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Abstract 

Calcium carbonate (CaCO3) particles are one of the most abundant mineral aerosol 

totalling to approximately 8% of the total mass of mineral aerosols in the atmosphere, 

amounting to a loading of ~1.3 Tg. 

It is possible to produce CaCO3 via a ñsimpleò ion exchange reaction between 

calcium chloride (CaCl2) and sodium carbonate (Na2CO3). This reaction seems 

simple, however as a mineral CaCO3 can also have multiple polymorphs, such as 

calcite, vaterite and a hydrated crystal ikaite (calcium carbonate hexahydrate, 

CaCO3Ā6H2O). This reaction and its mechanism is important in both inorganic and 

biological chemistry, as CaCO3 is major component of bones and shells of living 

organisms, and the exact mechanism of formation and transformation of the different 

polymorphs is not known. In the atmosphere it can react with various reactive gases, 

such as NOx and SOx gases.  

This thesis can be split in to two major parts: a comparison of the hygroscopic 

responses of CaCl2, sodium chloride and a hydrocarbon (2-Hydroxypropyl)-ɓ-

cyclodextrin using aerosol optical tweezing and dynamic vapour sorption, and the 

other focusing on the investigation of the formation and transformation of CaCO3 

polymorphs in an optically tweezed aerosol droplet using Raman spectroscopy. In 

this thesis the formation and transformations CaCO3 is looked at from different 

perspectives: a theoretical model of the changes in the equilibrium size of the particle 

at a set relative humidity as a function of depletion of CaCl2 available for the reaction, 

and a spectroscopic point of view focusing on the evolution of the Raman spectrum 

of the droplet as the CaCO3 forms and transitions between polymorphs. 

The thesis also looks at potential ways of overcoming the issues encountered in the 

previously mentioned parts of the thesis, such as the use of Brownian motion of the 

droplet in a video recording for sizing. 
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Chapter 1 A very brief introduction 

1.1. Overview 

Aerosols are an important part of the Earthôs atmosphere affecting the planet we live 

on globally and locally and can be artificially created to affect human health.  It is 

possible to see how the impact of natural and man-made aerosols can reach global 

and local effects, traveling vast distances. They are also responsible for many 

important chemical transformations in the atmosphere.[1ï14] 

1.2. Atmospheric impact 

1.2.1.  Particle travel 

Aerosol particles are known to linger in the atmosphere and can remain in the 

atmosphere for days and can be transported over long distances by atmospheric 

currents. For example dust storms originating in the Sahara desert raise sand 

particles in to the atmosphere, and are transferred across in to the Caribbean regions 

by atmospheric air currents, forming the islands. [3,12ï14]Current meteorological tools 

allow tracking the flow of atmospheric particles all across the globe, and is an 

important tool in the understanding of weather, climate change and the 
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consequences of human activity, such as the tragic aftermath of Fukushima Daiichi 

nuclear power plant disaster.[4,5] 

During the Fukushima disaster large amounts of radioactive dust was ejected into the 

atmosphere. This dust was then picked up by the atmospheric air currents and 

transported across the Pacific Ocean to the United States, and in the opposite 

direction. For example, a large cloud of radioactive particular matter moved towards 

Tokyo between the 14 and 15 of March 2014.[4] This cloud posed a significant 

potential threat to the population of Tokyo; with the possibility of evacuation.[4,5] 

1.2.2.  Clouds and Albedo 

Aerosol clouds can influence the changing climate of the planet through direct effects 

such as reflection of solar radiation and through indirect effects such as the evolution 

of aerosols through chemical transformation and the hygroscopic response of 

aerosols (aerosols acting as cloud condensation nuclei for droplets). This behaviour 

is particularly important as aerosols are thought to have a large contribution to 

decreasing the radiative forcing and through that influencing global warming.[6] 

 

Figure 1.1 A schematic of the earthôs albedo, which is the ratio of the reflected solar 

radiation incoming solar radiation. An albedo value of 1 signifies that 100% of the 

solar radiation was reflected. One of the ways it is possible to measure this effect is 

through measuring the albedo of the aerosol clouds. Albedo is defined as the ratio of 

the radiation scattered over the total intensity of radiation that it is irradiated with.[15] 

(See Figure 1.1) This makes the albedo as general quantity applying both to clouds 

and different surfaces of the earth.[16] A simple example of the influence of albedo on 

Incident Solar 

Radiation

Reflected Solar 

Radiation

Atmosphere

Earth
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the climate can be observed even on relatively small scales by for example observing 

the urban and rural microclimates.[2,8,17ï20] 

 As an example, sea spray aerosol droplets are known to have an albedo  close to 1, 

almost completely reflecting the radiation it is irradiated with.[21] On the other hand, 

soot particles, and black carbon particles  must be mentioned, because unlike other 

aerosols black carbon particles contribute to a decrease in the overall albedo and 

can coat other, more reflective surfaces, thus preventing them from reflecting the 

incoming radiation.[22ï26] (See Figure 1.2) 

 

Figure 1.2 A table of the various components of the atmosphere and their impact on 

the radiative forcing.[6] As mentioned previously, aerosol particles can act as cloud 

condensation nuclei. The process of equilibrating with the relative humidity (RH) of 

their surroundings, is known as the hygroscopic response.  This process changes the 

size of the aerosol droplet and the concentration of the solute in the droplet as water 

evaporates or is absorbed to establish equilibrium. As the size of the droplet 

changes, a change in the albedo of the droplet can be observed, thus the knowledge 

of the composition of an aerosol and its hygroscopic response could be used for a 

better understanding of the physical processes happening in the atmosphere.[27] 

1.2.3. Chemical transformations 
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Since the atmosphere consists of many different gases and both liquid and solid 

aerosol particles; chemical reactions are bound to happen. Among the major groups 

of reactive chemicals are the NOx (nitrous oxides) and SOx (sulphuric oxide) species 

as well as gases CO2, CO, NH4, and various organic carbon species and volatile 

organic hydrocarbons.[2,28] This allows for a wide variety of chemical transformations, 

which in turn will lead to changes in the hygroscopic response of the aerosol particle 

and produce a knock-on effect on the albedo of the particles and clouds. These 

factors make the study of chemical transformations in aerosols an important topic to 

study.[28] 

Another aspect of chemical transformations of aerosols is their sedimentation on 

Earthôs surface. An example of this process is rain. The understanding of the 

chemical transformations can give insight in to the naturally occurring cycles of 

chemicals in nature and in more detail on the effects of human activity on the 

environment.[6] 

1.3. Human health 

Mankind has had a long history of dealing with aerosols influencing human health. 

Research in to this specific field has produced many important discoveries that affect 

multiple aspects of our life. Currently aerosol research related to healthcare can be 

broadly divided in to 3 groups: airborne pathogens and allergens[29ï31], drug 

delivery[32ï36], and pollution[8,25,37]. 

1.3.1. History  

Since ancient times mankind has been interested in what we breathe and how it 

relates to our health. One of the earliest known uses of inhalable medicines can be 

traced back to ~1554 BC Egyptian papyrus Ebers (specific text). Other 

archaeological evidence shows that opium was smoked in ancient China as early as 

1100 BC. Smoking and inhaling opium is also described by Avicenna as a treatment 

for severe coughs and noted that the patient needs to be monitored to prevent 

overdose. Other diseases such as asthma were also known in ancient times with 

texts dating circa 600 BC India, suggesting smoking a medicinal plant as a way of 

relieving symptoms of asthma. Asthma cigarettes were also used throughout history 

up until the 20th century.[38,39] 
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Figure 1.3 A photograph of asthma cigarettes. Image courtesy of Mark Sanders. 

(Reproduction rights were purchased; Original image: http://www.inhalatorium.com)  

All of this suggests that even in ancient times had some understanding of inhaled 

particles and their effect on human health. Another historical example of this are the 

masks used by plague doctors, commonly stuffed with a combination of various 

smelling objects ranging from lavender and spices to honey and vinegar. Their aim 

was to prevent the wearer from inhaling the illness when treating the patients and 

was in use after the plague has passed. Even though it is now known that the 

bubonic plague itself is not transmitted via inhalation, the use of the mask had a 

kernel of truth behind it as some diseases can spread this way.[40] However not all of 

medical perspectives in history were reasonable, with treatments such as tobacco 

smoke enemas existing. This treatment was primarily used for resuscitating a person 

after drowning and required one to literally blow smoke up someoneôs rectum.[41,42] 

In the mid-19th century other methods of producing aerosols where introduced: 

atomisers and nebulisers, and dry powder inhalers. These are now commonly used 

in medical applications, as they both are portable, easier to control and do not require 

a source of heat unlike for example asthma cigarettes.[39] Another important 

milestone of healthcare aerosols was the development of metered dose inhalers in 

the 1950s, which allowed the doses to be accurately measured out, improving the 

quality of life of people suffering from a variety of respiratory illnesses.[39] 

 

http://www.inhalatorium.com/
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1.3.2.   Airborne pathogens and allergens 

Airborne pathogens are an extremely fast way of disease transmittance, as they 

merely require one only be in the same environment and breathe the same air in 

order to contract it. Even hundreds of years ago people suspected that some 

diseases could transmit via air, as evidenced by the creation of plague doctorôs 

masks. Now we understand more about the transmission of airborne diseases, and 

research is being performed on the spreading of such diseases in closed 

environments, for example airplane cabins.[43ï45] 

Airborne allergens can also have a significant impact on the patients suffering from 

the allergy. One of the most common allergies caused by airborne allergens is 

Allergic Rhinitis, commonly known as hay fever. Hay fever is an umbrella term for an 

allergy caused by airborne pollen. The allergic reaction causes increased secretion of 

mucus in the nose (rhinorrhoea), sneezing, etc. and can impact the quality of life of 

the person suffering from this allergy.[30,31] 

1.3.3.  Drug delivery  

Intuitively, aerosols are an effective way of delivering drugs to the respiratory system 

and in case of airway blockage can be a fast and reliable way of targeted delivery of 

drugs. One of the major benefits of delivering medication to the lungs via inhaled 

aerosol is that the local concentration of the drug in the lungs can be high, whilst the 

blood plasma concentration can be much lower. This allows mitigating some of the 

negative side effects of the medication. For example, in short term relief of asthma 

bronchodilators such as beta-2 adrenergic receptor (ADRB2) agonists (medications 

that produce a response when binding with a receptor, for example salbutamol 

sulphate) are used, to relax the smooth muscles in the bronchi. However, ADRB2 are 

located in all of the smooth muscles, not just the bronchi and a high concentration of 

such a drug could produce negative side-effects. Thus using aerosols to deliver the 

medication is beneficial.[33ï35,46ï48] 

It is important to note that aerosols can be used to administer a wide variety of 

medications, targeting a wide range of diseases. There is research into the use of 

aerosols to deliver insulin to diabetes patients, as well as medication for treatment of 

Alzheimerôs disease. The use of aerosols could potentially allow people to inhale the 
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medication they need, instead of injecting it, which could significantly improve their 

quality of life.[49,50] 

Another important aspect of drug delivery are the overdose reversal nasal sprays, 

which are incredibly useful tools in reducing the lethality of drug overdoses. Most 

notably it is used in cases of opioid drug overdoses, such as heroin overdoses.[51] 

1.3.4.  Impacts of pollution 

Pollution has been strongly linked to human health. One of the most notable 

examples of this is the 1952 smog of London, when the pollution produced by the 

burning organic fuels caused an estimated 12000 deaths within a span of just a few 

months.[37,52,53] Currently, even though measures are taken to control and reduce air 

pollution, it still causes global healthcare issues, with the WHO reporting a staggering 

7 million deaths attributable to air pollution in 2016. Hence it is definitely an important 

issue to combat, and in my opinion should be one of the things that is tackled by all 

nations together, as aerosols demonstrate that they can quickly spread over vast 

areas.[6] 

1.4. Calcium carbonate 

Formation and the chemistry of calcium carbonate (CaCO3) is important in various 

areas of research. CaCO3 is among the most abundant by mass mineral aerosols, 

constituting ~8% of mass of mineral dust aerosols, totalling to ~1.3 Tg or 1.3 million 

tonnes in the atmosphere. Some of the sources of mineral aerosols in general and 

CaCO3 are deserts, arid and semiarid lands, where wind picks up the soil particles 

and raising them into the atmosphere. This allows mineral aerosols to travel 

extensive distances and react in the atmosphere with various gases, such as NOx 

and SOx gases as well as chloride containing and volatile organic compounds.[28] 

1.4.1.  Physical properties 

Calcium carbonate is an insoluble, typically white solid and is a major component of 

bio minerals such as bones and shells, as well as concrete and can also be 

commonly encountered with other compounds for example as chalk.[54,55] Pure 

calcium carbonate can be most often found as several polymorphs, calcite and 

aragonite in particular. Another polymorph containing only CaCO3 is vaterite, 

however it is not a stable polymorph and in the presence of water is converted in to 
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calcite, which is more thermodynamically stable.[54,56ï59] CaCO3 can also exist as a 

hydrated crystal, particularly as monohydrocalcite and hexahydrocalcite also known 

as ikaite[60ï70]. All the polymorphs of CaCO3 (calcite, aragonite and vaterite) as well 

as ikaite are birefringent, i.e. having multiple refractive indexes.[54,71] CaCO3 can also 

form an amorphous state[57,59,72], which is suspected to have short range ordered 

structures corresponding to various polymorphs, often termed as proto-vaterite, 

proto-calcite and proto-aragonite, signifying their similarity to the different 

polymorphs.[73,74] 

1.4.2. Formation of CaCO3 

There are multiple chemical reactions that can be used to form CaCO3. In this thesis 

the reaction a seemingly simple ion exchange reaction between calcium chloride 

(CaCl2) and sodium carbonate (Na2CO3) is performed in an optically tweezed aerosol 

droplet. This reaction yields a precipitate of CaCO3 and sodium chloride (NaCl) as a 

by-product. However, this reaction mechanism does not specify the polymorphic 

composition of the CaCO3 obtained. It is known that the addition of ions, for example 

magnesium ions[75ï78] and phosphate ions[55,62,79], the pH[62,79ï82] and the 

temperature[59,62,63,78,83] of the solution can alter the resulting polymorph. What is 

currently known is that calcite is the most stable polymorph and that vaterite can 

convert itself into calcite in an aqueous environment. It is also possible to produce 

CaCO3 by reacting CaCl2 with CO2 in an aqueous environment[54,80], which could be a 

potential way of reducing the amount of CO2 in the atmosphere. 

