional one 

dimensional NMR spectra, by applying a Fourier-transform operation to the 

acquired free induction decay time signal, a frequency domain spectrum is 

acquired100. 

One dimension that is constant for all nuclei in a molecule is the diffusion 

constant100, and its connection to the molecular structure is based on the ideas 

developed by the Stokes-Einstein relation in the way that the diffusion constant 

depends inversely on the frictional resistance of the molecule100 (19).  

The implementation of diffusion ordered NMR spectroscopy (DOSY) is possible 

as pulse magnetic field gradient NMR experiments can provide information 

about translational motion100, 101. The principle of obtaining the DOSY spectrum 

is similar to that of conventional two dimensional NMR, in that a variable is 

selected which modulates the signal which is detected, and then this variable is 

incremented to produce a spectrum related to the translation (diffusion) of the 

investigated molecule. The variable selected in the case of DOSY experiments 

is the areas of magnetic field gradient pulses100.  

In order to give a more detailed description of a typical DOSY experiment, it is 

important to first understand all of the parameters which must be controlled in 

order to attain the diffusion coefficient of a molecule in an NMR sample. Using 

pulsed field gradients, molecules in a sample can be spatially labelled based on 

their position in the tube. The Stimulated echo (STE) sequence allows for the 

calculation of the diffusion coefficient of a molecule in an NMR sample. The 

STE sequence begins with a 90Ü radiofrequency pulse. After a delay of time Ű, 

the first gradient pulse ŭ is applied, the purpose of which is to encode the 

positions of the molecules. After the first gradient pulse, the molecules in the 

sample are allowed to diffuse for time ȹ before a second gradient pulse ŭ is 

applied and the diffusion coefficient can be calculated. 
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Figure 1-17: The Stimulated Echo Sequence (STE). Top: shows the 

sequence of pulses and the time differences Ⱳ and T between the first and 
second, and second and third pulses respectively. Middle: demonstrating 
the refocusing of the magnetisation after the particles are allowed to 
diffuse for time ȹ. Bottom: depiction of the magnetisation helix as a result 
of the gradient pulse100. 

 

DOSY spectroscopy is able to separate the NMR signals from the different 

components within an NMR sample, based on the hydrodynamic radius of the 

species resulting from its diffusion coefficient. The typical DOSY experiment 

consists of recording a series of spectra, with incremented pulsed field gradient 

(PFG) amplitude in a stimulated echo (STE) experiment. The one dimensional 

NMR spectrum is then transformed into a two dimensional spectrum by 

performing an exponential fit on the decaying NMR signal amplitude as a 

function of increasing PFG amplitude and extracting the diffusion constant from 

the equation used to produce the fit. In an ideal PFG-STE experiment, the 

decay of the signal amplitude with respect to increasing PFG amplitude is 

described by the Stejskal-Tanner equation102. 

 

  ╢ ╢Ј▄
Ἆ♬♯▌Ў                                              Equation 1-4 

 

Where S = signal amplitude, S0 = echo amplitude in absence of diffusion, D = 

diffusion coefficient, ‏ = gradient pulse width, ‎ = magnetogyric ratio and ɝᴂ is 

the diffusion time corrected for the effects of finite gradient pulse width102. 

After applying all the data processing controls, the diffusion coefficient will be 

generated as spots on a graph related to the NMR peaks, the mothed of 

checking for the quality of the plot and the accuracy of the diffusion coefficient is 

the residuals plot. Further details explained in chapter 5 of this project. 
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1.6 Aims and Objectives 

The overarching aim of this project is to study how molecular interactions, of 

potential relevance to abiogenesis (origins of life studies), could be influenced 

by geologically plausible hydrogel environments. Specifically, the geologically 

plausible environment we selected to study was that of the silica hydrogel. Silica 

being chosen as a result of its gelation behaviour in silification, a key process in 

rock formation103. This involved an examination of: 

1- The self-assembly of amphiphiles, both bench-marking systems such as 

sodium dodecylsulphate (SDS) and study the self-assembly of putatively 

prebiotic amphiphiles such as long chain phosphates, in silica hydrogel 

media.  

2- Exploring the use of diffusion order spectroscopy as a method of probing 

molecular diffusivity in the hydrogel medium 

This project was built from a number of specific work packages (WPôs)  : 

 

(i) An analytical analysis of the surface matrix properties and gelation 

behaviour of silica hydrogels. 

(ii) A comparative study of the self-assembly behaviour (micellation) of the 

representative amphiphiles, SDS (sodium dodecylsulfate) in both the 

aqueous and silica hydrogel phase. 

(iii) An analysis of the behaviour (decolourisation) of amphiphilic dyes used 

in the measurement of critical micelle concentrations (CMC) via 

spectrophotometric methods. 

(iv) An examination of the molecular diffusivity of both small molecules and 

amphiphiles of relevance to abiogenesis, in the silica hydrogel phase, 

using diffusion order spectroscopy methods (DOSY)
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Chapter 2 Surface Analysis of Silica Matrices from Hydrogels 

(SHGs) 

Presented here are results on the development of a standard operating protocol 

for the preparation of silica hydrogels which has been used throughout this 

thesis. This is then followed by a study of the surface morphologies of SHG 

matrices suitably prepared by Critical Point Drying (CPD) and examined by 

Scanning Electron Microscopy (SEM), surface area porosity measurements 

(BET) and Energy Dispersive X-ray spectroscopy (EDX). Subsequently, studies 

on the process of gelation using Dynamic Light Scattering (DLS) techniques 

and finally thermal analysis studies on SHGôs are reported and discussed. 

 

2.1 Standard Operating Protocol (SOP) for Silica Hydrogels 

In order to achieve the project objectives, it was first necessary to be able to 

prepare SHGs reproducibly using a standard operating protocol. The method 

that was ultimately decided to exploit in subsequent studies was developed 

from an earlier, less effective procedure as outlined below: 

Method 1: An aliquot (1500 µL) of a concentrated aqueous solution of sodium 

silicate (Ò 27% SiO2 and Ò 10% NaOH) was diluted to  6500 µL in ultra-pure 

deionised water in a 10 mL volume test tube. Subsequently, concentrated (36.5 

ï 38 %) hydrochloric acid (250 µL) was added to the silicate solution, and the 

vessel (normally a test tube) was inverted slowly three times to ensure a 

homogeneous mixture formed was left undisturbed at ambient temperature to 

gel. By using this method it was possible to prepare silica hydrogels of 0.5 M 

overall SiO2 concentration (see section 2.2 for a discussion of the concentration 

labels that are used in this thesis) which stabilised and gelled within ca 10 min 

and which passed a fluctuation test (inverting the tube of hydrogel content 

without any change of the gel structure see (Figure 2-2). However, it was found 

that the use of strong mineral acid, HCl as the pH modulating agent of the 

silicate solution was not able to prepare optically clear hydrogels containing 

higher concentrations of SiO2 (above 1 M). Higher concentrations of silicate 

resulted in both silica precipitation and what appeared to be phase separation 

within the gel and separated for different layers and appears as precipitate at 
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the bottom of the preparation tube. Figure 2-1 shows inhomogeneous hydrogel 

formation. 

 

 

Figure 2-1: Failed sample prepared for higher concentration (1.0M) of SHG 
indicate the separation of the samples for two different layers 

 

Method 2: A second preparation method was subsequently explored based on 

one reported by Barge et al104. The method involves using glacial acetic acid 

instead of mineral HCl and is summarised in Table 2-1, where Solution A is added 

to solution B in a test tube before the combined mixture is inverted slowly several  

times (3 ï 4) in order to ensure effective mixture without being shaken or 

disturbed too much; the latter leading to significant air bubble formation within the 

resulting gel. The sample was left un-disturbed for up to 24 hrs, after which time 

gelation was complete104. It was found that this method, which we name as the 

Barge Method, affords what appears to be homogeneous, optically clear gels in 

a reproducible fashion with minimal precipitation, certainly when using silicate 

concentrations of 0.5 ï 1.5 M, , as shown in Figure 2-2. The chemical reaction 

involves two stages, hydrolysis and condensation. Hydrolysis (Scheme 2-1a) 

involves the protonation of sodium silicate mediated by the glacial acetic acid to 

form a silanol. The subsequent condensation stage (Scheme 2-1b) consists of a 

reaction between two silanol groups to form a siloxane bridge, extruding water at 

the same time.  

 

 

 



30 
 

Table 2-1: composition solutions used in the preparation process of 0.5M 
SGH using Barge method 104 

Solution A Solution B 

Sodium silicate solution (1.25 mL) 

which contains (Ó 27% of silicate) and 

(Ó10 sodium hydroxide) mixed with 

deionised water (6.75 mL) 

Glacial acetic acid (360 µL) in 

deionised water (7.6 mL). 

 

 

 

Scheme 2-1: The two primary reaction stages (a) protonation and (b) 
condensation in the formation of SHGs from aqueous sodium silicate 
solution. 

 

The effect of using strong acid (HCl) on the formation of SHG changes the 

protonation step. Strong acids has lower pH than weak acid and as the pH 

decreases, the H+ increases and forward reaction forced to the right which 

leads to form inhomogeneous SHG formation and the precipitates will form from 

non-reactant silicate or smaller chain of SHG. 

 

 

 



31 
 

2.2 Silica hydrogel nomenclature and calculations 

We have selected to categories our standard gel formulations as 0.5 M with 

respect to SiO2 on the basis of the following calculations which were used to 

prepare silica hydrogel in tubes (see Figure 2-2). 

It is an arbitrary nomenclature system but one we used for our purposes.  