1.4.3. Other instances 

As mentioned, CaCO3 is also important in biomineralization, as it is one of the main 

components of bones, shells and corals.[60,73,84ï92] The ability of living organisms to 

utilise the properties of CaCO3 extends to the point of some organisms producing 

composite materials with multiple types of CaCO3 polymorphs.[60,88,93,94]  
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1.4.4. Effects of pollution on calcium carbonate 

Even though CaCO3 is insoluble in water, with a solubility depending on the 

polymorph is in the order of 9-10 mmol kg-1 at 25°C[55,70,81,95ï99], it is soluble in dilute 

acids, which becomes an issue when the acidity of the environment increases. As 

one example the increase of the CO2 in the atmosphere is known to be a factor 

contributing to an increase in the acidity of the earthôs oceans. This affects the 

solubility of the CaCO3 found in the shells, and has the potential to have disastrous 

consequences for marine life.[85ï87,100] A similar effect can be noticed in concrete 

structures, as CaCO3 is one of its components.[101ï103] 

1.5. Aims and Motivation 

The aims of the research conducted in this thesis are:  

¶ Investigate and compare single optically tweezed aerosol droplet and dynamic 

vapour sorption (DVS) methods of investigating the hygroscopic properties of 

chemical compounds. 

¶ Produce and analyse a phase transition ion exchange chemical reaction 

between CaCl2 and Na2CO3 forming CaCO3 polymorphs in an optically 

tweezed aerosol droplet using Raman spectroscopy and video imaging. 

1.6. Structure 

Chapter 2 will describe the optical methods used in the research conducted in the 

duration of this thesis. The first part of the chapter will give a brief explanation of the 

principles of optical trapping and outline the differences between the different designs 

of optical traps. The second part of this chapter will be concerned with the principles 

of Raman spectroscopy, the distinctiveness of Raman spectroscopy in comparison 

with other spectroscopy techniques used in chemistry (IR absorption and 

Fluorescence). This will be continued with outlining the specific aspects of Raman 

spectroscopy in aerosol droplets, and the different instrumentation that could be used 

for Raman spectroscopy.  

Chapter 3 will provide a brief introduction for the mathematical optimization 

algorithms used in this thesis, the least squares problem approach and some of the 
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philosophy behind mathematical optimization, as a way of solving problems such as 

fitting data to mathematical models.  

Chapter 4 will be aimed at discussing the specific properties of aerosols, such as the 

difference between single aerosol droplets and bulk solutions, as well as briefly 

touching on the differences between the analysis of multiple aerosol droplets and 

single aerosol droplets.  

Chapter 5 will describe the experimental procedure. The chapter will be concluded 

with a description of the optical tweezing and Raman spectroscopy setup used in the 

experiments discussed in this thesis. This chapter will also outline the theory and 

hardware used for dynamic vapour sorption, and the instrumentation used for control 

over the humidity in the aerosol trapping cell and the trapping cell itself. In this 

chapter an optimization software calculating the dry radius and the hygroscopic 

growth parameters is introduced and demonstrated to work on theoretical data. 

In the following chapter (Chapter 6) will go into some detail regarding hygroscopic 

growth of aerosols, discussing and comparing the hygroscopic growth of a few 

examples of organic and inorganic compounds using aerosol optical tweezers and 

DVS. In this chapter several models will be suggested for tracking chemical reactions 

in aerosol droplets using the hygroscopic growth. 

Chapter 7 the theory of the processes affecting the line profile of Raman spectra will 

be described. This will be continued with the theoretical models of the peak profiles 

used to decompose a spectrum into the different polymorphs CaCO3. 

Chapter 8 will draw on the theory presented in chapter 7 and will explore the tracking 

of chemical reactions in aerosols using Raman spectroscopy. 

Chapter 9 will take a different direction and look at imaging aerosols and how 

tracking the Brownian motion of an aerosol particle in the optical tweezers using 

video imaging and its potential application to tracking the size of an aerosol particle. 

Chapter 10 will present the conclusions and potential future work. 

Chapter 11 Bibliography
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Chapter 2 Basics of optical trapping and Raman 

spectroscopy 

Effects, which can easily be overlooked can sometimes become extremely important 

when looked at in detail. This is true for optical forces and Raman scattering, both of 

which were initially described as feeble1,2 and since their discoveries have become 

extremely useful tools in many scientific fields.3ï5  

2.1. Optical trapping regimes  

The principles of optical trapping and optical guiding were developed by A. Ashkin in 

19706 by optical guiding and in 19867 by building the first single beam optical trap, 

which later became known as the optical tweezers8. This work has had a significant 

impact as it was a way of manipulating objects using focused laser beams and 

without any contact by an external object. This has found many uses in natural 

sciences in analysing the properties of light9,10, the interactions of particles with one 

another11, studying the properties of proteins and DNA5, and in studying single 

particles away from any surfaces12,13.  

Optical trapping in general is divided in to 3 particle regimes: the Rayleigh regime, 

the geometric regime, and the intermediate regime. These regimes are based on the 

size of the particle relative to the wavelength of the light the particle is trapped with.14 

(see Figure 2.1)  
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The distinction between these particle regimes can be summarised as when the 

particle is significantly smaller than the wavelength of the light it will act as a point 

dipole in an electromagnetic field, and the particle is classified as a particle in the 

Rayleigh regime. In a case when the particle radius is larger than the wavelength of 

the light it will be trapped due to the radiation pressure exerted on the particle as light 

is reflected, refracted and absorbed by the particle. The intermediate regime as the 

name suggests, is a regime where the particle will be trapped by the combination of 

the forces acting in the Rayleigh in geometric regimes (see Figure 2.1). In the 

research conducted for this thesis only particles in the geometric regime where 

looked at. For more details on the Rayleigh and intermediate particle regimes see 

J.H. Seinfeld and S.N. Pandis.14,15  

 

Figure 2.1 A Schematic representation and the comparisons of the characteristic 

parameters of the 3 particle trapping regimes. Here R is the radius of the particle and 

ɚ is the wavelength of light used to trap the particle.    
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2.2. Optical forces in the geometric regime  

The principle optical trapping of particles in the geometric regime relies on the forces 

produced by the radiation pressure as consequence of Newtonianôs 3rd law of motion 

which states:  

ñActioni contrarem semper et aequalem esse reactionem: sive corporum duorum 

actiones in se mutuo semper esse aequales et in partes contrarias dirigi.ò Sir Isaac 

Newton, Philosophae naturalis principa mathematica16  

Translation: " To every action there is always opposed an equal reaction; or, the 

mutual actions of two bodies upon each other are always equal and directed to 

contrary parts."17   

This results in two forces acting on an optically trapped particle: the scattering force 

and the gradient force. Whilst both of these forces are a consequence of radiation 

pressure they act on the particle in significantly different ways.  

The scattering force is a force that pushes the particle along the path of the laser 

beam. Out of the two optical forces discussed in this chapter the scattering force is 

the most obvious consequence of radiation pressure as it will be directly due to light 

extinction properties of the particle (both scattering and absorption of light). The 

scattering force will exist with any ray of light and will always push a particle in the 

direction of propagation of light, regardless of the intensity profile of the beam of light.  

In contrast to the scattering force, the gradient force relies on the difference in 

intensity profile of the laser beam as well as on the geometry of the beam itself. As a 

physical phenomenon the gradient force is also caused by the radiation pressure, but 

acts in a way that pulls the particle in to or away the region of the highest intensity of 

the light beam, depending on the refractive indexes of the particle itself and the 

surrounding medium.   
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Figure 2.2 A schematic representation of the gradient force acting on an optically 

trapped particle. Here the particle has the higher refractive index than its 

surroundings.  

In case of the particle having a refractive index higher than the surrounding medium, 

the particle will be pulled into the high intensity region of the laser beam. The inverse 

also applies: if the particle has a lower refractive index than the surrounding medium, 

the particle will be pushed out of the high intensity region of the laser beam. In these 

cases, the refractive index will affect the way that the light is refracted of the surface 

of the particle by the principle of the Snellôs law18 (see Equation 2.1):  

 ▪   z▼░▪(Ᵽ ) = ▪   z▼░▪(Ᵽ )     Equation 2.1 

Here n1 and n2 are refractive indexes of materials 1 and 2 respectively, and ɗ1 and 

ɗ2 are the angles of the incident light and refracted light relative to the optical axis, 

which is always perpendicular to the interface between materials 1 and 2. As a 

consequence, the refractive index of the particle will dictate the direction of the 

gradient force acting on the particle. A special, case would be when the ɗ1=ɗ2=0, i.e. 

the incident angle is completely perpendicular to the interface between the media 

and coincides with the optical axis. This results in the equation known as the Shellôs 

law in the form of (see Equation 2.2 and Figure 2.3):  

Optical Axis

Gradient

Force

Optical Axis

Beam Intensity Profile
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▪   z▼░▪(Ᵽ ) = ▪   z▼░▪(Ᵽ ) =   ,   ▀◊▄ ◄▫ ▼░▪( ) =    Equation 2.2 

 

Figure 2.3 A schematic representation of the Snellôs law. Left: the general 

representation of the Snellôs law in equation 2.1. Right: the special case of ɗ1= ɗ2= 0. 

(see Equation 2.2)  

In this case the refractive indexes of the particle and the surrounding medium will 

have no influence on the geometrical direction of the refracted light. Hence the 

radiation pressure acting on a particle as part of the gradient force will be minimal, 

making it the ñpreferredò position of the particle in an optical trap. When considering 

this case, it is important to keep in mind that even though a particle of a lower 

refractive index than the medium should be trapped, however it does not happen due 

to physical processes such as Brownian motion of the particle in the optical trap, 

which will slightly offset the particle from the ideal position, disrupting the ɗ1= 0 

condition and expelling the particle from the laser beam.  

When considering a parallel beam with a Gaussian intensity profile a particle with a 

higher refractive index than the surrounding medium will be pulled into the beam by 

the gradient force and pushed along the direction of the propagation of light by the 

scattering force. This optical setup is known as an optical guide, as it will simply 

guide the particle trapping it in two dimensions perpendicular to the direction of 

propagation of light.   

ɗ1

ɗ2

n1
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Figure 2.4 A schematic of scattering force and the action of an optical guide. A: the 

particle is pushed along by the scattering force, with the gradient force simply 

keeping the particle in the centre of the beam. B: the particle is pushed along by the 

scattering force and pulled into the beam by the gradient force, with the particle 

having a higher refractive index than its surroundings. C: the particle is pushed along 

by the scattering force and expelled by the scattering force, with the particle having a 

lower refractive index than its surroundings.  

The gradient force can also be manipulated along the optical axis of the laser beam 

by focussing the laser beam. This results in optical trapping, as than the droplet is 

confined in all three dimensions. Optical trapping can be divided for distinction in to 

two groups: optical levitation and optical tweezing. (see Figure 2.5)  

 

Figure 2.5 A schematic of the difference between optical levitation (A) and optical 

trapping (B). In case of optical levitation, the trapping laser is focused less tightly than 

in optical tweezing. This results in optical tweezing confining the particle along the z 

axis tighter, than in case of optical levitation.  

The distinction between optical levitation and optical tweezing is mainly in the 

confinement along the optical axis of the trapping region of the optical setup. The rule 

of thumb is that in optical levitation the particle is confined more gently along the 

optical axis than in optical tweezing. This results in the possibility of describing all of 

Z-axis

Optical Levitaion

A

Optical Trapping

B Z-axis
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the mentioned optical manipulation tools being a family of optical manipulation tools 

with a gradient of confinement of the trapped particle along the optical axis.  

As mentioned earlier only particles that have a refractive index higher than the 

surrounding medium will be pulled into the high intensity region, and the particles 

with a refractive index lower than the refractive index of the surrounding medium will 

be expelled from the laser beam. This could also be utilised to trap particles by 

forming a well in the shape of the laser beam, for trapping low refractive index 

particles.  