The silicate solution that we use is graded at Ò 27% SiO2. Thus, this translates 

to Ò 27 g in 100 g of solution and the density of sodium silicate solution =1.39 

g/ml (written on the container).  

% of silicate = 27 g in 100 ml 

                      = 270 g in 1 litre ( total volume of the container ) 

To calculate the weight of silicate used, we used the equation: 

Weight of silicate = density x percentage  

                                 270 g x 1.39 = 375.3 g 

After calculating the total weight of silicate presented, then molarity of the 

silicate can be calculated from the equation: 

Molarity of silicate = weight/ molecular weight 

                              = 375.3 / 60.1 = 6.24 M Conc. of silicate in sodium silicate 

solution. 

In 'Barge Method' the concentration used: 1.25 ml of sodium silicate solution 

diluted to a total volume of 16 ml, by applying the dilution equation to calculate 

the concentration of silicate used as follow: 

M1 x V1=M2 x V2 

6.24 x 1.25= M2 x 16 

M2 = 0.48 M the standard SHG concentration and we have rounded this figure 

to the first significant decimal point in the nomenclature to 0.5 M. All other 

concentrations that have been used in this thesis are calculated based on the 

above calculations. 
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Figure 2-2: Silica hydrogel samples prepared in the lab using the Barge 
Method. All three identical samples are derived from of 0.5 M silicate.  

 

Comparison between the non-homogenises SHGs samples from Figure 2-1 and 

the silicate precipitate seen with the one in Figure 2-2, can easily be made. The 

latter appears optically clear, homogeneous sample and reproduced without 

visual sings of clouts or precipitates in the bulk of SHG even with higher 

concentration ( 1.5 M) of silicate. 

Visual clarity is a mandatory features for some of the tests conducted on SHG 

samples such as DLS. 

 

2.3 Sample preparation for Critical Point Drying (CPD) 

It was necessary to first develop a method of sample introduction within the 

CPD instrument which would allow the fluid to flow both in and out of the 

sample. To conduct CPD upon the sample, the sample volume required was 

also rather constrained, needing to occupy a volume smaller than ca. 1 mL. 

This had a significant impact on the methods developed. Three separate 

samples of SHG, prepared according to the Barge method104 with initial silicate 

concentrations of  0.5, 1.0 and 1.5 M were established. Whilst still remaining 

liquid, each sample was poured carefully into a plastic cuvette tube within which 

each of the caps had earlier been perforated by a narrow-gauge exit needle to 

allow water egress and acetone ingress during the CPD process. Each sample 
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was inverted (as shown in Figure 2-3 below) and left to gel over a period of 24 

hrs. 

 

 

Figure 2-3: Identical samples of 0.5M SHG after 24 hrs in plastic tubes 
perforated earlier from the cap prepared in research lab for the CPD 

 

2.3.1  CPD process  

Each set of samples (the instrument can handle three samples concurrently) 

required ca 3 hrs to complete the drying cycle which includes the insertion of 

acetone to replace water from the silica matrix followed by pumping liquid 

carbon dioxide through the system and heating to 37.4 ºC  to allow acetone and 

water vapour to be removed. Finally carbon dioxide was allowed to evaporate 

from the system (instrument shown in Figure 2-4). The size of silica gel shrank 

and the result is a dried, white stone-like and solid sample with small cracks on 

the surface. The structural integrity of the silica matrix within the gel form is 

largely retained (Figure 2-4). 

 

   

Figure 2-4: Critical point drying instrument within School of Biology, UoL 
(left). Dried SHG sample of 0.5 M concentration in a petri dish and the 
weight is 0.0156 g marked with black arrow (right). 
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2.4 Scanning Electron Microscopy (SEM) Results  

2.4.1 0.5 M SHG images  

The first set of images (Figure 2-5 & Figure 2-6) focus on pores present on the 

hydrogel mineral matrix surface which give some indication of the size and 

shape of pores. The pore size and shape of silica gel has a direct effect on the 

energy of adsorption and desorption activation energy of molecules interacting 

with the surface105. Figure 2-5, shows a low magnification image (100 µm scale 

bar) of the fractured silica matrix. The two ringed regions within Figure 2-5 have 

been examined under slightly greater magnification (1 µm scale bar), the results 

are illustrated in Figure 2-6. As can be seen from this image, within the 

undulating terrain of the silica, there are specific larger pores of ca 500 nm 

diameter (ringed). 

 

 

Figure 2-5: Pores present on the surface of CPD-prepared silica hydrogel 
sample (0.5 M silicate). 
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 Figure 2-6: Increased magnification of the ringed regions in Figure 3.5 
The size of pores present on the surface of silica hydrogel is about 0.5 µm 
in width. 

 

A second set of images (Figure 2-7 & Figure 2-8) from a different region of the 

same sample, provide evidence of the cross-linking network formation within the 

molecular structure of the silica hydrogel. Gel structures possess the ability to 

absorb large quantities of water without dissolving or collapsing in that 

medium31. Figure 2-8 reveals a silica region which appears rather feathery at 

this level of magnification. However, under higher magnification, the formation 

more closely resembles ñthornsò overlapping randomly with each other. Each of 

the thorns (primary thorns) shown in Figure 2-7 is ca 5 ï 8 µm in length and 

these shapes appear to have rather unsymmetrical (random) distribution. Under 

higher magnification (Figure 2-8) the secondary branching growing on the stem 

of the primary thorn structure and are of the order 0.2 ï 0.8 µm in length can be 

seen. The effect is reminiscent of dendritic growth (cross linkage)106.  
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Figure 2-7: Dendritic silica growth on silica (0.5 M silicate) hydrogel matrix 
of the image on the left and the one to the right is a magnified field of the 
same view107.  

 

 

Figure 2-8 Higher magnification image of Figure 2-7 emphasising the 
dendritic nature of the morphology. 

 

 

2.4.2 1.0 M SHG images  

The above images (Figure 2-5, Figure 2-6, Figure 2-7 and Figure 2-8) were of 

0.5 M SHG conducted in Leeds electron microscopy and spectroscopy centre 

(LEMAS). Below are shown results conducted in collaboration with Dr Angela 

Bejarano-Villafuerte and Dr Alex Kulak from the Meldrum group at SoC, these 

performed a surface porosity measurements using the BET method, along with 

Energy Dispersive X-ray (EDX) and SEM images. The first sample analysed 

was a 1.0 M SHG prepared and dried through CPD. The resultant images are 

shown in Figure 2-9: 
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 Figure 2-9: Pore blocking by spherical silica particles at two levels of 
magnification (top), different size of the spherical-shaped of silica. 

 

 

The first set of images (Figure 2-9) indicates the presence of multiple spherical-

shaped silica structures. Figure 2-9 (top) shows a cluster of spherical-shaped 

silicate structure blocking the pores present on the surface of the sample, those 

spherical-shaped structures have different diameter ca 0.2 ï 1.0 µm and are not 

distributed homogeneously over the surface. Figure 2-9 (bottom) shows higher 

magnification images of the hydrogel matrix featured in. The BET determined 

surface area of the sample was found to be 161 m2/g, with a correlation 

coefficient equal to 0.99980. This surface area value  was lower than 

expected108, and is likely to be due to the matrix pores being blocked by the 

spherical-shaped silicate structure. In addition to the spherical silica 

morphologies, dendritic growth was also observed as shown in Figure 2-10.  
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Figure 2-10: Dendritic growth on the surface of a dried 1.0 M SHG sample. 

 

EDX results (Figure 2-12) indicate a difference in level of oxygen, sodium and 

silicone in the sample and is likely to be due to the high gelation rate of 1.0 M 

SHG. As outlined above, it became clear that the CPD-produced silica matrices 

were contaminated with significant amounts of sodium salts (likely to be silicate, 

acetates and oxides-hydroxides). To overcome the issue of blocked pores and 

difference in levels of the elementôs concentration around different spots within 

the same sample, which obscured the overall open structure of the silica 

hydrogel matrix. These salts were removed by dialysis of the CPD-prepared 

pellets over a period of 4 days in distilled deionised water ( see Figure 2-11). 

The consequence of this was that the salts were removed to reveal a 

significantly more open and porous silica matrix.  
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Figure 2-11: Dialysis tube contain SHG sample dissolved in water, tighten 
from ends and dipped in conical flask containing distilled water 

 

   

    

Figure 2-12: EXD results of 1.0M SHG. EDX image(top left); elemental result 
of Selected Area1 (top right); elemental result of EDS Spot1 (bottom left) 
and elemental result of EDS Spot2 (bottom right). 
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After dialysis, the sample was freeze dried and further SEM images were 

obtained, along with EDX analysis. The images revealed a more open structure, 

with clear and wide pores present on the surface (Figure 2-13), and significantly 

equal levels of oxygen and silicon elements were found on the gel matrix, 

without any traces of sodium. Duplicate BET analyses on post-dialysed samples 

returned a significantly higher surface area of 410 m2/g. 

 

      

Figure 2-13: The open ï structure of the pores present on the surface of 
1.0 M of SHG post ï dialysis. 

 

    

Figure 2-14: EDX results after conducting dialysis and freeze dry show 
similar distribution of oxygen and silicon elements without sodium.  
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2.4.3 Sample preparation for SEM-EDX analysis of SHG-

pyrophosphate mixtures. 

This part of the study has been conducted with the help of Mr George Hodgin 

as part of his MCHEM research project. This small side-project leads off from 

the surface studies reported above with the view to pursue an investigation into 

how charged molecules of potential interest to abiogenesis interact with the 

surface of the silica matrix of SHGôs. In the first instance, a study of how a 

condensed phosphorus chemical, pyrophosphate (Figure 2-15), might interact 

with the silica surface was conducted. Pyrophosphate has been considered for 

some time to have a potential role to play in phosphorylation reactions in 

prebiotic systems109 and to explore retention of pyrophosphate under different 

conditions. 