When dealing with aerosol particles the case of the particles having a refractive index 

lower than the surrounding medium slightly less relevant than in other systems as 

aerosols are by definition colloidal dispersions of liquid or solid particles in a gas, and 

therefore the surrounding medium will have a refractive index close to 1, whereas 

most liquids and solids will have a refractive index higher than that, for example the 

refractive index of water is approx. 1.333.19 In the work described in this thesis all of 

the chemicals were in aqueous solutions and their response to changes in relative 

humidity, therefore all of the particles were liquid or had a liquid shell, and therefore 

had a refractive index close to or above that of water.  

2.3. Optical traps  

The simplest design of an optical trap was utilised by Ashkin in 1986 for trapping 

single dielectric particles in water, which was capable of trapping particles in ranges 

ranging from 10 um down to ~25 nm with an argon laser at 514.5 nm wavelength.7 It 

utilises a single laser beam with a Gaussian intensity profile focused through a high 

numerical aperture microscope. This setup later became known as optical tweezers 

as it confined the trapped particle tightly in all three dimensions.7 (see Figure 2.6)  

 

 

Incident laser beam

Microscope objective

Optical axis
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Figure 2.6The setup of a single beam optical tweezer. The microscope objective 

focuses the incident beam in order to trap the particle.   

A similar setup is used for the experiments described in this thesis. A single 

Gaussian beam was first expanded in order to fill the back of a high aperture 

microscope objective in order to maximise the gradient produced by the laser beam, 

maximising the gradient force of the optical trap. The trapping region was illuminated 

using a blue LED for imaging using a CMOS digital camera. The back scattered light 

was reflected through a beam splitter and analysed using Raman spectroscopy. (see 

this Chapter 2.3)  

The benefits of using this setup are the simplicity of design of this trap the capability 

of the system to image the trapped particle and the use of the laser beam for both 

optical trapping and as a pump laser for Raman spectroscopy.   

As a brief account of other systems that could be of beneficial to aerosol research 

are multi-particle traps and counter-propagating dual beam traps. Neither of these 

setups have been used in the research done for this thesis, however they will be 

considered as possible opportunities for future work.  

In principle the multi-particle optical traps, as the name suggests have the capability 

of trapping and controlling multiple individual particles simultaneously. This is done 

through having multiple individual beams coming in through the microscope objective 

and as a consequence have multiple trapping regions. The simplest setup capable of 

this would have the trapping beam split using a beam splitter and then reflected so 

that both beams coincide almost completely. This generates two focal points, one for 

each beam and creates separate trapping regions for each of the beams. As both 

beams can be controlled independently, the setup could be used to perform 

experiments on controllably coalescing the droplets, exchange of volatile 

components between particles in close proximity, using one of the droplets as a 

relative humidity sensor or in biological applications such as DNA stretching.5,20 (see 

Figure 2.7)  
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Figure 2.7 A schematic of a multiple particle trap. The beam is split into this case in 

two before it is focussed by the microscope objective. This results in two focused 

trapping regions, each capable of trapping a particle.  

The counter-propagating dual beam setup utilises two beams directed in opposite 

directions and focused at the same point in space. This allows using the scattering 

forces produced by the two beams to cancel each other out. In practice one must 

account for the inaccuracies in the system, such as the trapping regions of the 

beams not coinciding perfectly and the uneven split of the of the trapping laser 

beams. However, the principle still applies, and this type of an optical trap would still 

negate a part of the scattering force produced by any of the beams. One of the 

potential applications of this set up could be for studying particles with a rapidly 

changing refractive index, as in these traps the gradient force will be the dominant 

force acting on the particle.21 (see Figure 2.8) 

 

Figure 2.8 A Schematic of a counter propagating dual beam optical trap. Each of the 

incident laser beams is focused by its respective microscope objective, creating a 

trapping region. The trapping regions are spatially superimposed with each other 
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both trapping the same particle. This also utilises the counter propagation of the 

different beams in order to counteract the scattering force produced by the laser 

beams.  

2.4. Raman Spectroscopy   

Inelastically scattered light was first discovered by Sir C.V. Raman in 1928 in his 

paper ñA new radiationò2 where he describes a new type of radiation as a scattering 

process, in contrast to it being referred to as a ñfeeble fluorescenceò2. This is a crucial 

distinction which lead Raman to conduct an extensive investigation on the 

phenomenon, winning him a Nobel prise in Physics in 1930 and the effect being 

named after him, and is now often referred to as Raman Scattering.22 It is not 

unreasonable to describe Raman scattering as feeble, as spontaneous Raman 

signal, i.e. the signal produced without any enhancement is in the order of 10-12 

photons when compared to Rayleigh scattered light (elastically scattered light).23 

There are techniques of enhancing the efficiency of the Raman scattering, such as 

Stimulated Raman Scattering (SRS).24ï26   

2.5. General principles  

Overall light can be scattered in two ways: as elastically scattered light also known as 

Rayleigh scattered light (named after its discoverer Lord Rayleigh) and as 

inelastically scattered light or Raman scattered light. The difference between the two 

is that in Rayleigh scattered light the scattered light has the same wavelength as the 

incident light, whereas in Raman scattered light the incident light will either impart 

(Stokes shift) or take (Anti-Stokes shift) a part of the energy when interacting with the 

bond.27 (see Figure 2.9)  

                                                  

 

Figure 2.9 A diagram of spontaneous Raman Stokes and anti-Stokes, and the 

Rayleigh scattering. The green laser is the laser used for excitation of the sample. 
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Blue depicts the anti-Stokes signal, which has a higher energy than the excitation 

wavelength, i.e. blue shifted. Red signifies the Stokes signal, which has a lower 

energy than the excitation wavelength, i.e. red shifted. In none of the cases light is 

absorbed by the bond, hence no excited state. A virtual state is therefore used to 

schematically illustrate the scattering process and the changes in energy.  

Raman spectroscopy relies on fluctuations in polarizability of a bond and is classified 

as part of vibrational spectroscopy. It is distinct from other forms of spectroscopy, as 

in Raman spectroscopy light is scattered when compared with IR spectroscopy 

(absorbance), and absorption and re-emission of light as in fluorescence. In Raman 

spectroscopy chemical information can be derived from the change in frequency 

between the irradiation frequency (the laser line) and the obtained signal frequency 

(Raman shift of a peak), which is always relative to the wavelength of the laser 

radiation.27 This makes it possible to use Raman spectroscopy to study multiple 

effects such as rotation (ro-vibrational Raman spectroscopy and rotational Raman 

spectroscopy)28,29, electron excitation (vibronic Raman spectroscopy)30 and 

combining all of the three effects (ro-vibronic Raman spectroscopy)31. The principle 

of Raman scattering can also be extended in to the XRay region of the electro-

magnetic spectrum and used to analyse the electronic structure of compounds (X-ray 

Raman scattering)32.     

2.6. Comparison of Raman spectroscopy with other types of spectroscopy  

As mentioned, Raman spectroscopy is a distinct type of spectroscopy. However, 

Raman spectroscopy also has some similarities with other types of spectroscopy 

such as IR and fluorescence spectroscopies.27  

The distinction Between Raman spectroscopy and IR spectroscopy can be 

summarised in that IR spectroscopy is typically based on absorption/transmission of 

IR radiation, rather than scattering. Another key distinction is that IR spectroscopy 

relies on the change in the dipole moment of the vibrating bond, whereas Raman 

spectroscopy is sensitive to polarizability of the bond. This results in the well-known 

selection rules which dictate whether the vibration will be Raman or IR active.27  

Raman spectroscopy is also distinct from fluorescence spectroscopy, as in Raman 

scattering light is never truly absorbed, whereas in fluorescence it is absorbed and re 

emitted. Fluorescence in particular is an effect that needs to be considered when 
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recording a Raman spectrum, as fluorescence is significantly stronger than the 

intensity of Raman scattering. This can be counteracted by another distinction 

between Raman and fluorescence spectroscopies. As mentioned previously the 

signal produced by Raman scattering will always be relative to the excitation 

wavelength, whereas fluorescence will have a static excitation and emission 

wavelengths. Typically, fluorescence excitation wavelengths of most fluorescing 

compounds are in the violet and UV ranges of the electromagnetic spectrum, and 

Raman spectroscopy can be performed at longer wavelengths.  This makes it 

possible to avoid an underlying fluorescence signal in Raman spectroscopy, which 

could lead to masking a part of the Raman spectrum of the compound by correctly 

choosing the excitation wavelength. Schematically it is somewhat similar to 

fluorescence, however it is actually very distinct as in light scattering the photon is 

never actually absorbed, thus having a virtual state (see Figure 2.9) in comparison to 

an excited state in fluorescence (see Figure 2.10).27,33  

 

Figure 2.10 The Jablonski diagram, showing the principles of fluorescence and 

phosphorescence. Fluorescence: the excitation is absorbed, part of the energy is 

released through the vibrational relaxation and reemitted as fluorescence. 

Phosphorescence: light is absorbed, some of the energy is used for an intersystem 

crossing (reversing the spin) of an electron, resulting in an excited triplet state, and 

then released through phosphorescence. Generally, fluorescence is a faster process 

than phosphorescence, as energy is stored for a longer period of time in the excited 

triplet state than in the excited singlet state.33  

2.7. Stimulated Raman Scattering  

Distinctly form the spontaneous Raman scattering, stimulated Raman scattering 

(SRS) is a 3rd order nonlinear process involving 2 photons interacting with the 

medium instead of only one in spontaneous Raman scattering.24 In SRS the 
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stimulation of the Raman signal comes from the micro resonator properties of the 

aerosol droplets, thus can only appear when the necessary conditions for the droplet 

to act as a micro resonator are met. The micro resonator properties of the aerosol 

droplet appear due to the total internal reflections of the frequencies produced by 

spontaneous Raman scattering, coinciding with the optical cavity modes of the 

droplet. The optical cavity modes of the micro resonators span as a comb of 

frequencies across the visible spectrum that will be amplified by a droplet of a certain 

size and refractive. Therefore, the SRS could appear in any part of the spectrum, 

however the second condition of having an underlying simultaneous Raman 

scattering signal will prevent that from happening.34  

It is also important to note that due to the size of the optical cavity, micro resonators 

have an extremely high reflection quality factors, comparing to that of other optical 

cavities. This will influence the spread of the wavelengths amplified by the SRS, 

making it appear distinctively thinner than the chemical signals. The quality factor (Q) 

of the micro resonator is a property of the micro resonator which determines the 

width of the cavity mode and could be determined as a ratio of the frequency of the 

mode (v) and its width (w) .35,36  

 Q=v/dw    Equation 2.3  

Comparing SRS to spontaneous Raman signal, SRS produces a more intense 

Raman signal, and therefore will be visible on top of the spontaneous Raman signal. 

This effect could be used to amplify some of the chemical signals, however in 

practice this is usually achieved only for broad spectral bands, such as the O-H 

vibrational modes with a Raman shift of approx. 3400 cm-1.34,37 The resonance 

pattern appearing is known as Morphology Dependent Resonance (MDR), and often 

referred to as Whispering Gallery Modes (WGMs), which will be discussed in chapter 

3. This signifies that the pattern produced by the SRS signals will be reflective of the 

morphology of the droplet and will only happen if the droplet has a morphology 

allowing it to act as a micro resonator and any processes that will affect the 

morphology of the droplet will be evident by the changes in the MDR pattern.34 
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Figure 2.11 A schematic representation of the micro cavity modes overlapped over a 

schematic representation of a broad and a narrow peak in the spectrum. The broad 

peak has several micro cavity resonance modes, whereas the narrow peak could 

only have a maximum of 1 at any point in time.  

When considering a Raman signal with a small width, it can be possible to either 

have the signal amplified by the cavity modes or not, hence the overall signal 

produced cannot be always regarded as SRS.34,38,39 This is a valuable distinction of 

the SRS occurring in an aerosol droplet34 when compared to SRS spectroscopy26, 

which uses two lasers one of which is constant and the other offset from it by a 

frequency equal to the Stokes shift. This changes the relative intensities if the two 

lasers increasing the intensity of the offset laser.24ï26 (see Figure 2.12)  

 

Figure 2.12 A schematic of the of the stimulated Raman scattering. The green beam 

is the pump laser and the red beam is the laser offset from the pump laser.  

2.8. Raman instrumentation  

Raman systems are comprised of an excitation laser, sample, a monochromator and 

a detector. In case of a Raman aerosol optical tweezers instrument the excitation 

laser is also the trapping laser and the trapped aerosol droplet is the sample, leaving 

only the monochromator and the detector to be characteristic of a Raman Optical 

tweezers instrument, compared to a general optical tweezers.40  

2.8.1. Types of monochromators  

Monochromators in general can be divided in to two broad groups: dispersion 

monochromators and interferometers, both having their own advantages and 

Raman Shift
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disadvantages. The simplest one that can used is a Michelson interferometer, also 

knowns as the Fourier transform monochromator. (see Figure 2.13) While it doesnôt 

truly monochromate the light it uses constructive and destructive interferences 

between the different wavelengths to produce an interferogram, which can be used to 

calculate a spectrum. This in itself allows to capture the entire spectrum and 

selectively amplify selected frequencies. Another not insignificant benefit is the 

internal calibration of the spectrum, as the excitation line will also be recorded in the 

interferogram providing an internal reference for the entirety of the spectrum. The 

same properties provide a major downside of this type of monochromator, as it will 

also record any light present which includes undesirable effects such as fluorescence 

and any additional light sources used for example for imaging.41  

 

Figure 2.13 The schematic of a Michelson interferometer a movable mirror allows 

modifying the interference pattern detected by the detector. The modification of the 

interference pattern amplifies selected wavelengths and combined with the amount 

that the mirror has been moved allows calculating a spectrum.  