The binding nature of phosphorous containing compounds (namely sodium 

pyrophosphate, Figure 2-15) to the silica hydrogel polymer matrix was 

determined through SEM-EDX analysis.  

Silica hydrogel samples were prepared with differing sodium silicate 

concentrations, and for the purpose of this investigation, solution A (which used 

in Barge method) was saturated with sodium pyrophosphate (170 mg/mL in 

water).  

 

 

Figure 2-15: Structure of Sodium pyrophosphate dibasic with a chemical 
Formula: H2Na2O7P2 

 

Table 2-2: Solution A used in Barge Method  

SHGôs 

sample  
[SSS] / M  

Vol. Glacial 

acetic acid / µL  
V of water / µL  

Mass of 

pyrophosphate

/g  

1  0.5  226  4765  0.4515  

2  0.6  226  4765  0.4550  

3  0.7  226  4765  0.4560  
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4  0.8  226  4765  0.4512  

5  0.9  226  4765  0.4534  

6  1.0  226  4765  0.4515  

 

Table 2-3: Solution B used in Barge Method  

SHG Sample  [SSS] / M  V of Water / µL  Vol. SSS / µL  

1  0.5  4232  784  

2  0.6  3919  1097  

3  0.7  3605  1411  

4  0.8  3292  1724  

5  0.9  2978  2038  

6  1.0  2665  2351  

 
 
 

After mixing the samples as described in Barge method, the samples were left 

for 24 hrs so that gelation could occur. Lyophilisation was performed after gel 

formation was successful in all samples to remove all water from the samples, 

leaving a white uniform powder after 2 days of freeze drying under reduced 

pressure. After freeze drying, dialysis was performed on each sample to remove 

dissolvable salts. In each case, the sample was placed into dialysis tubing 

(washing into the tubing from the container with distilled water) and the sealed 

tubing was placed into a water bath which was replenished daily. The dialysis 

was carried out for 4 days and after this time the remaining solid in the dialysis 

tubing was subjected to freeze drying. The resulting white uniform powder was 

then analysed via SEM-EDX. After initial investigations discovered the presence 

of phosphorus on the surface of the remaining silica, acid dialysis was carried 

out next on the same samples. 

The EDX results of the dialysed SHG samples containing pyrophosphate show 

that there is a small amount of phosphorus retained within the silica polymer 

matrix. Figure 2-16 presents EDX data taken for one of the six SHG samples. 
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Figure 2-16: SHG sample showing the presence of phosphorus on the 
surface of the silica sample after the first dialysis, indicating the presence 
of bound phosphorus to the silica. 

 

The presence of the phosphorus peak indicates that post-dialysis, some 

phosphorus is present on the surface of the dialysed samples (Figure 2-17). This 

raises questions about the nature of the binding of the phosphorus containing 

species to the silica dialysed product. To begin further investigations into this, the 

EDX map for samples 4 (0.8 M SHG) and 5 (0.9 MSHG) were analysed. The 

results showed that there was 4% (Figure 2-18) and 6% (Figure 2-17) respective 

contribution by phosphorus to the total sample mass. The map for phosphorus 

alone which excludes the silicon and oxygen contributions appears to reveal 

localised phosphorous neighbourhoods which appear to follow those same 

locations of silicon and oxygen enrichment. Thus, it appears as though much of 

the phosphorus may be associated closely with the silica matrix.  
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Figure 2-17: EDX map indicating the presence of 6% phosphorus on the 
surface of the freeze dried dialysis product (sample 5, 0.9 M SHG). Top left 
image shows all elemental components of the sample. Oxygen elemental 
traces are in yellow, silicon are in pink and phosphorus are in green. 
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Figure 2-18: EDX map indicating the presence of 4% phosphorus on the 
surface of the freeze dried dialysis product (sample 4 0.8 M SHG). Top left 
image shows all elemental components of the sample. Oxygen elemental 
traces are in yellow, silicon are in pink and phosphorus are in green. 

 

In order to determine if the silicaïphosphorus binding could be interrupted by 

acid, an acid dialysis was performed. The procedure was identical to that 

described for water dialysis, but in this case, the water bath was adjusted to pH 

2 by addition of 37% in water conc. HCl solution.  

The EDX results after the acid dialysis showed that all phosphorus traces had 

disappeared (or below a detection limit) from the EDX map, indicating that the 

addition of acid had the effect of removing phosphorus from the surface of the 

silica. The results of this investigation do not imply specifically that 

pyrophosphate interacts with the silica through either physical or chemical 

mechanisms, physical binding between the freeze-dried silica sample and the 

phosphorus containing material may be the more logical explanation.  
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The EDX techniques has its own reading and accuracy limitation and these 

limitations are: the sensitivity is limited to 0.1 % of the elementôs concentration; 

detector beam length is 1 µM which is not suitable for small details; and the 

EDX probe needs to be calibrated with a standard solutions of the element 

under investigation to get optimum results. 

This result is important for the argument that life originated in a gel environment 

as the ability to store essential elements, such as phosphorus, is a key to 

providing the building blocks for life. Figure 2-19 shows the SEM-EDX analysis 

for the post-acid dialysis product. 

 

 

 

Figure 2-19: Demonstrating the absence of phosphorus on the surface of 
the silica sample after acid dialysis. Top image shows the initial selected 
area of study and the bottom image shows that when the area under study 
is increased, phosphorus is still absent. 
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2.5 Dynamic Light Scattering (DLS) study of silica gelation  

Following analysis of the surface morphology of the CPD-prepared silica matrix 

of hydrogels, it was decided to explore the process of gelation in slightly more 

detail via particle size analysis using DLS. The mutual influences of (i) the self-

assembly of amphiphiles and how they are influenced by hydrogel 

environments and (ii) how the presence of self-assembled structures (micelles 

or most importantly vesicles) influences the silica gelation process and matrix 

morphology that results, were explored. As a prelude to these studies,  the 

process of gelation of the silica systems was examined. Subsequently, will be 

able to modifying with prebiotic amphiphiles, and examine whether and in what 

way the gelation behaviour is influenced by the presence of SDS as a probe 

amphiphile (one with little prebiotic provenance). 

 

2.5.1  Experiment 1.    Silica hydrogel sample prepared in an open 

system  

A SHG sample was prepared using the Barge Method described in section  2.1. 

This gel was based on a 0.5 M sodium silicate solution and was prepared in an 

open 1 cm disposable cuvette prior to introduction to the instrument.  As the 

study was a time-evolution investigation, the instrument was programmed to 

collect readings every 10 minutes for a total of 6 hours. The results (displayed in 

Figure 2-20 and for tabulated data see Table 2-4) show a steady particle size 

increase in solution up to a maximum of 336 nm after 100 mins. Thereafter, 

there is a general drop-off to less than 100 nm after 190 mins. Upon monitoring 

the sample for a longer period, it was noticed that the sample appeared to be 

drying out and cracked. This was accompanied by a sharp discontinuity in the 

average particle size around the 440 min mark. It may be suggested that this is 

a reflection of the drying process and so all subsequent experiments were 

performed within closed systems which resulted in the elimination of these 

problems (Figure 2-21 and Figure 2-23). The increase in size average 

corresponds to light scattering that is a result of the onset of hydrogel formation. 

Following hydrogel formation, the light scattering is reduced until solvent 

evaporation occurs at  ca. 440 minutes. This secondary increase in light 

scattering is absent when the hydrogels were assessed in a closed system due 

to the prevention of solvent evaporation.  
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Table 2-4: Data results of Figure 2-20 

Time /min 
Z-average/ 

nm 
Time/min 

Z-average/ 
nm 

Time/min 
Z-average/ 

nm 

0 338.7 170 209 340 31.65 

10 16.94 180 228.6 350 29.95 

20 21.45 190 106 360 27.42 

30 28.15 200 81.64 370 25.97 

40 37.67 210 81.99 380 24.67 

50 49.44 220 69.56 390 25.25 

60 66.79 230 64.44 400 25.64 

70 86.93 240 61.31 410 29.88 

80 118.2 250 58.1 420 29.87 

90 159.2 260 54.42 430 29.18 

100 336.2 270 40.06 440 221.7 

110 278.8 280 43.3 450 557 

120 308 290 36.15 460 286.1 

130 315 300 34.37 470 184.3 

140 202 310 36.47 480 40.84 

150 184.5 320 32.36 490 216.8 

160 197.2 330 31.75   

 

 

Figure 2-20: DLS result of first experiment indicating gelation process of 
pre-diluted 0.5 M SHG sample and evaporation effect in an open system.  
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Figure 2-20 and Figure 2-21 both reveal the gelation of 0.5 M SHG within open 

and closed systems respectively, the analytical runs were conducted using the 

same instrumental settings and experimental conditions. We note that the 

maximum Z-average values (340 nm and 520 nm, respectively), and the time 

required to reach those peak values (100 min and 48 min, respectively) are 

different. The most likely reason for  such a difference in readings is that for 

preparing the sample used in Figure 2-20, the evaporation of water molecules 

from the sample surface was faster in the open system and increased due to 

continues incidence of the light beam on the sample. Figure 2-21, the sodium 

silicate solution was pre-diluted for 5 days before using it for preparation, while 

for the sample used to produce Figure 2-23, silicate solution were prepared just 

before it was used. The data shown in Figure 2-22 for polydispersity index (PdI) 

against time collected from the same experiment run in Figure 2-21. The PdI 

results (Figure 2-22) showed inhomogeneous (polydisperse) distribution of 

particles population and while itôs difficult to ascertain the size distribution due to 

technical issues110, and the size average method more common to use. 

 

 

 

Figure 2-21: DLS result indicating gelation process of pre-diluted 0.5 M SHG 
sample and evaporation effect in a closed system. 
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Figure 2-22: Polydispersity index against time of the DLS data of 0.5 M of 
SHG sample within closed environment. The same experiment in 
Figure 2-21. 

 

 

Figure 2-23: The DLS results for freshly prepared 0.5 M of Silica hydrogel 
in a closed system indicating the Z-average against gelation time. 
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2.5.2 Experiment 2.    Silica hydrogel in the presence of  surfactant 

(SDS) 

A silica hydrogel sample was prepared using 0.5 M silicate solution and along 

with the acid phase (Barge Method), SDS was included at a concentration of 10 

mM  which is above the CMC point measured in SHG phase (vide infra). The 

particle size distribution was again monitored using DLS in a closed system. 

The overall shape of the trace is similar to that of Figure 2-21 and Figure 2-23, 

here the Z-average value increases in the early phase of gelation, reaching a 

peak Z-average of 750 nm after 144 minutes (Figure 2-24). A subsequent drop 

off in Z-average, after this point is also observed. 

 

 

Figure 2-24: First run of the DLS experiment within 0.5 M SHG contain of 10 
mM of SDS in the closed system indicating the Z-average against time of 
gelation 

 

 

This result suggest that the amphiphile is stabilising, to some degree, the 

particles of silica in solution resulting in both larger average particle sizes and 

longer gelation times. To probe this system further a similar experiment to that 

of Figure 2-24 with SDS at a lower concentration of 1 mM (below the CMC of 

SDS in water at ambient temperature) was performed. The results are shown in 
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Figure 2-25 and reveal, consistent with the above hypothesis, lower maximum 

particle sizes at the 520 nm mark.  

 

Figure 2-25:  DLS results of 1 mM of SDS in 0.5 M of silica gel in a close 
system indicating the Z-average against time of gelation 

 

The DLS techniques has operations limit of detection (LOD) and these 

limitations are: 

If large particles even in small quantities are present within the sample, still 

accounted; if the solution is more dense than aqueous, there is a sedimentation 

possibility and lead to error in data like what happened with the SHG samples; 

the instrument resolution leads to the instrument will not be able to distinguish 

between particles located close to each other; if the sample is highly 

concentrated leads to cause multiple scattering of the light caused by the light 

which scattered by a particle will scattered by another particle before it could be 

detected111. 
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2.6 UV-Visible Spectrophotometry on Silica Hydrogels. 

Baseline Shifting and Light Scattering    

We noticed during our studies on MC 540 decolourisation (described in details 

in chapter 4) in SHGôs that the baseline displayed significant deviations from 

those expected and observed in the aqueous phase. These deviations are not 

due to instrument correction errors as they are not seen at all in any of the 

aqueous systems that have analysed and also, they display a time-dependency. 

Moreover, these baseline devastations are present irrespective of the presence 

of an absorbing molecule such as merocyanine. In other words, they appear to 

be a feature of the silica hydrogel formulation itself. An example of this is 

displayed in Figure 2-26 where one can see the baseline drifting effect when the 

SHG formulation at 0.9 M is examined between 400 ï 650 nm, in the absence 

of any additives. The samples themselves are optically clear but there is a clear 

ñabsorbanceò displayed in the spectra. However, an increase in effective 

absorbance is perhaps best translated as a decrease in effective transmittance. 

Thus, light can fail to be transmitted through a sample as a result of molecular 

absorbance as in the presence of MC 540 or it could result from light scattering 

due to particles present in the system, an observation that has been made. 

 

 

Figure 2-26: Baseline shifting within 0.9 M SHG in the absence of any 
absorbing molecules, illustrating the scattering effect  
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Particles within SHGs intercede with UV absorbance investigations112. Given 

that particulates in systems are known to induce scattering effects112, it was of 

interest to confirm that aqueous solutions of silicate do not display the same 

baseline behaviour as those presented by the gel formulations themselves. By 

óparticulatesô this refers to air bubbles, colloidal-wisps, precipitates and silicate 

particles in a gel phase and we suspect that it is silicate particles (the physical 

SHG) that are likely to have had the greatest impact on UV light scattering on 

the basis of the time-dependence.  

Consider again Figure 2-26, over time, the baseline shifted in the kinetic scans 

(as shown in Figure 2-26). This happened for each kinetics scan. Hence, 

scattering had the potential to distort raw data.  

Absorbance (A) and transmittance (T) are related by a derivative of Beer-

Lambert law: 

═  ἴἷἯϷ╣                                                    Equation 2-1 

 

 

SHGs with high silicate concentration have high absorbance. This correlates 

with low light transmittance (Figure 2-27). The higher concentration of SHG, the 

greater the number of polymer chains in the polymer network, so the more 

compact the system is. Thus, the greater the number (or effective pores size) of 

silicate particles. In addition, there are smaller pores for photons to travel 

through. Therefore, the SHG blocks incident light rays to a greater extent and 

hence limits transmittance (and vice versa). 
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Figure 2-27: Effect of pores on the transmittance of SHG, a higher 
concentration of SHG leads to small pores and hence low transmittance  

 

We envisage therefore that the baseline migration is following the light 

scattering behaviour of a changing, gelling system and that once the baseline 

has converged to a steady state, this corresponds to a scenario in which the gel 

formation, at least in terms of light scattering, has reached an equilibrium point. 

In Figure 2-28, Figure 2-29 and Figure 2-30 reveals this convergent behaviour 

in the baseline behaviour of silica hydrogel formulations of 0.7, 0.9 and 1.0 M 

SHG. One can clearly see in each of these samples that the light scattering 

effect is consistently stronger at the lower wavelength range and increases (in 

terms of transmittance lowering) as the silicate concentration increases.  
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Figure 2-28: Baseline shift of 0.7 M SHG of 12 hrs time with a gradual 
decrease in increment size with time leading to baseline convergence 

 

 

Figure 2-29: Baseline shift of 0.9 M SHG of 12 hrs time with a gradual 
decrease in increment size with time leading to baseline convergence 

 



57 
 

 

Figure 2-30: Baseline shift of 1.0 M SHG of 12 hrs time with a gradual 
decrease in increment size with time leading to baseline convergence  

 

While Figure 2-28, Figure 2-29 and Figure 2-30 are useful, it is difficult to extract 

increment-size convergence information (gelation timescale) in this format. 

Therefore, by plotting absorbance as a function of time at fixed wavelength 410 

nm, 510 nm and 610 nm (low, intermediate and high wavelengths) from the 

data above illuminated the baseline shift phenomenon more clearly and 

Figure 2-31, Figure 2-32 and Figure 2-33 shown these data. 
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Figure 2-31: The variation of light scattering with respect to SHG 
concertation at a fixed wavelength of 610 nm over time  

 

 

Figure 2-32: The variation of light scattering with respect to SHG 
concertation at a fixed wavelength of 510 nm over time  

 

 

 

Figure 2-33: The variation of light scattering with respect to SHG 
concertation at fixed wavelength of 410 nm over time  
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Figure 2-31, Figure 2-32 and Figure 2-33 show increased absorbance with time 

until the data plateau and a stable baseline is reached. We envisage that this 

may allow us a mechanism to measure gelation times based on equilibration or 

steady state light scattering. Calcabrini, M. and Onna, D. studied the gelation 

time of a silica gel sample by calculation the increasing in scatting intensity with 

a pre-designed 3D-printed spectrophotometer113.    

A plot of the derivative of absorbance with respect to time versus time (first 

differential plot) was constructed for each SHG at each pre-selected 

wavelength, Figure 2-34 shows plots of three SHG concentrations which are 

0.7, 0.9 and 1.0 M at 610 nm. The first differential plot shows the point at which 

the graph plateaus more clearly than Figure 2-31. The first data point at which 

dA/dt is equal to zero corresponds to the plateau points in Figure 2-31. Thus, 

this is the point at which the scattering effect that we are observing appears to 

reach an equilibrium point for each SHG.  

 

 

 

 

Figure 2-34: First differential graph of (I) 0.7 M, (II) 0.9 M, (III) 1.0 M and (IV) 
0.7 M (expanded) SHG at 610 nm. 

(I) (II) 

(III) (IV) 



60 
 

The plateau times are very similar for the same SHG irrespective of which 

wavelength of light is probed (Table 2-5). This consistency shows evidence to 

support that the initial plateau point corresponds to gelation completion, as 

gelation is a single and unified process that happens throughout the structure at 

the same time. As SHG concentration increased the plateau time increased. 

Thus, the longer the gelation time. This was unexpected as, by eye, 0.7 M SHG 

took longer to gel than 1.0 M SHGs. However, on a molecular level, gelation 

was still underway at the higher SHG silicate concentration as the observation 

suggests. This is plausible as there are a greater number of polymeric chains 

which need to network together to form crosslinked structure as shown in 

Chapter 2. The process entails a ódisorder-orderô transition, so is entropically 

unfavourable112. The ordering, via networking, would be more 

thermodynamically and energetically unfavourable for the 1.0 M SHG as there 

is movement from a high entropy state to a low entropy state. This 

unfavourability results in longer gelation (ódisorder-orderô transition) times. 