Another type of monochromator is based on dispersion typically by dispersion 

gratings or prisms. When comparing this type of monochromator with the Michelson 
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interferometer this design does not record the entirety of the spectrum, rather 

focussing a specific ñwindowò of frequencies on the different positions on a detector. 

This allows recording only a small and selective set of frequencies, allowing to filter 

out undesired frequencies, making it easier to continuously illuminate the sample 

whilst taking the spectrum. The most well-known type of a dispersion monochromator 

is the Czerny-Turner monochromator, which utilises a movable turret fitted with 

reflective gratings. The movement of the turret allows selecting the wavelengths that 

are focused on the detector.41 (see Figure 2.14)  

 

Figure 2.14 A schematic of a Czerny-Turner monochromator. The movement of the 

reflections grating turret allows changing the wavelengths detected, and changing the 

resolution by changing the gratings using turret rotation.  

2.8.2. Detectors  

The simplest and the first historically used was the photomultiplier tube (PMT). The 

photomultiplier tube uses a series of dynodes, which when hit with a photoelectron, 

will reflect the incident photoelectron and emit additional photoelectrons. The 

drawback of this setup is that all of the photons entering will contribute to the signal 

intensity, i.e. recording one wavelength at a time and a highly monochromated signal 

is necessary to obtain a good quality spectrum. The benefit of the PMT detector is 

the degree of amplification of the signal that can be achieved, simply by  

increasing the number of dynodes in the PMT.27,41 (see Figure 2.15)    
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Figure 2.15 A schematic of a photomultiplier tube. The photocathode produces the 
initial electron, that by being reflected by the dynodes is amplified with each 
reflection. The total electron count is detected by being absorbed by the anode. The 
intensity of the resulting signal will be proportional to the number of initial electrons 
produced from the photocathode, which will be proportional to the intensity of the 
signal produced by the sample.  

A successor of the PMT detector, (see Figure 2.15) and currently the most often 

used type of detector is the charge coupled device (CCD) detector. The CCD is 

extremely convenient for spectroscopic applications as it is a lot more compact than 

the PMT and can be manufactured in a way that allows detecting several 

wavelengths simultaneously. This is achieved by having an array of independent 

detectors (pixels) on a single surface next to one another. The intensity of the light 

falling on each of the pixels can then be recorded, compiling a spectrum. Another 

benefit is that due to the size of the individual pixels the separation of the of the 

different frequencies becomes a slightly lesser issue, when compared to a PMT. The 

downside of the CCD detectors is that the signal is not amplified, unlike in PMT 

detectors, however this is counteracted by the use of high quality (in terms of 

produced intensity and spectral linewidth) lasers.27,41 This type of detector was used 

in the experiments performed during this thesis.   

A more recent technology that have emerged by combining the best qualities PMT 

and CCD detectors, resulting in the development of electron multiplied charge 

coupled devices (EMCCD) and intensified charge couple devices (ICCD). These 

devices are designed to increase the intensity of a signal whilst keeping the amount 

of noise as low as possible.41    

2.9. Summary   

This chapter has briefly outlined the basic principles of optical trapping and Raman 

spectroscopy, as well as the instrumentation used, highlighting contrasting features 
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with similar processes. The optics of the experimental setup was also described in 

this chapter. The aspects highlighted in this chapter lay the foundation, provide 

context and will be extensively drawn on in further chapters.  
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Chapter 3 Computer aided techniques 

The use of computers and scientific software enable new methods of data analysis. 

This chapter will be focused on some of the software that was built as part of the 

research done for this thesis, as well as a brief introduction to the underlying 

algorithms, techniques and point of view used. 

3.1. Some terminology 

Defining the terminology used from here on in this thesis that refers only to anything 

computed or calculated, specifically optimization, models.  

In this thesis model will refer only to an equation or a set of equations, including any 

constants, but excluding any values for variables (anything that is not a constant) and 

results. Thus, the results calculated using thermodynamic models (E-AIM and 

AIOMFAC web) will not be regarded as part of the model and referred to as 

computationally predicted data (or simply predicted data), regardless of the origins of 

the initial parameters or the method of derivation used for the model.[104] 

Optimization is the process of finding a best fitting parameter under a defined set of 

conditions.[104] Fundamentally it can be considered as consisting of two sub-types: 

maximization and minimization, the goals of which are to find the maximum or 

minimum of a function respectively.  
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3.2. Brief introduction to ñhardò optimization and the logic behind it 

Mathematical optimization is a large and complex area of research that focuses on 

finding solutions to complex mathematical problems and is utilized in areas such as 

economics, engineering, geophysics and molecular modelling. The problem a 

mathematical optimization solves is finding the best plausible value of a variable, 

which can be represented by an equation: 

█▄●▬▄►░□▄▪◄╪■█● ,  Equation 3.1 

Where fexperimental is the experimental data, f(x) is a mathematical function modelling 

the process or peak in a spectrum and x ï the optimized parameter. Therefore, 

optimization algorithms are designed to find the value of x at which equation 3.1 

holds true. In practice, due to effects such as noise, which introduces a random error 

into a spectrum, the problem could be reinterpreted as seen in Equation 3.2Equation 

3.2: 

█░◄◄░▪▌ ▄►►▫►█▄●▬▄►░□▄▪◄╪■█●ᴼ    Equation 3.2

Conceptually, it is possible to interpret an optimization problem as finding a function 

consisting of irreducible variables and other functions that can also be eventually 

reduced to a set of irreducible variables, which models the experimental data. In this 

case it is possible to think of the irreducible variables as degrees of freedom and 

dimensions of an n-dimensional mathematical space, with the modelling function 

existing in that space.  

╖ ╘╖▄●▬
◑●

◌╖
   Equation 3.3 

The simplest example of this would be a simple graph, which for example follows the 

Gaussian profile function in equation 3.3 (repeated as equation 7.1), assuming that Ig 

- intensity, Wg -width and z - position are constants and for illustrative purposes G=y. 

In this case each point of the graph would follow the y=f(x) formula and would exist 

only in 2 dimensions the independent x dimension and the dependent y dimension.  

A step up from this model would be to consider 2 independent variables x 

(wavenumber) and z (wavenumber of the peak maximum). In this case the equation 

can be rewritten as y=f(x,z) and would exist in 3 dimensions, each of which 

corresponding to x, y and z variables. By following the same principle using equation 
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3.3 it is possible to incorporate additional variables, and thus dimensions into this 

model. However, considering equation 3.3, which has a total of 5 variables (4 

independent variables and 1 the function of those parameters), a 5-dimensional 

space is required to simultaneously demonstrate all possible values of the dependent 

variable y (or G in the original equation) and all combinations of independent 

variables. However, with each additional dimension it becomes increasingly difficult 

to illustrate, hence it is it is often impractical to simultaneously depict more than 3 

dimensions.  

This is also possible to link this concept to physics. A single point the 3-dimensional 

case could be considered as analogous to a description of position in a Euclidean 

space in terms of its x, y and z positions, with x and z being independent and 

y=f(x,z). Hence a potential way to imagine any optimization problem is to imagine an 

n-dimensional space, as done in Hilbert spaces.[105] Hilbert spaces are an abstract 

concept of n-dimensional spaces and the Euclidean space can be considered as part 

of Hilbert spaces with n=3 dimensions. Euclidean space-time (x, y, and z positions 

and a position in time) would correspond a Hilbert space with n=4, etc. 

The function modelling the theoretical data could then be thought of as the mapping 

of all dimensions in a Hilbert space in to a lower dimensional Hilbert space, similarly 

to the principle of holography described by the Anti-de Sitter/Conformal Field Theory 

correspondence (AdS/CFT correspondence, also known the gauge-gravity 

correspondence conjecture).[106,107]  This analogy allows imagining dependant 

variables as functions of independent variables, and the functions as holograms, 

since the function itself will contain all information regarding all degrees of freedom, 

i.e. a specific value of a function f(x,y,z) will correspond to a unique set of the 

independent variables x, y and z. In mathematics this concept is known as the 

function space, which is part of the functional analysis branch of mathematics. By 

utilising this approach to viewing experimental spectra it is likely possible to utilize the 

techniques of functional analysis in the analysis of experimental data. 

When considering all values of the function these values will contain all possible 

values of its variables, with a unique set of variables corresponding to a specific 

value of the function. By using mathematical optimization, it is possible to find the set 

of variables that will produce the value of the function that the function was optimized 

for. 
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The mathematical optimization allows finding the solutions that would produce the 

best fit in a regression analysis of each individual spectrum. Applied in succession to 

a series of spectra it is plausible to obtain a series of values of the specific degrees of 

freedom that would reflect the chemical and physical processes recorded in the 

spectra. This produces a model of a chemical reaction that can be analysed in terms 

of individual chemical spectra and in terms of time dependent change of those 

spectra. 

● ▼█▪ȟⱦȟ◄ ,  Equation 3.4 

where x is a specific point in a spectrum at a specific time, f(n) is the function 

describing the combination of peak profiles that model the spectrum, ɚ ï wavelength, 

and t ï time. 

Another point about the mathematical optimization algorithms is that they typically 

done in iterations, with each iteration being closer and closer to the optimum value of 

the function.[105,108ï110] This is one of the most classic examples of exploiting the 

power of computation, specifically computers. While it is possible to solve the 

problem by hand, due to the number of iterations necessary to solve the problem, 

making it efficient to utilize computers. 

3.2.1. Least squares problems 

The general principle of least squares is finding a minimum of the difference between 

a function and a data point or function. Thus, fitting experimental spectra with specific 

line profiles is a specific case by minimising the squared difference between the two 

spectra is a least squares problem. (see Figure 3.1)[111ï113] 
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Figure 3.1 A schematic of the least squares type problem. In this type of problem, 

the optimization algorithms will descent the down (shown with red arrows) the curve 

(in black) to find the minimum position (blue dot). As the algorithm passes the 

minimum point the direction of the gradient changes, therefore converging on the 

minimum. 

The overall analysis of the chemical reaction mapped out as a set of spectra can be 

viewed as two separate least squares problems, the wavelength dependent and time 

dependent analysis of the separate degrees of freedom. The algorithms used in the 

research done for this thesis are designed for dealing with least squares problems. 

Fundamentally, the least squares problem can also be considered as a way of 

viewing a mathematical problem, which focusses on finding an optimal solution. For 

example, finding the parameters of a model that would produce the best fit of the 

predicted data to the experimental data, determining the parameters of the model. It 

can also be used to find the most probable answers to any problem that can be 

mathematically put in a least squares problem form that will have a minimum, or a 

maximum if a maximization algorithm is used instead of a minimization algorithm.  

The utilisation of the concept of least squares problems is not limited to by variables 

and thus dimensions that it exists in as all of the variables will be represented in the 

functional space of total function space. In the case of a decomposition of a map of 

spectra of a chemical reaction into its components, the dimensions of the final 

function space are: wavelength, amplitude and time. 

Gradient descent

Minimum
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The fact that least squares problems and optimization algorithms can and are utilised 

using computers allows analysing large sets of data in a short amount of time, which 

allows processing data efficiently. The analysis of data using the least squares 

method is not limited to simply fitting the parameters of a mathematical model to the 

experimental data, and along with other compute algorithms can be used to make 

decisions on the quality of the data and filter out outliers in the data. This 

fundamentally leads to the use of computational methods as decision support 

systems, which as the name suggests assist in decision making, making it easier to 

make decisions on individual data points or any subsets of data in a large data sets. 

3.2.2. Types of optimization algorithms 

The GRG algorithm is a generalised algorithm which can be used for both assent and 

descent optimizations, and utilises the gradient based optimisation taking steps 

proportional to the negative gradient, i.e. a first derivative, of the function at a specific 

value reached during the previous iteration of the optimisation algorithm. The 

algorithm is stopped when the gradient of the function reaches 0, which corresponds 

to a local minimum or maximum.  The difference between the assent and descent is 

expressed by the sign of the gradient taken: the negative gradient for minimizing and 

positive gradient for maximising. (see Figure 3.1)[114] 

Quasi-Newtonian method is another method that is often used in mathematical 

optimization and is based on the general principle of Newtonôs method. The Newtonôs 

method relies on approximating the analysed function around the position achieved 

during the previous iteration of the algorithm with a second order polynomial function. 