Hence, 1.0 M SHG have longer gelation times than 0.7 M SHG. The DLS 

results (section 2.5) indicates an approximate gelation time for 0.5 M SHG at 

144 minutes which seems to agree with the overall trends shown in Table 2-5. 

 

Table 2-5: Gelation completion time according to the plateau time  

 [SHG] / M 

Wavelength (nm) 0.7 0.9 1.0 

610 170 min 245 min 260 min 

510 165 min 240 min 258 min 

410 167 min 240 min 255 min 

 

2.7 Thermal analysis of silica hydrogels 

The analysis of the thermal behaviour of SHGs were  examined by various 

techniques that produce complementary information. In the first instance, 

analysis of several SHGôs (nominally 0.5 M ï 1.0 M) using the 

thermogravimetric analysis (TGA) reveals the loss of volatile components and 

mass decrease through heating. Use of TGA analysis also reveals information 

about the on-set of mass loss and the total volatile mass lost throughout the 

heating procedure. 
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In the cases of the 0.5 M ï 1.0 M SHGôs (Figure 2-35 a-f) we can see that mass 

loss begins at ca 25 ęC in each case and that the weight loss in each SHG 

sample amounts to 94.6, 93.6, 92.2, 91.6, 90.5, 89.3% respectively. This means 

that for the 0.5 M SHG for example, the solid silica matrix accounts for 5.4% of 

the total mass, illustrating clearly how such a small mass matrix is capable of 

entraining more than 17 times its own mass in water. In each case, volatile loss 

has ceased between 150-175 ęC 

 

 

 

Scheme 2-2: Formation reaction and mechanism of forming three 
dimensional structure of the silica hydrogel.  
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Figure 2-35: Thermal gravimetric analysis of 0.5 M (a); 0.6 M (b); 0.7 M (c); 
0.8 M (d); 0.9 M(e) and 1.0 M (f) silica hydrogel sample 

 

 

2.7.1 TGA derivative curves 

Whilst the overall mass loss can be seen clearly in the images Figure 2-35, the 

second derivative of the TGA trace affords slightly different information. This 

derivative plot is called differential thermogravimetry (DTG) and affords 

information on the different stages of mass lose, rather in the same way as 

differential scanning calorimetry (DSC). Examination of the DTG trace in 

Figure 2-36, shows that there are three weight-loss events; at 126.08 ęC, 

137.03oC and then at 144.42 ęC. First expectation that these events are 

representative of different stages of water loss but, section 2.7.2 showed 

practically itôs not the case. For each of these three processes, the percentage 

weight loss per degree temperature is ca 0.02, 0.05 and 0.06 demonstrating 

a b 

c d 

e f 
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that as temperature increases but not sufficient to do the weight loss. It is not 

entirely obvious what the individual processes involved might be but it may be 

envisaged that the lowest temperature step may equate to removal of the least 

tightly bound water, the free water.  

 

 

Figure 2-36: Second derivatives of the TGA curve of SHG with 0.5 M  

 

The weight percentage/C2 of the second derivative plotted against temperature 

increases instead of weight percentage in the Figure 2-35.  

The plot of the second derivative of 0.6 M SHG shows one thermal event at 

150.95 ęC and the inflection point at 160.20 ęC as appears in Figure 2-37. At a 

slightly higher concentration of SHG, the number of thermal events increased to 

five below the inflection point which indicates water molecules are not easy to 

evaporate from the matrix material. Thermal events happened at ęC 102.85, 

112.52, 129.18,151.09 and 162.17 with an inflection point at 168.49 as shown in 

Figure 2-38 The inflection point refers to the end of major events and the 

sample removed all volatile molecules from the bulk.  
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Figure 2-37: Second derivatives of the TGA curve of SHG with 0.6 M with a 
single peak thermal shoulder.  

 

Figure 2-38: Second derivatives of the TGA curve of SHG with 0.7 M with a 
five peaks thermal shoulder.  
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At 0.8 M shown in Figure 2-39 of SHG a wide hump-like peak appears in the 

plot when heating from 25 å100 ęC and then the thermal shoulders appears at 

ęC 123.38, 135.86, 148.53 and finally the inflection point at 153.38 ęC.  

With 0.9 M of SHG, a similar observation of a broad, hump-like peak is can be 

seen from 35 ęC to about 139 ęC (Figure 2-40) where the first thermal shoulder 

event happens while the next shoulder appears at 155 ęC prior to the inflection 

point at 172 ęC. 

 

 

Figure 2-39: Second derivatives of the TGA curve of SHG with 0.8 M with a 
three major peaks thermal shoulder.  

 

 

The highest concentration of the SHG sample which is 1.0 M has the a similar 

hump starts from beginning of heating to 109 ęC then a sharp dropdown with 

two thermal shoulders at around 130 ęC and 138 ęC and the inflection point at 

154.46 ęC as it appears in Figure 2-41. 
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Figure 2-40: Second derivatives of the TGA curve of SHG with 0.9 M with a 
three major peaks thermal shoulder.  

 

 

 

Figure 2-41:  Second derivatives of the TGA curve of SHG with 1.0 M with 
a three major peaks thermal shoulder.  
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2.7.2 Fixed Temperature TGA Experiments  

The plot in Figure 2-36, which is related to the thermal events of the Second 

derivative of TGA curve, shows that three such events appears in 0.5 M SHG 

gel sample at 126.06, 137.03 and the inflection point at 144.42 ęC. These 

thermal events seems to give an indication about water lost stages from the 

sample and decided to examine these stages. 

The 0.5 M SHG sample have been introduced to fixed temperature TGA 

analysis at 126, 137 and 144 ęC and see whether any change in the water 

(weight) lost and results are explained below:  

Three samples with identical concentration at 0.5 M of SHG delivered to the 

TGA analysis and run the experiment but with a constant temperature for the 

whole duration of the experiment.  At 126 ęC run, the majority of water loss 

happened below 20 minutes and the weight lost curve appears to show a 

constant decreasing over heating as shown in Figure 2-42 with a residue of 5.9 

% of the total sampleôs weight. 

 

 

Figure 2-42: Plot of first run of TGA within 0.5 M SHG at 126 ęC indicating 
percentage of weight lost per minute  

 

At 137 ęC run, the overall shape of the plot is similar to the one of 126 ęC run in 

which the majority of the weight lose happened below 20 min and the residue 

percentage is equals to 5.8 % as shown in Figure 2-43. 
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Figure 2-43: Plot of first run of TGA within 0.5 M SHG at 137 ęC indicating 
percentage of weight lost per minute 

  

At the final experiment of 144 ęC run, again the same overall shape and time 

required to losing most of the water with a residue percentage 6.4 % as shown 

in Figure 2-44. 

 

 

 

Figure 2-44: Plot of first run of TGA within 0.5 M SHG at 144 ęC indicating 
percentage of weight lost per minute 
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Itôs difficult to distinguish between these three temperature events as they 

appear to have very similar envelopes. This is not unsurprising as the 

temperature differences are small between each curve (DT = 11 and 7 oC 

respectively). The respective gradients for the weight loss curves are shown in 

Figure 2-45 where it can be seen there is some variation of percentage weight 

loss across time window. In order to say something more conclusive on whether 

such changes are linked to fundamental differences of thermodynamics of may 

be reflective of statistical differences within samples, one would need to perform 

multiple repetitions at each temperature to ascertain standard deviations. In the 

absence of such experiments here, we can only tentatively conclude that the 

overall profiles of water removal at these three temperatures appears broadly 

similar.  

 

 

Figure 2-45: Overlay plot of the three chosen temperature degrees. Time 
range selected from 0 ï 25 min to easy distinguish between lines. 
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2.8 Conclusion 

Overall, the content and main conclusions from this chapter may be 

summarised as follows: 

 

1. A standard operating protocol (SOP) for preparing silica gels has been 

identified as effective and reproducible 

2. Surface analysis of hydrogel matrix silica (SEM, EDX, BET) obtained 

following critical point drying and dialysis reveals a porous and open 

morphology with surface area of ca. 400 

3. Dynamic light scattering experiments suggest that the presence of an 

amphiphile such as sodium dodecylsulfate (SDS) influences the particle 

size distribution in the sol phase. Particle size increasing in the presence 

of SDS 

4. Thermal analyses demonstrate the large weight percentage of water in 

the standard gel formulations we use here (ca. 95% water content in the 

0.5 M SHG)
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Chapter 3 Measurements of Critical Micelle Concentrations in 

the Silica Hydrogel Phase 

 

3.1 Aims of the work Described in this Chapter 

The main objective of this section of the work was to examine whether a 

representative amphiphile, sodium dodecylsulfate (SDS)  might undergo 

different self-assembly processes in the SHG phase compared to the aqueous 

phase. Therefore, this chapter reports measurements of the  critical micelle 

concentration (CMC) of SDS within a range of SHG environments and 

comparison to the aqueous phase  

Grzybowski defined the term of self-assembly as follows: óSelf-assembly is the 

autonomous organization of components into patterns or structures without 

human intervention,ô  behaviour which has been used widely both in natural and 

in modern technology114. The reasons behind the importance of the concept of 

self-assembly are many115, 116 but the one which is most related to the work 

described in this thesis is the how self-assembly processes may or may not be 

influenced by moving from an aqueous phase to a hydrogel phase. 

To place that in context, biological cell membranes consist of self-assembly 

structures which are essential for developing the biological activities of living 

cells and functional organs117 and these in turn emerge from a cellular cytosol 

material which is hydrogel in nature. 

What is  explored in this chapter is how the process of amphiphile self-assembly 

changes when being transferred from the aqueous phase to the hydrogel 

phase. In doing this, a selection has made to work with SDS as a representative 

amphiphile. We do not intend at any time to argue that SDS had any prebiotic 

provenance. In addition, selected to work with SHGs because of their prebiotic 

provenance (refer back to Chapter 1). 

The amphiphile SDS is a negatively charged surfactant and consists of a 12-

carbon tail attached to a sulphate head group with a chemical formula 

CH3(CH2)11SO4Na. it is used in many cleaning and hygiene products75  

 

https://en.wikipedia.org/wiki/Sulfate
https://en.wikipedia.org/wiki/Sulfate
https://en.wikipedia.org/wiki/Sodium
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Figure 3-1: Chemical structure of sodium dodecylsulfate (SDS) indicating 
the 12-carbon tail and sulphate head group  

 

However, before conducting specific experiments within SHGôs, it was 

necessary to address two key issues: (i) do the various different measurement 

techniques of CMC give convergent answers in aqueous media or, if not, why 

not? and (ii) which of the various analytical methods for CMC determination 

would be best translated to the SHG environment?  

Therefore, benchmark experiments were performed to determine critical micelle 

concentrations of SDS in the aqueous phase using the following analytical 

techniques: 

1- Surface tension measurements 

2- Solution conductivity 

3- Spectrophotometry 

4- Fluorimetry 

 

3.2 Measurements of SDS CMC in Aqueous Environments 

3.2.1 Surface Tensiometry 

The first benchmark experiment was performed using the capillary rise method 
64 to calculate the surface tension of aqueous solutions containing different 

concentrations of the surfactant SDS. The surface tension values for different 

capillary can be calculated according to the relation with capillary rise and 

radius of capillary as follows:  

 

Surface tension (g) = r  x  r x g x h/2                              Equation 3-1 

  

Where r is the density of water at 20 °C, r; is radius of capillary, h is the 

capillary rise and g is the acceleration due to gravity (9.80665 m s-2). 

The surface tension, g, of the surfactant solution decreases with an increase in 

concentration of surfactant molecules in the solution. For concentrations below 

the CMC, surfactant molecules are distributed between the bulk of the solution 
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and the surface, both concentration (in bulk and surface) increases until the 

CMC is reached. At the CMC , the bulk concentration of the individual surfactant 

molecules is constant. Above the CMC, the saturation level of bulk 

concentration of surfactant is reached 64.  

In Table 3-1 results of this experiment where it can clearly be seen that the 

surface tension of the surfactant solution decreasing with increasing surfactant 

concentration. The dependence of surface tension on the log e value of 

surfactant concentration is called the surface tension isotherm and is used to 

estimate the CMC graphically 64. 

 

Table 3-1: Results for the surface tension method for calculating the CMC 
of the surfactant SDS 

[ SDS] mM 
Height in 

capillary/m 

surface tension/ 

N.m-1 
-Ln [SDS] mM 

1.25 0.022 0.0646 6.68 

2.5 0.015 0.044 5.99 

5 0.012 0.0352 5.29 

7.5 0.011 0.0323 4.89 

10 0.01 0.0293 4.60 

15 0.008 0.0234 4.19 

 

Figure 3-2 shows a plotted graph of the result of surface tension isotherm which 

is used to estimate the CMC of SDS. From the graph and the data collected, it is 

possible to estimate the CMC from the inflection point to be 6.1 mM. This 

experiment was performed only once hence there are no error bars on the graph. 

This is because it is not likely that we could use this method for our gel systems 

because SHGs are very viscus to raise up in capillary tube.   
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Figure 3-2: Plotted graph between the surface tension against (-Ln[SDS]) 
in mM and the inflection point  used to estimate the CMC point of the 
surfactant. 

 

 

3.2.2 Solution Conductivity 

The second benchmark experiment involved using the method of solution 

conductivity  to calculate the CMC value of SDS. The experimental procedure is 

described in the Experimental chapter and the experiment was performed in 

triplicate (see Table 3-2 for readings). Figure 3-3 shows a plotted graph for 

average conductivity of all three runs, in which different concentrations of SDS 

are plotted against the average conductivity values measured. From the graphs, 

a discontinuity in the value of conductivity of micellar solution is observed due to 

micelle formation although the exact estimation for the point is always subject to 

an element of subjectivism. The combined average results of each individual 

reading issued to calculate the CMC value for the surfactant SDS, is equal to 

7.8 mM.  
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Table 3-2: The results for the conductivity method for calculating the CMC 
of surfactant SDS. Experiments were performed in triplicate 

[SDS] mM Run 1st mS Run 2nd mS Run 3rd   mS Average 

0.000 0.020 0.300 0.100 0.140 

0.498 48.500 38.200 35.700 40.800 

0.990 92.700 74.700 72.600 80.000 

1.478 137.100 108.900 106.800 117.600 

1.961 148.100 144.400 143.300 145.267 

2.439 217.000 177.400 176.000 190.133 

2.913 257.000 210.000 209.000 225.333 

3.382 292.000 240.000 239.000 257.000 

3.846 326.000 270.000 269.000 288.333 

4.306 356.000 299.000 298.000 317.667 

4.762 383.000 324.000 324.000 343.667 

5.213 411.000 348.000 348.000 369.000 

5.660 436.000 370.000 370.000 392.000 

6.103 460.000 390.000 390.000 413.333 

6.542 483.000 411.000 411.000 435.000 

6.977 503.000 431.000 430.000 454.667 

7.407 525.000 451.000 450.000 475.333 

7.834 544.000 467.000 469.000 493.333 

8.257 563.000 485.000 487.000 511.667 

8.676 583.000 502.000 503.000 529.333 

9.091 601.000 518.000 518.000 545.667 

9.502 618.000 534.000 534.000 562.000 

9.910 635.000 550.000 550.000 578.333 

10.314 652.000 563.000 565.000 593.333 

10.714 669.000 578.000 579.000 608.667 

11.111 685.000 592.000 594.000 623.667 

11.504 700.000 606.000 608.000 638.000 

11.894 715.000 619.000 620.000 651.333 

12.281 730.000 632.000 634.000 665.333 

12.664 745.000 646.000 647.000 679.333 

13.043 760.000 656.000 660.000 692.000 

13.420 773.000 669.000 672.000 704.667 
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13.793 786.000 681.000 684.000 717.000 

14.163 799.000 693.000 696.000 729.333 

14.530 812.000 705.000 708.000 741.667 

14.894 823.000 716.000 720.000 753.000 

15.254 835.000 728.000 732.000 765.000 

15.612 846.000 739.000 743.000 776.000 

15.966 857.000 751.000 754.000 787.333 

16.318 868.000 762.000 764.000 798.000 

16.667 879.000 763.000 775.000 805.667 

17.012 889.000 773.000 785.000 815.667 

17.355 899.000 783.000 797.000 826.333 

17.695 909.000 794.000 807.000 836.667 

18.033 919.000 804.000 817.000 846.667 

18.367 930.000 814.000 828.000 857.333 

18.699 939.000 824.000 839.000 867.333 

19.028 949.000 835.000 849.000 877.667 

19.355 959.000 845.000 858.000 887.333 

19.679 969.000 855.000 869.000 897.667 

20.000 979.000 865.000 879.000 907.667 

 

 

Figure 3-3: Result of average runs of the conductivity experiment to 
calculate the CMC point of the surfactant SDS. 
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3.2.3 Fluorescence Spectroscopy 

The fluorescence spectrum of pyrene in the aqueous phase exhibits four 

predominant peaks (Figure 3-5). Pyrene is a polycyclic aromatic hydrocarbon 

(PAH) containing four benzene rings, resulting in a flat aromatic system and has 

the chemical formula C16H10. The irradiation peaks appear at 302, 366, 377 and 

broad peak at 420 nm. 

 

Figure 3-4: Structure of PAH pyrene indicating the flat aromatic ring 
system. 

 

 

Figure 3-5: Peaks from Flourolog instrument of 12 mM of surfactant SDS 
and pyrene in aqueous phase 

 

It has been shown by Kalyanasundaram and Thomas that the ratio of the first 

and third peak intensities are sensitive parameters to estimate the CMC point of 

surfactants 118. Another fluorescence method used to calculate CMC points has 

been described by Wong et al, which is based on an assumption that any 



78 
 

shifting of the fluorescence maximum wavelength arises from dye molecules 

experiencing changes in their environment. These changes are envisaged to be 

the result of micelle formation119. This method (i.e Wong method) involves 

measurement of only the first maximum fluorescence peak at 305 nm which is 

used to estimate the CMC within aqueous media as follow: 

  

A series of 15 different concentrations of the surfactant SDS were prepared in 

disposable cuvettes, each one containing an ethanolic solution of pyrene. The 

final concentration of pyrene in each cuvette was 1x10-5 M. Table 3-3 collects 

the intensity (I) of three fluorescence peaks of pyrene as a function of the 

concentration of SDS. The fourth peak of pyrene is a broader peak and the 

exact intensity is not accurate (see Figure 3-5). This experiment is a one-off run. 