Hence, the Newtonôs methods can only be applied to twice or more differentiable 

function. The difference between Newtonôs and Quasi-Newton methods is that the 

Newtonôs methods require the computation of a Hessian matrix, whereas in Quasi-

Newtonian methods the Hessian matrix is approximated, making it computationally 

faster than the Newtonôs methods.[109] 

An optimisation method based of the Newtonôs method, which is designed to solve 

non-linear least squares problems is the Gauss-Newtonian algorithm. In contrast to 

Newtonôs method the Gauss-Newtonian algorithm does not require the computation 

of a Hessian matrix (a square matrix of second order partial derivatives), relying on 

the use of a Jacobian matrix (a typically square matrix consisting of first order partial 
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derivatives). This makes the Gauss-Newtonian algorithm less computationally taxing 

than the Newtonôs and Quasi-Newton methods.[109] 

The LevenbergïMarquardt algorithm (also known as Lev-Mar algorithm, LM 

algorithm or LMA) is a method of least squares of curve fitting, which can be used to 

find a local minimum of a function. It combines the least squares regression analysis 

and optimisation, interpolating between the Gauss-Newtonian and gradient descent 

methods. This allows the method to be used with the initial conditions that are further 

away than the ones required for the individual Gauss-Newtonian and gradient 

methods, whilst retaining the relative speed of optimisation, making it a very versatile 

and widely used non-linear function optimization algorithm.[108,112,115,116]  

3.2.3. Drawbacks  

One of the drawbacks of the GRG and LM algorithms is that the number of variables 

will increase the number of potential combinations of variables corresponding to local 

minima in the regression analysis, and neither of the algorithms are designed to 

optimise for the global minimum. (see Figure 3.2) This produces an issue of the 

reliability of the optimization, which can be partially counteracted by looking at the 

time dependent change in the variables and determining if they follow a trend, 

effectively simulating a heuristic algorithm.[117] A heuristic algorithm is a ñsoftò 

optimization algorithm, often used in artificial intelligence research, that can be 

utilized for example to automatically sacrifice the goodness of fit of individual data 

points in order to improve the fit of overall data to a trend. This is especially beneficial 

in continuous monitoring and analysis of chemical reactions using spectroscopy, as 

the evolution of the spectra with the passage of time will be determined by the 

kinetics of the reaction. 
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Figure 3.2 A schematic illustrating the concepts of local minima and the global 

minimum. The local minima illustrate that it is a minimal value within a small local set 

of values. In contrast, the global minimum is the minimal value among a large set of 

values, which can include several other local minima. Considered on a local scale the 

global minimum is also a local minimum. In this illustration   

Overfitting and underfitting are two of the key issues of numerical optimization 

modelling. The problem of underfitting is whether the model is complex enough to 

model the significant parameters contained in the data. The opposite side of the 

problem is overfitting, i.e. what is the significance of the modelled parameter and how 

complex should the mathematical equation fitted to the experimental data be. 

Philosophically, this problem is solved by the application of the philosophical concept 

of the Ockhamôs razor in STEM sciences, which states that nothing should be more 

complex than necessary.[118] Both of these problems are considered in the 

approximation theory, which is a field of mathematics concerned with finding 

ñsimplerò models that approximate more complex models, with a desired level of 

accuracy.[119,120]  

Another crucial point is that the user of these tool needs to be aware of the working 

principles of algorithms used and their limitations to avoid misuse. 

3.3. Conclusions 

In this chapter the basic principles of mathematical optimization have been covered. 

This includes one of the ways of viewing equations as multi-dimensional objects, 

which nicely leads to converting any equation-based problem in o a least squares 

type problem. The viewing of the equation as a multi-dimensional object is also 

Global Minimum

Local Minima
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similar to some of the concepts used in physics such as Hilbert spaces and AdS/CFT 

correspondence conjecture, both of which were used as analogical examples to 

explain the equation as a multi-dimensional object idea. The same idea (of equations 

representing a multi-subnational object) was noted to fall into a mathematical field of 

functional analysis, highlighting the potential for the use of functional analysis 

techniques in chemistry in general and analysis of chemical data in particular. 

The next part of the chapter gave a brief overview of the least squares problem 

concept as well as a brief overview of a some of the types of optimization algorithms 

that can be used to solve least squares type problems. In this work two algorithms 

where used: the GRG and the LM algorithms, which were used as pre-programmed 

pieces of software without any alterations in the software created in Microsoft Excel 

and NI LabView respectively. The drawbacks of these methods have also been 

mentioned, such as overfitting and underfitting, both of which demonstrate that 

accurate model selection is vital for the analysis. Another drawback mentioned is that 

both of the used algorithms are designed to find the local minimum rather than the 

global minimum, which could lead to errors. Therefore, it is important for trends in the 

data to be logically consistent, and double checked manually. One of the ways to 

avoid this problem would be to develop heuristic algorithms which would be capable 

of sacrificing some of the accuracy of the fit in order to produce a clear trend. This 

solution would however also fall into artificial intelligence research, which highlights 

the possibility of designing AI based software useful in chemistry research. 

In conclusion the arguments presented in this chapter demonstrate the usefulness of 

computer-based technologies in chemistry research and demonstrated the potential 

use of mathematical tools (such as functional analysis) and artificial intelligence tools 

for the analysis of chemical data. 
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Chapter 4 Responding to humidity 

Responding to changes in humidity, known as hygroscopicity is an important property 

of many materials. It is particularly important to aerosols, as it regulates the size of 

the aerosol relatively to the humidity of its environment and the amount of solute 

present. There are multiple factors that influence the hygroscopicity such as the 

chemical composition of the aerosol and the size of the aerosol particles. 

This chapter is aimed at discussing the specific properties of aerosols, such as the 

difference between single aerosol droplets and bulk solutions, as well as briefly 

touching on the differences between the analysis of multiple aerosol droplets and 

single aerosol droplets. This chapter will also outline the theory of hygroscopic 

growth, the schematics of the humidity control system in the aerosol trapping cell and 

hardware used for dynamic vapour sorption. 

4.1  Aerosols vs Bulk  

4.1.1 Definitions 

When considering aerosols is important to distinguish a dropletôs properties and 

behaviour in contrast to the bulk solution. To clarify, in this work bulk solution will 

always refer to a solution that will behave as a large volume of solution (>1 mL, this 

value is chosen arbitrarily and is used to clarify the meaning), in contrast with a 

volume of solution in an aerosol droplet.[15] 
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An aerosol is a colloidal dispersion of solid and/or liquid in a gas or a mixture of 

gases; defined by IUPAC as: ñSol in which the dispersed phase is a solid, a liquid or 

a mixture of both and the continuous phase is a gas (usually air).ò International Union 

of Pure and Applied Chemistry, Compendium of Chemical Terminology Gold Book, 

Version 2.3.3[15]. 

In contrast with the definition of typical colloids, where colloid particles refer to a size 

range between 1 nm and 1 ɛm, aerosol particles can reach a particle

size up to 100 ɛm (same lower limit) whilst remaining as colloid particles. This is an 

important distinction as the aerosol particles trapped during the experiments need to 

be >1 ɛm in radius in order to successfully size them using the Whispering Gallery 

Modes (WGMs).[27] 

An important definition in aerosol science is the definition of relative humidity (RH) 

and activity of water (aw) above the surface of pure water:[122] 

Ϸ
ὥ    Equation 4.1 

By utilising changes in relative humidity, it is possible to assess the hygroscopic 

properties of a material by recreating a range of conditions from a complete absence 

of water vapour to a vapour pressure immediately above the surface of water. At 

100% RH, i.e. in an environment fully saturated with water vapour: p=pô=awå1, due to 

påpô at droplet radius <1 ɛm, as seen in Figure 4.2, thus by rearranging equation 4.1: 

Ὡ ὥ ὙὌ ρ   Equation 4.2 

By changing the relative humidity, it is possible to achieve a range of humidities 

0%ÒRHÓ100%, thus the equation 4.2 should be modified to accommodate it, thus 

becoming: 

Ὓ ὛὩ Ὓὥ
Ϸ
  , Equation 4.3 

Where S is the saturation ratio reflecting the saturation of the gaseous medium with 

the water vapour. In this thesis typical measurements where made within the range 

0.1 Ò S Ó 0.95, due to the limitations of the RH sensor used in the setup. 

4.1.2 Kelvin equation and its significance 
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One of the key differences between aerosol droplets and bulk solution is the 

difference in vapour pressure between a spherical surface versus and a flat surface. 

This relationship was explored by William Thomson more widely known as Lord 

Kelvin, as evident in the equation that relates the two vapour pressures known as the 

Kelvin equation:[122ï126] 

ὴ ὴὩ  ,   Equation 4.4 

where p is the vapour pressure, pô is the equilibrium vapour pressure above a flat 

surface, ɔ is the surface tension, Vm is the volume of the molecule, r is the radius of 

the droplet, R is the gas constant (8.314 J Kī1 molī1), and T is temperature in Kelvin 

(also named after him). According to this equation at constant Vm, ɔ and T, i.e. with a 

constant chemical composition, concentration and temperature, the vapour pressure 

will be dependent on the radius of the droplet:[122] 

ὴθ ὶ ; at T, Vm, ɔ and pô =constant  Equation 4.5 

This can be represented graphically as a ratio between the p and pô for: T=300 K, Vm 

= 1.8·10-5
 m3 mol-1, and ɔ  = 0.072 J m-2 by a curve, seen in Figure 4.2. It is possible 

to note that the droplet sizes studied in the experimets described in this thesis were 

typically >3 ɛm, that the increase in the vapour pressure due to the curvature will not 

be signifficant.[122] 

 

Figure 4.1 A schematic representation of the same distance (blue line) as part of a 

small droplet (left), large droplet (middle), and infinite curvature droplet (right). This 

demonstrates that the surfaces of droplets with a large radius will behave almost 

identically to flat surfaces, which is expressed in the Kelvin equation. 

R1
R = 8
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Figure 4.2 A graph of the ratio of the equilibrium vapour pressure of a curved convex 

surface vs the equilibrium vapour pressure over a flat surface as a function of the 

curvature radius (black line). The red dot is a selected data point corresponding to a 

droplet with a radius of 1 ɛm, which has the p/pô ratio of ~1.001. This signifies that the 

contribution of the surface curvature to the vapour pressure above the surface of the 

droplet will be ~0.1% with a droplet with a 1 ɛm radius, and even smaller for larger 

droplets. 

4.1.3 Hygroscopic growth 

An important parameter of a compound in an aerosol form is its hygroscopic 

response, often measured in terms of the Growth Factor (GF). The GF is a ratio of 

one of the parameters of the aerosol droplet related to the same parameter of a 

spherical anhydrous solvent particle, for example the radius of the droplet (Rwet) to 

the radius of the solute particle (Rdry): 

ὋὊ    Equation 4.6 

It is also possible to express the GF based on the mass of the dry particle and its wet 

mass, which is often denoted as mass-based GF. 
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Figure 4.3 A theoretical plot of the hygroscopic response of a NaCl droplet produced 

u sing E-AIM, demonstrating: the efflorescence and deliquescence points, their 

hysteresis, and the hygroscopic growth curve (ascending- blue, descending - 

orange).[27] 

The hygroscopic growth curve demonstrates the point of equilibrium between the 

vapour pressure and the amount of water retained or taken up by the aerosol droplet 

at a specific humidity. The efflorescence and deliquescence points are the relative 

humidities at which water is rapidly taken up by a particle of solute (deliquescence) or 

lost by an aerosol droplet and the solute crystallizing (efflorescence). One of the 

characteristics of aerosols is the hysteresis between the deliquescence and 

efflorescence point, at which the solution droplet goes through a stable 

supersaturated state. This is mainly due to the absence of any solid surfaces in 

contact with the aerosol droplet, or any other nucleation seeds, which increases the 

energy barrier for crystallization.[27] 

4.2  Defining arrested states 

As part of the hygroscopic response of an aerosol droplet is another important 

characteristic the retention of water by the solute. This can be accessed through the 

kinetics of water transport and release from the aerosol droplet, and can generally be 

Increasing Humidity

Efflorescence PointDeliquescence point
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termed as arrested states. The arrested states fit on a spectrum of phases which 

retain water between liquids and solids, such as hydrated crystals. The arrested 

states also have can be divided into gels and glasses, each with their distinct 

properties. All of these physical states retain water molecules, however the difference 

among these arrested states lies in their structure.[60,127ï130] 

Gels can be distinguished from other arrested states by the presence of a colloidal 

network with pockets of water within the network. Another characteristic of a gel is 

that it is a semi-solid, meaning that it will not behave as a true solid in that it will 

deform elastically under rapid pressure regaining its original shape, but under 

prolonged pressure a gel will deform plastically, i.e. will retain the deformed shape. 

This is due to the gelôs colloid network readjusting to its new physical shape, equally 

redistributing stress along its surface. This property can also manifest as gels 

becoming liquid-like with vibration, thus behaving as a non-Newtonian fluid. Another 

way of looking at the structure as an interlaced network of molecules or particles, 

which exists as a network (see Figure 4.4 B) rather than an amorphous solid or 

crystal (see Figure 4.4).[131ï143] 

 

Figure 4.4 Schematic representations of a sol (A) and a gel (B), with grey dots 

representing particles, black lines representing long molecular strands and blue dots 

representing water. In A the dispersed particles are in solution having minimal 

interaction with one another. B exemplifies long molecular strands which create a 

flexible structure trapping water within the supramolecular structure. 

Glassy states and materials are typically characterised by their high viscosity (above 

1012 Pa, with a viscosity of 1012.3 Pa sometimes being used to define the glass 

transition)[144], which is typically higher than that of gels. Another mechanical property 

A B
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of glassy materials is that glasses deform only plastically at high temperatures, 

without elastic deformation. This leads to glassy materials typically being brittle. On a 

more structural level glassy materials can be differentiated from crystals, by the lack 

of a clear long-range order and lattice structure as in crystals, also known as being 

amorphous. Thus, glassy materials can be fully described as an amorphous solids, 

rather than a semi solid, such as gels(see Figure 4.5 A).[15,130,144ï151] 

Hydrated crystals and crystals overall can be defined by the presence of a well-

defined periodic structure as evident by a crystalline lattice (see Figure 4.5 B). 

Similarly to a glassy solid it can retain water within its structure, but in hydrated 

crystals the molecules of water become a part of the crystalline structure rather than 

contained as pockets within the amorphous structure of a glass.[65,152ï154] 

 

Figure 4.5 Schematic examples of glass phase (A) and hydrated crystal (B) 

structures, with grey dots representing particles and blue dots representing water. A 

demonstrates the disordered structure of a glass phase incorporating water in its 

structure, whereas B illustrates an ordered crystalline structure with water 

incorporated as part of the structure. 

 

4.3 Single particle measurements vs multi particle measurements  

It is important to compare the single particle methods such as aerosol optical 

tweezers (AOT) [128,165] and electrodynamic balance (EDB)[128] from many-particle 

aerosol measurements such as differential mobility analysers[28,121,122,166], and 

surface measurements such as the DVS[101,155], as each of them have their own 

advantages and disadvantages  

A B
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One of the practical considerations that must be taken into account is that the single 

particle measurements, as the name suggests measure the response of a single 

aerosol droplet to changes in humidity, whereas many-particle measurements 

measure the average response of many aerosol particles. The benefit of single 

particle measurements, as there is no averaging of the droplets analysed, making the 

measurements more reliable. It is also important to note that no instrument is capable 

of producing a perfectly monodisperse aerosol, adding additional errors into the 

measurements of for example differential mobility analysers.[165] 

The drawback of the AOT is that it can be difficult to retain the droplets, especially 

during chemical reactions. Another drawback is the necessity of using of 

mathematical models describing the hygroscopic response of the droplet in order to 

compare droplets obtained in a set of experiments, as well as a higher number of 

experiments in order to obtain a representative sample.[165] 

4.4  Summary 

This chapter has outlined the definitions of aerosols and the various states in which 

an aerosol particle can retain moisture, and discussed the basics of the hygroscopic 

response and how it is different from the response of the same solution in a beaker.  

These definitions will be drawn upon in Chapter 6 in the descriptions of hygroscopic 

growth models and some of the experimental results.  
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Chapter 5 Experimental procedures 

In this chapter the experimental procedures will be stated. While none of these 

experiments are significantly complex, it is difficult to maintain the aerosol droplet in 

the optical trap as CaCO3 precipitates, therefore some notes and suggestions on how 

to achieve that are also included in this chapter.   

5.1. Trapping cell preparation 

The tapping cell was prepared by coating the insertable (bottom) cover slip by 

coating it with a hydrophilic coating by soaking them in a 50% solution of Decon90. 

The purpose of the hydrophilic coating is to prevent the formation of droplets on the 

coverslip in the optical path of the trapping beam. 

5.2. Aerosol injection 

The injection of aerosols was done by aiming the stream of aerosol produced by a 

medical nebuliser (micro air nebuliser) down the injection port of the aerosol trapping 

cell (see Figure 3.3). 

5.3. Hygroscopic growth curves procedures  

5.3.1. AOT: 

1. Trap and coalesce the droplets for a droplet of sufficient size.  
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2. Set the RH of the nitrogen and engage the nitrogen flow. 

3. Start recording the Raman spectra. 

4. After the droplet has reached equilibrium with its environment adjust the RH to the 

next step of the hygroscopic growth curve. 

5. Adjust the laser power as necessary to maintain the droplet in the trap. 

5.3.2. DVS: 

1. Put a clean, empty T0 pan on to the sample side of the balance.  

2. Seal the humidity chamber. 

3. Set the RH of the instrument to 0 (0% humidity), and turn on the N2 (inert carrier 

gas) flow and wait until the system reaches equilibrium. 

4. After the system reaches equilibrium tare the balance. 

5. Take the sample T0 pan of the scale. 

6. Add the dry powder on to the T0 sample pan, place it back on to the balance, seal 

the system.  

7. Equilibrate the system to RH = 0 with the sample on the balance. 

8. Once the equilibrium is reached record the dry weight of the sample, start the 

recording and initiate the automatic growth curve or adjust the RH manually. 

5.4. The chemical reaction procedure: 

1. Trap and coalesce the droplets of the first solution. 

2. Start the Raman spectroscopy recording a map of spectra (spectra recorded in 

sequence). 

3. Nebulise in the second reagent (Na2CO3 or CaCl2 depending on the first reagent 

solution).  

4. Adjust the laser power to maintain the droplet within the trap. 

5.5. Experimental notes and suggestions 

The injection of aerosols was done by aiming the stream of aerosol produced by a 

medical nebuliser (micro air nebuliser) down the injection port of the aerosol trapping 

cell (see Figure 5.3). 

Trapping droplets with a highly disproportionate amounts of reagents produce a more 

stable droplet as the reagent that is in excess also acts as a buffer during the 

precipitation producing less extreme changes in the overall optical properties of the 

droplet. 
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After adding coalescing, the initial droplet with the droplets of the second reagent 

pre-emptively adjust the laser power to a lower value as typically the droplet will lose 

mass after the reaction. The pre-emptive adjustments allow a larger time frame for 

the critical initial adjustments.  

Note that the following modification of procedure was not used in the experiments, 

and is purely a suggestion on how it may be easier to retain the droplet in the AOT 

during the precipitation of CaCO3.A potential way of making it easier to retain the 

droplet in the optical trap during the reaction is to make it a composite droplet of 3 

solutions: CaCl2, NaCl and Na2CO3, with the NaCl acting as a non-reactive buffer, 

allowing the droplet to retain more of its mass. This approach would make it easier to 

retain droplets with comparable amounts of CaCl2 and Na2CO3. 

5.6. Experimental setup 

5.6.1. Optical system  

The optical tweezers used in the experiments described in this thesis has used a 532 

nm continuous wave laser with a maximum output of ~3W (Laser Quantum, Opus) 

used for both trapping the particle and as an excitation source for Raman 

Spectroscopy. The laser was propagated through a beam expansion optical relay in 

order to maximise the gradient force produced by the system, as well as a conjugate 

plane lens relay. The beam was then directed through a beam splitter (Comar optics, 

25 BQ 00) and focused through a Nikon (NA=1.25, Oil immersion, x100 

magnification, CFI Achro 100X Oil) microscope objective into a custom-built aerosol 

trapping cell. (see Chapter 3) The details of the aerosol trapping cell and the humidity 

control system will be discussed in a later in this chapter. (see Figure 5.1)  

The backscattered light from the trapped aerosol droplet, is reflected from the beam 

splitter into a periscope and focused into a Czerny-Turner type monochromator 

(Horiba, iHR 550) and a CCD detector (Horiba, Sincerity, cooled to -60°C).  

Additionally, the optical tweezers setup was fitted with a bright field imaging system 

consisting of a 447.5 nm light emitting diode (Luxeon, 1W) focused on to a CMOS 

camera (ThorLabs, DCC1645C). A continuum filter was positioned immediately in 

front of the CMOS camera to filter the laser wavelengths, and prevent overexposure 

of the image and damage to the camera. 
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Figure 5.1 A Schematic of the experimental setup used for the experiments 

described in this thesis. The M on the schematic stands for mirror. The dichroic mirror 

is used to reflect the trapping laser but allow the light to form the LED to pass through 

and be used for imaging.  

The focus of the work done in this thesis was on the study of the chemical reaction of 

formation of CaCO3 and Raman spectroscopy, thus details such as the properties of 

the lenses and the distances between them were not recorded. However, a brief 

description of their purpose and functionality is provided bellow: 

Mirror 1 redirecting the laser beam, effecting the surface footprint of the system, so 

that it would fit on the optical bench. 

Lenses 1 and 2 are plano-convex lenses, comprise a beam expansion assembly, 

used to expand the laser beam to a size that would fill the back of the microscope 

objective, in order to fully leverage the properties of the microscope objective, 

maximizing the gradient force produced.  

Mirrors 2 and 3 used for redirecting the expanded laser. 

Lens 3 and 4 identical plano-convex convex lenses, positioned at x2 focal length of 

each, providing no magnification, preventing additional beam divergence, and 

allowing a larger error tolerance in the alignment between mirror 3 and the dichroic 

mirror. 
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The combination of mirror 2 and 3 and lenses 3 and 4 allow for finer control of the 

position of the laser beam reflecting off the dichroic mirror, making the alignment of 

optical components easier. 

Dichroic mirror is used to reflect the trapping laser into the microscope objective, but 

allow the light from the LED to pass through for brightfield imaging using the CMOS 

camera. 

The beam splitter is used to split the beam reflected and scattered from the sample 

that contains the Raman scattered signal and redirect it into the monochromator and 

Raman camera for analysis. As in this setup Raman backscattering (as opposed to 

90-degree scattering) is used a lack of this beam splitter would make it impossible to 

measure Raman data. 

Mirrors 4, 5 ,6 and 7 (M 4, M 5, M 6, M 7; see Figure 5.1) provide vertical (mirrors 4 

and 5) and horizontal (mirrors 5, 6 and 7) control of the Raman signal beam and 

direct it into the monochromator and Raman camera. 

Lens 5 was a plano-convex lens positioned at its focal length away from the shutters 

of the monochromator, and was used to focus the Raman signal into the 

monochromator and magnify the image on to the mirrors in the monochromator. 

The notch filter was used to filter out the excitation/trapping laser from the Raman 

signal in order to prevent damage to the highly sensitive Raman CCD detector. 

5.6.1. Relative humidity control and trapping cell equipment 

The control of the relative humidity in the immediate environment of the aerosol 

droplet consisted of 2 main parts: the humidity control system and the aerosol 

trapping chamber.  

The humidity control system itself consists of a pressurised nitrogen cylinder 

containing oxygen free nitrogen gas, which was used as a carrier gas for the water 

vapour. The flow of the gas is split in to two each regulated by a mass flow controller 

(MKS INSTRUMENTS UK; GE50A013502SB1V020 Mass Flow Controller; Range: 

500sccm N2), allowing one to pass through a bubbler filled with deionised water, 

while the other remains dry. This allows the gas to pick up water vapor and by 

combining the two flows to control the ratio of the gas flow passing through the 

bubbler and remaining dry, thus controlling the RH. (see Figure 5.2Figure 5.2) Prior 



 
51 

 

to the aerosol trapping cell the humidified nitrogen flow was passed through a 

capacitance humidity probe (Honeywell HIH-4602-A), in order to determine the actual 

water vapour saturation of the nitrogen flowing into the cell. 

 

 

Figure 5.2 A schematic of the humidity control system both in the optical tweezers 

and integrated into the dynamic vapour sorption system.  

The aerosol trapping cell consists of a stainless-steel casing with an aluminium 

insert, for 25 mm diameter glass coverslips of no. 1 thickness. The aluminium insert 

also had a rubber ring fitted in to it, so that it would provide a better seal between 

insert and the glass cover slip. The cover slip was pressed down by a Teflon insert 

with a ñshowerheadò ring, which disrupted the flow of the water vapour carrying 

nitrogen, thus producing a more homogeneous vapour saturation in the trapping cell. 

The cell was then covered and sealed by bolting down a stainless top cover lid with a 

glass coverslip. (see Figure 5.3)  

The aerosol droplets produced by using a medical nebuliser (Omron, Portable 

MicroAir Nebulizer, NE-U22V). The droplets are trapped and grown in the trapping 

chamber, by directing the stream produced by the nebuliser through the aerosol 

injection tube seen in Figure 5.3. 
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Figure 5.3 A schematic of the aerosol trapping cell side view (A) and top view (B).  
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5.6.2. Dynamic Vapour Sorption 

Dynamic Vapour Sorption (DVS) is a gravimetric technique for analysing the amount 

of adsorbed moisture by analysing the change in mass of the sample at different 

relative humidities. (see Figure 5.5) This can be used in multiple ways as the amount 

of moisture adsorbed by an insoluble solid can be related to the surface area, which 

could be related to the porosity of a material using the Langmuir absorption isotherm 

and BrunauerïEmmettïTeller (BET) theories.[101,155ï163] One of the approximations 

made in this theory is that the adsorbed molecules from a monolayer on the surface. 

(See Figure 5.4) When considering soluble compounds, DVS is used to analyse the 

hygroscopic properties of a material when in contact with a surface. This method is 

often used in the pharmaceutical industry in order to assess the hygroscopic 

properties of the pharmaceuticals.[164] 

 

Figure 5.4 A schematic of adsorption and desorption of water (blue circles) on a solid 

surface, illustrating the BET adsorption theory.  

5.6.3. DVS instrument  

The instrument used for the experiments in this thesis is a Surface Measurement 

Systems DVS-2000 instrument, a schematic of which can be seen in Figure 5.5. the 

software used to control the DVS is the DVS WINDOWS - VERSION 2.06. The DVS 

produces a graph of mass vs time with changing humidity. The instrument itself can 

be set to 2 regimes which determine the point of the change in humidity a time 

dependent mode and a change in mass dependent (dm/dt) mode. It must be noted 

that the steps in the dm/dt mode are also restricted by time, hence in this mode the 

humidity is changed when the dm/dt value is below a certain threshold or if the time 

maximum for the step has been reached. The maximum time step that the system 

can be set is 600 min = 10 hours, which limits the usefulness of the automated RH 

change, as some compounds require longer equilibration times. 
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Figure 5.5 A schematic of the dynamic vapour sorption system used in the 

experiments. The nitrogen flow is pre-conditioned with a humidity control system 

similar to the one in  Figure 5.2. 