 

Table 3-3: The florescence intensities of a series of different 
concentrations of surfactant SDS solutions at three predominant peaks  in 
an aqueous phase 

[SDS] mM I 305 I 365 I 377 

1 3637160 3699160 2626900 

2 3608820 3624240 3464300 

3 3744720 3693400 3773710 

4 3737590 3753840 3755670 

5 3672370 3781620 3752140 

6 2027740 3723130 3564650 

7 581840 3781860 2710650 

8 595730 3781170 3001760 

9 624970 3796990 3625840 

10 225970 3800170 3433720 

11 801620 3760530 2290870 

12 687760 3749440 2023270 

13 676790 3790140 3211710 

14 662360 3752440 2203720 

15 789960 3802710 1311050 

 

A graph can be plotted between the intensity of the first fluorescence maximum 

centre against the surfactant concentration (Figure 3-6; the Wong method). The 
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initial peak intensities at lower amphiphile concentration (below CMC point) 

seem to be rather stable with comparable peak intensities; however these 

values decrease sharply around the CMC point and finally the system is 

stabilised again by similar peak intensities above the CMC point. From the 

graph below, an estimation of the CMC point of the surfactant SDS in aqueous 

phase from the inflection points where the rate of decrease accelerates which is 

6.9 (± 0.4) mM. The ESD value calculated from the data shown in the graph 

based on the best fit of the data selected points. The red shadow is generated 

automatically by the OrigenPro software.   

 

 

Figure 3-6: Plotted graph of the SDS concentration in millimoles per litre 
against the intensities of the first fluorescence band centre values in the 
aqueous phase by pyrene 

 

 

This experiment was a prospective choice to be used to estimate the CMC 

within SHG environments due itôs compatibility in principle with different media, 

i.e. the SHG prepared directly in a disposable cuvette and the cuvette could be 

loaded to the instrument without any further addition or mobility of SHG. 

However,  initial results of the use of this fluorescent method in the SHG phase 

suggested that there was some behaviour in that phase which did not really 
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allow us to obtain good quality usable data (Figure 3-7). Therefore, we decided 

against further investigation of fluorescence as a method for use in the SHG 

phase.  

 

Figure 3-7: Peaks from Flourolog instrument of 0.9 mM of surfactant SDS 
and pyrene in SHG phase 

 
 

3.2.4 Visible Spectrophotometry 

To estimate the CMC of surfactant SDS in the aqueous phase using 

spectrophotometry, two different methods were used which involve using two 

different dyes, merocyanine 540 (MC 540) and pinacyanol chloride (PC). In 

using the first of these dye probes, the ratio of absorbance at two key maxima, 

558 and 524 nm are plotted against the concentration of SDS whilst the use of 

pinacaynol chloride dye system involves plotting absorbance at 608 nm against 

SDS concentration. concentration of SDS and absorption at 605 nm plotted 

against concentration of SDS pinacyanol chloride.  

 

3.2.4.1 Merocyanine 540 method  

A procedure was used based on a study described by A. Wicken et al.73 as 

follows. A series of different concentrations of SDS were prepared in a test 

tubes and mixed with an ethanolic solution of a red dye MC 540, resulting the 

dye concentration in each tube being 1x10-5 M.  
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Figure 3-8 showed a steady increase of the absorbance of merocyanine 540 

dye with increasing in the concertation within aqueous solution, two maxima 

wavelengths used and both would fit perfectly with a linear fit ( see Table 7-1 

and Table 7-2 for the fitting equations).    

 

  

Figure 3-8: Absorption-Concentration plot for the dye MC 540 indicating a 
linear increasing of the absorption with increasing the dyeôs 
concentration of two different wavelengths  

 

Analysis of the visible spectrum via UV-Vis absorption spectrophotometry, 

revealed a double peak pattern with maxima at 524 nm and 558 nm with the 

former diminishing in size and the latter growing in size as the concentration of 

SDS increased (see Figure 3-9). 

The final concentration of surfactant, the absorbance of each maxima and the 

ratio of both maxima are shown in Table 3-4. For each concentration of 

surfactant, the maximum absorbance of MC 540 dimer (II) was noted and the 

maximum absorbance of the monomeric form (I) noted also and a graph plotted 

between the surfactant SDS concentration in millimoles per litre (mM) against 

the ratio of these absorbance values. Figure 3-10 reveals the absorption 

spectra of each SDS concentration in the range 1-17 mM. 
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Figure 3-9: The absorption of each concentration of the surfactant SDS 
from 1 ï 17 mM in aqueous phase using the MC540 spectrophotometric 
method .
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Table 3-4 The absorption values of a series of different concentrations of surfactant SDS solutions  at two ɚmax in the aqueous 
phase. Three repetitive have been used and the average between them used in the plot. 

 

 First run  Second run  Third run    

[SDS] 
mM 

Abs 524 
Abs. 
558 

524/558 Abs 524 
Abs. 
558 

524/558 Abs 524 
Abs. 
558 

524/558 Average ST. Dev 

1.0 0.387 0.408 0.948 0.445 0.468 0.950 0.391 0.411 0.952 0.950 0.002 

2.0 0.485 0.510 0.951 0.417 0.437 0.954 0.496 0.520 0.954 0.953 0.002 

3.0 0.439 0.462 0.951 0.489 0.512 0.955 0.430 0.451 0.953 0.953 0.002 

4.0 0.483 0.506 0.955 0.412 0.431 0.955 0.477 0.498 0.958 0.956 0.002 

5.0 0.444 0.462 0.962 0.498 0.518 0.963 0.444 0.462 0.961 0.962 0.001 

6.0 0.524 0.546 0.960 0.455 0.472 0.964 0.501 0.518 0.966 0.963 0.003 

7.0 0.448 0.457 0.980 0.513 0.523 0.981 0.437 0.445 0.980 0.981 0.001 

8.0 0.561 0.518 1.083 0.476 0.444 1.072 0.554 0.512 1.081 1.079 0.006 

9.0 0.574 0.475 1.208 0.649 0.520 1.248 0.518 0.406 1.275 1.243 0.034 

10.0 0.790 0.560 1.412 0.633 0.468 1.354 0.559 0.379 1.478 1.415 0.062 

11.0 0.700 0.473 1.480 0.823 0.516 1.594 0.658 0.436 1.509 1.528 0.059 

12.0 0.846 0.519 1.632 0.687 0.448 1.534 0.807 0.490 1.646 1.604 0.061 

13.0 0.712 0.454 1.567 0.872 0.514 1.696 0.687 0.440 1.561 1.608 0.076 

14.0 0.974 0.583 1.671 0.696 0.439 1.585 0.856 0.501 1.707 1.654 0.062 

15.0 0.742 0.473 1.568 0.950 0.551 1.726 0.674 0.417 1.615 1.637 0.081 

16.0 0.944 0.544 1.736 0.749 0.471 1.593 0.895 0.508 1.761 1.696 0.091 

17.0 0.709 0.440 1.610 0.957 0.544 1.759 0.735 0.457 1.609 1.659 0.086 
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The absorbance ratio of monomer to dimer absorbance values increase with 

increasing the surfactant concentration due to the solvatochromic120 and the 

CMC point is estimated to be at the inflection point shown in Figure 3-10.  

The rate of increasing of peak ratio accelerated around the inflection point and 

the CMC value of the surfactant SDS is estimated from the graph at 10.8 ±0.6 

mM.  

 

 

Figure 3-10: Plotted graph between the SDS concentration (mM) and the 
ratio between the absorbance of monomeric to dimeric values in aqueous 
phase by using MC 540 as UV-Vis dye detector 

 

3.2.4.2 Pinacyanol chloride method  

Pinacyanol chloride (1,1ǋ-diethyl-2,2ǋ-carbocyanine chloride, 2,2ǋ-

trimethinequinocyanine chloride, Quinaldine blue), abbreviated as PC is a 

cationic dye which is part of conjugated cyanine dyes. It has the formula  

C25H25ClN2. and Figure 3-11 shows itôs structure. 

 

 

Figure 3-11: The chemical structure of pinacyanol chloride 
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The amphipathic nature of PC confers solubility in a wide range of solvents, 

including water, ethanol and chloroform. Due to a high polarization of the 

chromophoric chain, PC has the ability to self-aggregate and this is a common 

phenomenon in the aqueous solution of cyanine dyes121. Water has a high 

dielectric constant which facilitates the formation of aggregates by decreasing 

the electrostatic repulsion between the cationic dye molecules121. 

Cyanine dyes of the type which PC belongs to, have deep colours and are 

frequently used as reporter dyes in a range of spectroscopic methods121. 

To estimate the CMC value of the surfactant SDS, a method has been 

suggested by T. Namani and P. Walde122  in which a series of different 

concentrations of SDS were prepared in  test tubes and mixed with an ethanolic 

solution of a blue dye PC, resulting the dye concentration in each tube being 

1x10-5 M. Figure 3-12 shows the absorption in the visible region of PC in the 

presence of SDS at a range of concentrations of series of SDS concentrations. 

Experiments were performed in triplicate.   

 

 

 

Figure 3-12: The absorption of each concentration of the surfactant SDS 
from 1 ï 16 mM in aqueous phase using the PC spectrophotometric 
method.  
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This method consists of plotting the concentration of SDS in mM against the 

absorption maximum at 608 nm. The final concentration of surfactant, the 

absorbance of 608 nm maxima, the average of the three repeat runs and the 

error (standard deviation of sample) are shown in Table 3-5. For each 

concentration of surfactant, the maximum absorbance of PC was noted and a 

graph plotted between the surfactant SDS concentration in millimoles per litre 

(mM) against the absorbance values. Figure 3-13 reveals the absorption 

spectra of each SDS concentration in the range 1-16 mM. The rate of 

increasing of peaks absorbance accelerated around the inflection point and the 

CMC value of the surfactant SDS is estimated from the graph at 7.8 ± 0.4 mM 

and the value which have been reported in previous study equals to 8.0 mM121. 

 

Table 3-5: The absorption values of a series of different concentrations of 
surfactant SDS solutions  at 605 nm in the aqueous phase. Three 
repetitive have been used and the average between them used in the plot. 

[SDS]mM 1st run 2nd run 3rd run Average St. Dev. 

0 0.430 0.002 - 0.216 0.303 

1 0.236 0.220 0.250 0.235 0.015 

2 0.256 0.232 0.260 0.250 0.015 

3 0.244 0.218 0.265 0.242 0.023 

4 0.247 0.239 0.255 0.247 0.008 

5 0.228 0.214 0.263 0.235 0.025 

6 0.244 0.239 0.178 0.221 0.037 

7 0.594 0.584 0.587 0.588 0.005 

8 0.771 0.954 0.850 0.858 0.092 

9 0.934 0.916 1.052 0.967 0.074 

10 1.105 0.962 1.105 1.058 0.083 

11 0.974 1.006 0.953 0.977 0.026 

12 1.033 0.993 1.078 1.035 0.043 

13 1.096 1.079 1.052 1.076 0.022 

14 1.060 1.126 1.121 1.102 0.036 

15 1.005 1.144 1.150 1.100 0.082 

16 1.022 1.054 1.175 1.084 0.081 
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Figure 3-13: Plotted graph between the SDS concentration (mM) and the 
absorbance at 506 nm in aqueous phase by using PC as UV-Vis dye 
detector 

 

In summary, the measurement of CMC values for SDS has been examined in 

the aqueous phase using several different methods. The results obtained 

indicate that CMC measurements are dependent to some extent on the 

measurement method used as shown in Table 3-6 which shows these 

differences. Of the techniques used in aqueous solution, we have selected to 

use visible spectrophotometry in the SHG phase. 

 

Table 3-6: Summery of CMC values of SDS depending on the method and 
probe used. 

Method  Probe CMC (mM) 

UV-vis Merocyanine 540 7.3 ±0.1 

UV-vis Pinacyanol Chloride 7.8 ± 0.4 

Florescence Pyrene 6.0 

Conductivity NaOH 7.9 

Tensiometry -- 6.1 
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3.3 Measurements of Critical Micelle Concentrations (CMC) of 

SDS in Silica Hydrogel (SHG)  Environments  

From the possible analytical tools for CMC measurement in an aqueous 

environment, we have selected spectrophotometry as the most likely to be 

compatible and applicable with a SHG media. The conductivity method involves 

continuous addition of sodium hydroxide which is not applicable when exploring  

the gel phase as it results in the gel environment being changed. The similar  

issue arises with tensiometry as explained in 3.2.1 where the flow of a gel 

phase being so different to that of an aqueous solution would likely influence the 

results of such experiments. Fluorescence spectroscopy using pyrene returns 

only poor data so we have not pursued this any further. Thus we embarked on a 

series of  UV-Vis spectroscopic experiments to measure the CMC of sodium 

dodecylsulfate in the silica hydrogel phase . 

 

3.3.1 Merocyanine 540 as reporter dye 

In order to measure  the CMC of the surfactant SDS in a silica hydrogel phase 

created from a sodium silicate solution, the same procedure was employed as 

that used in the aqueous phase. Once again, the novelty of these experiments 

is that the CMC of an amphiphile within a silica hydrogel, related to an early 

earth geological environment, has not previously been examined. However, the 

hydrogel phase has such potential significance within the context of life 

emergence that we have engaged with that here7. 

 

3.3.1.1 Measurement of SDS CMC within a 0.5 M SHG 

A series of concentrations of the surfactant SDS was prepared directly in 

disposable cuvettes with the final concentration of SDS shown in Table 3-7. To 

each cuvette was also added a mixture of 0.5 M of sodium silicate solution, acid 

solution (i.e: Barge method of production of SHG) and an ethanolic solution of 

red dye MC540 to afford a final concentration of merocyanine of  

1x10-5 M. The systems were allowed to gel for 24 hrs prior to analyses so that 

we could ensure we were operating under the SHG environment. 

The samples show a similar overall peak shape to that  in an aqueous 

environment with a slight change in the dimer peak maximum from 558 (±2) nm 

to 560 (±2) nm (Figure 3-14)
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Table 3-7: The absorption values of a series of different concentrations of surfactant SDS solutions  at two ɚmax (524, 560 nm) in 
0.5M silica hydrogel phase. 

 First run  second run Third run  

[SDS] 
mM 

524 nm 560 nm 560/524 524 nm 560 nm 560/524 524 nm 560 nm 560/524 Average St. Div.s 

0.5 0.271 0.231 0.850 0.244 0.218 0.894 0.278 0.273 0.981 0.908 0.067 

0.75 0.292 0.420 1.440 0.297 0.383 1.292 0.362 0.586 1.620 1.451 0.164 

1 0.353 0.705 1.997 0.365 0.747 2.048 0.372 0.772 2.077 2.041 0.040 

1.5 0.382 0.923 2.417 0.389 0.942 2.420 0.447 0.961 2.147 2.328 0.156 

2 0.301 0.887 2.949 0.383 0.992 2.590 0.402 0.953 2.371 2.637 0.292 

3 0.398 1.055 2.650 0.391 1.048 2.682 0.412 1.002 2.433 2.589 0.135 

5 0.378 1.056 2.795 0.399 1.095 2.747 0.423 1.018 2.408 2.650 0.211 

7 0.407 1.107 2.720 0.387 1.094 2.825 0.403 1.025 2.544 2.696 0.142 

8 0.409 1.114 2.726 0.391 1.110 2.839 0.401 1.008 2.515 2.693 0.164 

9 0.444 1.161 2.614 0.401 1.111 2.769 0.387 0.987 2.551 2.645 0.112 

10 0.409 1.115 2.729 0.321 1.064 3.313 0.400 1.019 2.545 2.862 0.401 

12 0.388 1.088 2.804 0.393 1.118 2.847 0.393 1.007 2.561 2.738 0.154 

15 0.403 1.124 2.789 0.384 1.101 2.871 0.385 0.993 2.579 2.746 0.151 

18 0.408 1.133 2.775 0.382 1.105 2.890 0.840 1.317 1.568 2.411 0.732 

21 0.394 1.123 2.849 0.419 1.155 2.757 0.399 1.021 2.559 2.722 0.148 
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Figure 3-14: The absorption of each concentration of the surfactant SDS 
from 0.5 ï 21 mM within 0.5M SHG phase using the MC540 
spectrophotometric method for the first measurements. The reaming two 
are listed in the appendix as (Figure 7-5 and Figure 7-6) 

 

The absorbance ratio of monomer to dimer values decrease with increasing 

surfactant concentration due to the solvatochromic shift and the CMC point is 

estimated to be at the inflection point shown in Figure 3-15. The rate of increase  

accelerated at the inflection point and the CMC value of the surfactant SDS is 

estimated to be 1.3 ± 0.7 mM 
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Figure 3-15: Graph of SDS concentration (mM) and absorbance ratio 
between monomeric and dimeric merocyanine 540 in 0.5 M silica hydrogel 
phase. The inflection point indicates the CMC point of the surfactant in 
SHG. 

 

Regarding the graph represented in Figure 3-15, there are a few points which 

need to be clarified and discussed. In the aqueous phase, there are three 

regions in the CMC curve: (i) below the CMC, (ii) between the on-set and (iii) 

equilibrium point and everything after that point. It is important to emphasise 

that the data we are reporting is absorbance data on the reporter dye which tells 

us about its self-assembly state. Essentially, PC exists principally as a 

monomer when it becomes incorporated into a micelle structure and so the 608 

nm band associated with that form becomes dominant. This in turn is sensitive 

to the degree of micellation. 

 

Below the CMC region represents that environment whereby the surfactant 

molecules are at low concentration, associated mainly at the air-water boundary 

(see Figure 1-9) in the solution and do not engage in self-assembly. As the 

surfactant concentration increases  the molecules start to aggregate and micelle 

formation begins; this is effectively the onset point of micelle formation. The last 

region represents the phase where micelle formation is essentially complete 

and what we are observing here is a plateau or equilibrium point for the 

concentration of monomeric form of pinacyanol chloride  



92 
 

These three regions are clearly visible in the aqueous environment graph as 

shown in Figure 3-10 (or lower and upper inflection points), but within the SHGôs 

media, we visualize two of them only, the onset point is not clearly defined. Now 

this could of course be due to the fact that onset is taking place at such low 

concentrations, lower than we have examined here. This means that what we 

have done in our investigations is to explore the change in the equilibrium 

transition point (iii) and compare that between aqueous and SHG phases.  

It is probable that this change in transition behaviour is linked to the salt content 

of the SHGôs as in related experiments performed in aqueous salt solution by 

another member of the Kee group, as similar observation is made that the onset 

transition point apparently vanishes at higher salt concentrations (see 

section 3.4.2) 

 

3.3.1.2 CMC of SDS in 0.6 M SHG 

When a higher concentration of silicate solution is used to prepare the SHG (0.6 

M silicate), the corresponding measurements lead to an even more reduced 

CMC value. Table 3-8 show the data used to plot Figure 3-16). The overall 

shape of the MC540 peaks within 0.6 M SHG have a similar peak maxima. 

Figure 3-17, shows the raw absorption data which have been used in Table 3-8 

to estimate the CMC point at 1.1 ± 0.2 mM. 
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Figure 3-16: Graph of SDS concentration (mM) and absorbance ratio 
between monomeric and dimeric merocyanine 540 in 0.6 M silica hydrogel 
phase. The inflection point indicates the CMC point of the surfactant in 
SHG. 

 

 

Figure 3-17: The absorption of each concentration of the surfactant SDS 
from 0.5 ï 10 mM within 0.6M SHG phase using the MC540 
spectrophotometric method. 




































































































































































































































































