 

5.7. Decomposition software 

In order to fit the experimental spectra with the theoretical models two different 

pieces of software were created: a MS Excel spreadsheet and a NI LabView based 

data analysis software. The spreadsheet in Microsoft Excel, taking advantage of the 

Solver add-in, specifically for the built in generalized reduced gradient (GRG) 

optimization algorithm. NI LabView software also utilizes separate pre-built 

algorithms for determining the slope and the offset of the spectra, and the line profile 

of the signal peaks. 

For fitting the mathematical models two approaches where used. In both MS Excel 

and NI LabView, the optimized parameters where the parameters defining the peaks: 

position, width, intensity, profile asymmetry (see Chapter 7) and the background 

(background intensity and slope). As the optimization algorithms require optimizing 

all parameters simultaneously, the minimal necessary models for the peak profiles 

were determined separately. This was done to the optimization less computationally 

demanding on the hardware. (For model details see chapter 7) 
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The first approach was to utilise the GRG optimized sum of least squares approach 

to fit the spectra to the mathematical peak profiles. In this case it is possible to 

manipulate individual variables and their restrictions in using the MS Solver interface, 

makes this approach a good method to analyse the significance of the parameters in 

the model. This is also a relatively easy way to analyse a small number of spectra, as 

it does not require significant coding and the interface of Excel allows working almost 

intuitively. The downside of this algorithm is that it needs to be individually run for 

each spectrum, when large numbers of spectra need to be analysed. 

Another approach taken in the duration of the research done for this thesis was to 

automate the fitting of the Raman spectra to the mathematical model using custom 

made software coded in NI LabView. This approach is be divided into two steps: the 

slope and offset correction and the mathematical modelling. 

The first stage is to correct the background, accounting for the slope an offset. This is 

done by fitting a straight line through the analysed area of the spectrum, with the line 

being heavily weighted (by a factor of 1000, with a typical intensity of the Raman 

background ~150 relative intensity units.) at the extremes of the analysed area in 

order to avoid any influence of the spectral peak on the background correction. The 

slope and the offset are then subtracted from the spectrum, which can sometimes 

result in a small part of the spectrum at the extreme of the analysed area to have a 

negative value. Therefore, the absolute value of the spectrum after the slope and 

offset subtraction is used in further analysis. 

The second stage utilises the in-built nonlinear curve profile fitting vi, which uses the 

Levenberg-Marquardt algorithm (see Chapter 3) to fit a non-linear curve consisting of 

the individual peaks in the total model optimised for. The optimization then produces 

a set of peak parameters, which when combined will model the spectrum, and 

separated into the respective peaks will demonstrate the composition of the C-O 

bond environments, corresponding to the polymorphic composition of the CaCO3 

precipitate.  

A downside of the pre-programmed vi used for curve profile fitting is that it does not 

accurately fit all of the spectra. To counteract this drawback a digital filter was 

constructed that will calculate the error percentage of the fit for every data point in a 

spectrum, and filter off any spectra where the maximum error percentage is above a 

set threshold. While this method does reduce the number of data points produced, it 
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ensures the quality of the output data. In this particular case this reduction in the 

outputted number of spectra would not cause an issue, due to the overall quantity of 

initial data. 

This approach allows a large throughput of data enabling accurate modelling of 

processes. In this particular case the processes monitored are: the precipitation of 

CaCO3, the polymorphic composition of the initial CaCO3 precipitate, the stability of 

the polymorphs and their transformations, as well as changes to the crystalline 

structure of a stable polymorph, observed in the narrowing of the calcite peak over 

time when only calcite is present. This thinning down could be interpreted as the 

equilibration of the ions within the crystalline structure, thus the removal of structural 

defects. This serves to illustrate the variety of potential applications of such an 

analysis of the Raman spectrum.  

5.8. The growth factor fitting 

The least squares regression is a powerful tool which along with optimization 

algorithms (in this particular case the GRG nonlinear algorithm) can be used to find a 

solution to many different problems. Another one of such problems can be solving a 

system of equations consisting of a large number of equations. Such an approach 

could be leveraged find a solution for example finding the hygroscopic characteristics 

and dry size of several individual droplets of the same qualitative composition. This 

requires setting two types of variables: a global variables, corresponding to the 

hygroscopic characteristics of the solute, and local variables, corresponding to the 

dry sizes of the different droplets. This also requires three assumptions: 

The first assumption: the dry size remains the same regardless of the relative 

humidity and time at which the measurement was taken, meaning that this approach 

applies without any other adjustments only for non-volatile, non-degrading solutes.  

The second assumption: different droplets of the same composition and at the same 

concertation measured at the same relative humidity will only be different due to 

different dry sizes of the solute.  

The third assumption: the selected mathematical model (Kreidenweis equation or ə-

Kohler equation; see chapter 4 for details) is correct and accurate, and that the 

experimental data is at isopiestic equilibrium. 
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Using these assumptions, it is possible to use a model describing the hygroscopic 

parameters of a material for example using the ə-Kohler theory equation[121] 

(discussed in more detail in chapter 4). It can be used to calculate the activity of 

water using the ə value and the dry and wet diameters of the droplet. The resulting 

system of equations will have a common hygroscopic parameter across all 

equations, smaller sub-sets, which will consist of the measurements of the same 

droplet at different relative humidity, with all droplets in these sub-sets having the 

same dry radius as well as the same hygroscopic parameter. In the case of the ə-

Kohler equation this will result in a system of equations seen in Figure 5.6.This 

approach allows predicting a total wet radius of the droplet based on assumed dry 

radius and hygroscopicity parameter. Therefore, by minimising the absolute 

difference between the predicted value and the experimental value, which is a least 

squares type problem. This allows finding the parameters that would produce a curve 

that would pass through the experimental data points and has the unique shape 

dictated by the dry radius of the droplet and the hygroscopicity parameter. 

 

Figure 5.6 A system of equations calculating all of the experimental data points, to 

be solved simultaneously. In the equations Dnml ï is the experimentally measured 

wet radius, where Dn ï indicates droplet number n and ml ï measurement number l, 

RHl ï is the RH of the measurement l, Rdryn ï is the dry radius of the droplet, and ə ï 

is the hygroscopicity ə-Kohler parameter. As part of the experimental measurement 

the Dnml and RHl are recorded, therefore the only values that need to be determined 

are the Rdryn and k parameters. The red highlights the different sections where the 
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dry radius is the same. The blue highlights that all of the ə parameters are the same 

regardless of the RH of the measurement or the dry radius of the droplet. 

One of the benefits of this method is that it is a data analysis tool which allows 

determining the hygroscopic parameters purely from experimental aerosol 

measurements. Combined with an analysis using a thermodynamic aerosol model 

predictions (such as E-AIM), this allows for additional robustness of the analysis. 

Another benefit of this approach is that it does not rely on the accuracy any individual 

measurement, therefore any random errors would be counteracted simply by 

increasing the total number of measurements used, which could come from different 

droplets. 

The only drawback of this technique is in the optimization algorithms, as they are 

designed to stop after the gradient of change is less than a specified value, meaning 

that there is going to be some margin of error within the optimized parameters. This 

is counteracted by multiplying the absolute error (between the predicted value and 

experimental value) values by a constant value. Another drawback of this system is 

that any value that is less than 1 when squared will be smaller than the original value 

(the one being squared). This issue can be counteracted by using the absolute error, 

rather than the error squared value, with the only drawback being that for values 

above 1 the gradient of the absolute error will be smaller than that of the error 

squared. Because the absolute value is used rather than the squared value, the term 

of least squares may not strictly apply, however only the gradient of change is 

altered, maintain the minimal value as the minimal value, thus the same optimization 

tools can be used without any alterations. 

A case example: a set of 5 data sub-sets of NaCl Droplets were produced using the 

E-AIM thermodynamic model based on the ə-Kohler theory (model 3, Kohler curves, 

data input set as ñParticle radius, volume fractions of solids, and ə (kappa)ò), with a 

k=1.22 [121] (growth factor derived, for details on the growth factor see Chapter 4), a 

volume fraction of NaCl set to 1, the formation of solids supressed (i.e. solids cannot 

form, which models the behaviour of an aerosol with decreasing RH; see chapter 4 

for details) and unique dry radii for each of the 5 data sub-sets. In order to 

approximate an experimental scenario, several random points between RH 0.97 and 

0.6 taken from each data set were taken to approximate experimental data.  



 
59 

 

As the data used in this example was produced using E-AIM (this example has 

nothing to do with any laboratory experiments done by the author of this thesis), it is 

assumed to be free form experimental errors and treated as 100% accurate. This is 

not the case for any experimental data, as which will have errors in both size 

measurements and RH measurements. 

By solving a system of equations for the data obtained using E-A using the GRG 

nonlinear algorithm in MS Excel, the optimized parameters where within ~0.05% of 

the parameters originally set in E-AIM (i.e. 99.95% accurate compared to the set 

parameters). (See Table 5.1 and Figure 5.4) 

  Rdry set Rdry optimised Error 

Drop 1 1.00E-06 1.00E-06 0.0023% 

Drop 2 2.44E-06 2.44E-06 0.0146% 

Drop 3 3.14E-06 3.14E-06 0.0097% 

Drop 4 2.96E-06 2.97E-06 0.0404% 

Drop 5 2.89E-06 2.89E-06 0.0175% 

        

  ə k optimised Error 

  1.22 1.22 0.0461% 

Table 5.1 A comparison of the dry radii and ə-Kohler parameters set in E-AIM and 

values determined by optimization. The error percentages are calculated as the 

absolute difference between the set and optimised values as a fraction of the 

optimised value.  
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Figure 5.7 A graph of the E-AIM produced data points (dots) and the corresponding 

optimised curves produced using the optimised parameters produced by the 

software. The colours of the curves correspond to the colours of the E-AIM predicted 

data points. On this plot the error bars are not shown as they are visually 

indistinguishable from the plotted curve (the thickness of the plotted line overlaps the 

error bars). 

5.9. Summary 

In this chapter the experimental procedures and experimental apparatus were 

described. 

The final two parts of this chapter are describing the software used for the 

decomposition of chemical spectra and a case example of a data analysis tool for 

finding the hygroscopic parameters and the dry size of the solute based on the sizes 

and relative humidity values of multiple droplets (with multiple measurements of each 

droplet at different relative humidities). Using the k-Kohler theory (explained in a 

further chapter) equation as a basis for this tool and 5 data sets generated using E-

AIM thermodynamic model (using the same k-Kohler theory with a k=1.22) yielded a 

99.95% accuracy, of finding the initially set parameters (k and dry sizes) which were 

used to generate the data sets (see Table 5.1 and Figure 5.5). 
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Chapter 6 Aerosol Hygroscopic Growth 

This chapter will go into some detail regarding hygroscopic growth of aerosols, 

discussing and comparing the hygroscopic growth of a few examples of organic and 

inorganic compounds using aerosol optical tweezers and DVS. In this chapter 

several models will be suggested for tracking chemical reactions in aerosol droplets 

using the hygroscopic growth. 

6.1 Describing the hygroscopic response:  Kreidenweis equation model, ə-

Kohler model, and multicomponent aerosols (ZdanovskiiïStokesï

Robinson theory). 

Form a practical point of view it is necessary to describe the hygroscopic response of 

an aerosol droplet mathematically, as that allows interpolating a model that 

incorporates all points along the hygroscopic response, thus determining the size of 

the droplet at any relative humidity. This also allows comparing aerosol droplets with 

different chemical compositions and relating the hygroscopic responses of different 

droplets to one another.  

As described in chapter 4, this is especially important for single particle 

measurements, as each droplet trapped will not be exactly the same as the other 

droplet within a set of experiments. This can be a source of error in multi particle 
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measurements, making single droplet measurement techniques and experiments that 

much more important. 

6.1.1 Kreidenweis equation model 

One of the first ways of describing was proposed by Kreidenweis et al in 2005.[122]] 

This model will be referred to as the Kreidenweis equation, to name it, making it 

easier to refer to, and to distinguish it from the ə-Kohler theory[121].  

The Kreidenweis equation is a model describing the hygroscopic growth of a solute 

through a second order polynomial equation. The Kreidenweis equation is[122]:  

ὋὊ ρ ὥ ὦz ὥ ὧz ὥ , 

 Equation 6.1 

Where a, b and c are the coefficients describing the hygroscopic growth of a solute, 

and aw ï is the activity of water. This equation can be combined with equation 5.6, to 

calculate the wet diameter of the droplet: 

ὶ ὶ ρ ὥ ὦz ὥ ὧz ὥ ,   Equation 6.2 

Where rtotal and rs are the total (wet) and dry radii of the droplet respectively. 

6.1.2 ə-Kohler theory model 

In 2007 Petters and Kreidenweis proposed a second model replacing the second 

order polynomial equation, used in the Kreidenweis equation with a single parameter, 

making it easier to compare the different compounds. The equation stated as the 

defining equation of the k-Kohler theory by M.D. Petters and S.M. Kreidenweis 

[121](see Equation 6.3): 

ὛὈ Ὡὼὴ ϳ
,  Equation 6.3 

Where Dwet and Ddry are the wet and dry diameters of the droplet as labelled, k is the 

k-Kohler, R ï the gas constant, T - absolute temperature, ů(sùa) is the droplet surface ï 

air surface tension, Mw -molecular weight of water, ɟw ï density of water, D is the 

total droplet diameter, and S(D) is the diameter-based saturation ratio. The saturation 

ratio is related to the activity of water as (see Equation 6.4): 
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Ὓ ὥ Ὡὼὴ ϳ
  Equation 6.4 

By looking at equation 6.4 it is possible to notice that the exponential term is simply a 

factor converting the activity of water into the saturation ratio, and that it is present in 

both equations 6.3 and 6.4. Thus, by combining equation 6.3 and equation 6.4 solved 

for aw, as well as taking in to account the assumption that aw=RH made by S.M. 

Kreidenweis et. al.[121] (discussed in detail in chapter 5) results in a simplified version 

of the equation 6.3 solved directly for RH (see Equation 6.5): 

ὙὌ  ὥ   Equation 6.5 

The same publication also contains another equation that relates the k-Kohler value 

to the aw via volume:  

ρ Ὧ ,  Equation 6.6 

Where Vs and Vw are dry volume (volume of solute) and volume of water 

respectively. The volume of water is also related to the total wet volume (Vtotal) of the 

droplet as (see Equation 6.7): 

ὠ ὠ ὠ  Equation 6.7 

The equation 6.6 can be combined with equation 6.7 and volume of a sphere 

(V=4/3ˊr3), and rearranged to solve for the total wet radius of aspherical droplet 

using the dry radius (radius of a spherical solute article) (see Equation 6.8): 

ὶ ὶ   Equation 6.8 

The equation 6.8 can be modified to directly calculate the growth factor (see 

Equation 6.9 and 6.10): 

ὋὊ  ρ Ὧ   Equation 6.9 

ὋὊ  ρ Ὧ    Equation 6.10 

6.1.3 Comparing the Kreidenweis and ə-Kohler theory models 

Comparing the two hygroscopic growth models one thing stands out is when 

comparing equation 6.1 and equation 6.10 it is possible to notice that the term k in 
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equation 6.10 replaces the second order polynomial in equation 6.1. This difference 

influences the accuracy of the predictive capability of the model, with the Kreidenweis 

equation being the more accurate of the two. (See this chapter 6.2.2 and 6.3.2) 

Another point that can be noticed that from the same equations (equation 6.1 and 

equation 6.10) is that both equations are bound to having no water at RHŸ0, i.e. the 

growth factor will be fixed to be at 1, which is reflected by the constant 1 in both 

equation 6.2 and equation 6.10. This presents a problem as some materials are 

capable of forming hydrated crystals, which contain water in their structure. (See this 

chapter 6.3.2) 

A significant advantage of the ə-Kohler theory model over the Kreidenweis equation 

model is the convenience of comparing the hygroscopicity values of different 

chemical compounds using only one parameter. 

6.1.4 ZdanovskiiïStokesïRobinson Theory 

The Zdanovskii-Stokes-Robinson (ZSR) is a theory of the dependency of the activity 

of water above a solution of two or more solutes on the properties of the individual 

solutions and their molar ratio at isopiestic equilibrium (at equilibrium with the 

surrounding humidity). This theory was proposed independently by Zdanovskii in 

1936 (empirical)[167] and by Stokes and Robinson in 1965[168] (derived and proven 

experimentally). The general equation that summarises the ZSR theory is (see 

Equation 6.11): 

В ρ,  Equation 6.11 

Where M ï molality of a pure solution, and m ï molar fraction of solute j in the 

mixture. This implies that a multi-solute solution will behave as a linear combination 

of pure solutions in accordance with their molar fraction in the multi-solute solution. 

In their paper Stokes and Robinson demonstrate this principle using aqueous 

mixtures of sucrose and a second solute. The presented data demonstrates that 

there are some deviations from the prediction especially in the sucrose-urea solution, 

which this likely caused by solute-solute interactions, such as dimerization. This 

suggests that so long as the mixed solutes do not affect one-another the principle 

holds true, therefore making the equation 6.11 is valid. This assumption is also used 

in the ə-Kohler theory paper was reformulated as (see Equation 6.12): 
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‖ В‐‖ ,  Equation 6.12 

Where ə is the ə value of the multi-solute solution, Ůi is the dry component volume 

fraction of component i, and əi is the ə value of component i. This equation allows 

applying the ZSR theory directly the ə-Kohler theory equation and easily calculating 

the hygroscopic response of a multi-solute solution. 

Later in this chapter, equation 6.12 is used to determine the relative amounts of 

individual components after a chemical reaction has happened. 

6.1.5 Mass and molar fraction-based growth factor calculations 

As previously mentioned, the DVS method of measuring the hygroscopic response of 

a chemical substance relies on the measurement of a change in mass of the sample 

according to the RH of itôs environment. Thus, a method of calculating the growth 

factor using mass-based calculations is necessary. Additionally, the second 

theoretical model of aerosol hygroscopic response AIOMFAC (Aerosol Inorganic-

Organic Mixtures Functional groups Activity Coefficients) outputs the molar fractions 

of the components of the aerosol at a given RH, thus the GF needs to be calculated. 

Starting on the basis of the equation for the volume based GF, assuming that the 

solute equilibrates with relative humidity, attracting H2O from itôs environment, and 

assuming that the solute is non-volatile (see equation 6.13): 

ὋὊ   
ρ,   Equation 6.13 

Where Vwet, Vdry and VH2O are wet and dry volumes, and volume of water 

respectively. The dry volume is the volume of only solute (or any other individual 

component) and can be calculated using some basic calculation: 

ὠ   , Equation 6.14 

Where m is the mass of the solute, and ɟ is the density of the same solute. The mass 

can be calculated as: 

ά ὲ ὓ,   Equation 6.15 

Where n is the number of moles of the compound, and M is the molar mass of the 

compound. A related equation is the equation of the molar fraction (x) for a solute 

and H2O mixture is: 
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ὼ ,   Equation 6.16 

Equation 6.16 can be rearranged to calculate the number of moles of water based on 

the molar fractions of the solute and water, and number of moles of the solute: 

ὲ  ὲ ὲ   Equation 6.17 

Combining equations 6.13 ï 6.17: 

ὋὊ  ρ

ὲ  ὓ
”

ὲ  ὓ
”

ρ

ὼ
ὼ ὲ  ὓ  ”

ὲ  ὓ  ”
 

ρ
 

  
 Equation 6.18 

This allows an easy calculation of the volume based growth factor from the output of 

AIOMFAC-web calculations. This can be easily converted into a radius based GF 

calculation, as the relationship between the two can be easily seen by combining 

equations 6.9 and 6.10: 

ὋὊ  ὋὊ    Equation 6.19 

Rearranging N GF can be calculated on a mass basis as: 

ὋὊ  ρ
 

  
  Equation 6.20 

With the mass of water calculated as: 

ά  ά  ά   Equation 6.21 

Therefore, combiming equation 6.20 and equation 6.20: 

ὋὊ  ρ
  

  
  Equation 6.22 

Equations N are used for the DVS and AIOMFAC-web output calculations in their 

radius based equivalents, with the relationship demonstrated in equation 6.20  
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6.2  Sodium chloride  

6.2.1 General description 

Sodium chloride (NaCl) aerosols are one of the most well studied aerosols due to the 

relative ease of work. For this reason, it is often used as a standard for testing 

theories such the Kreidenweis equation and ə-Kohler theory. Thus, it makes sense to 

use NaCl aerosols for calibration. In nature NaCl aerosols appear most notably as 

part sea spray aerosols.[169] 

6.2.2 AIOMFAC curve 

A model of a hypothetical (i.e. not an experimental droplet) droplet was produced 

using AIOMFAC-web model[170ï172], with the data used to convert the molar fractions 

in to GF using equation 6.18. In the case for NaCl, it will be represented by the ions it 

forms as it dissolves in water: Na+ and Cl-. This approach provides a way of 

comparing the accuracy of the Kreidenweis equation and k-Kohler theory models in 

representing the hygroscopic response of NaCl produced using AIOMFAC-web.  

As the use of AIOMFAC had not required the input of any experimental data in this 

case it is treated as fully accurate, i.e. it is treated as if it has no errors same as the 

example e-AIM data in Chapter 5.8 It is also optimized using the Least squares 

approach and the GRG nonlinear algorithm. The plotted errors demonstrate that not 

all of the data points will contribute equally to the accuracy of the model parameters 

derived from them, with the best results achieved at the lowest error values. (See 

Figure 6.1)  
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Figure 6.1 A plot of the hygroscopic growth of NaCl produced using AIOMFAC (light 

blue dots), calculated using equation 6.18. The data was fitted with both Kreidenweis 

equation model (a=2.97028; b=-3.4776; c=1.1021; average absolute error = 0.11%) 

and ə-Kohler theory model (ə=0.75; average absolute error = 7.36%), with plotted 

errors between AIOMFAC and the hygroscopic growth models between RH 97% to 

RH 44%, where aqueous NaCl aerosols have been proven to be stable. The model 

parameters were fitted for both models using the least error squared method using 

the GRG nonlinear algorithm (see chapter 4 for details). The error bars of the 

Kreidenweis equation model are smaller than the thickness of the line, therefore are 

not visible on the plot. The red and dark blue lines demonstrate the errors between 

the AIOMFAC produced data and the Kreidenweis equation model (in red) or ə-

Kohler theory model (blue).  

This demonstrates that the Kreidenweis equation model is more accurate at 

describing the hygroscopic growth of NaCl than the ə-Kohler model, however both 

models are reasonably accurate above RH å 0.80. This demonstrates that the ə-

Kohler theory model is advantageous for the quick estimation, however this would 

suggest that the Kreidenweis equation model would be more advantageous for 

applications where accuracy is necessary. 
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A significant point that needs to be made is that the a, b and c parameters as well as 

the ə-Kohler parameter in figure 6.1 are different from that published by Kreidenweis 

et.al. (a = 3.89243; b = ī4.49667; c = 1.62110; ə = 0.91) This could be due to the 

measurements taken are within a small range of RH values (between RH ~ 0.75 and 

~0.85), as well as an unspecified method of fitting the coefficients and undisclosed 

goodness of fit (fitting error) in the literature. 

The plotted errors (see Figure 6.1) demonstrate the adherence of the hygroscopic 

growth model to the hygroscopic response predicted using the AIOMFAC model. 

This approach is fundamentally not restricted to the examples demonstrated in this 

chapter. The benefit of plotting the error values between a model and the data it was 

optimized for is that it demonstrates which points produce the highest quality results, 

thus demonstrating the reliability of the derived model parameters. Which is to say 

that the hygroscopic parameters derived from experimental data gathered at different 

RH regions can have different values, i.e. the ə value derived from a data set 

measured at RH values between 0.7 to 0.8 will be different from that determined from 

data sampled at rh between 0.8 to 0.95. this principle is illustrated by a comparison of 

figure 6.1 and figure 6.2, with a summary of the parameters in table 6.1. 

Model RH range optimized for 

(%) 

81.5 - 

94.16 

72.46 - 

81.5 

44.47 - 

98.16 

ə-Kohler 

theory 

ə value 0.74 0.94 0.75 

average error 7.45% 6.35% 7.32% 

 

Kreidenweis 

equation 

a 3.018872 2.930065 2.970280 

b -3.519679 -3.428932 -3.477585 

c 1.089495 1.109913 1.102141 

average error 0.21% 0.23% 0.11% 

Table 6.1 A table of the optimized parameters used to plot the Kreidenweis equation 
and ə-Kohler theory models in figures 6.1 (full set) and 6.2. The optimized 
parameters demonstrate the importance of the range of RH values of the 
experimental data for finding the parameters of the models for a given compound or 
mixture. The average error of the model was calculated based on a full set of data 
ranging from 44.47% to 98.16% RH. 
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Figure 6.2 Plots of the hygroscopic growth of NaCl produced using AIOMFAC (light 

blue dots), with the Kreidenweis equation (grey) and ə-Kohler theory (orange) models 

plotted, with the plot of the error values associated with them in red (Kreidenweis 

equation) and blue (ə-Kohler theory). Optimized using the sum of least squares 

approach and using the GRG nonlinear algorithm. The colours on both graphs have 

the same meaning. On each plot the data subset that the parameters of the models 

were optimized for are highlighted with X symbols. The top graph was optimized for a 

range of RH from 72.46% to 81.5% and the bottom graph was optimised for RH 81.5 

- 94.16%. The optimized parameters of both models and the associated average 
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error for both graphs, along with the parameters from figure 6.1 can be seen in table 

6.1. 

6.2.3 Aerosol Optical Tweezers data 

The main method of investigation of the data produced using AOT is the use of the 

Live Aerosol Raman Analysis (LARA) software which used the WGMs pattern in the 

Raman spectrum produced by the droplet. For the purposes of this thesis all of the 

hygroscopic data presented in this chapter was collected at 10 s accumulation time 

and at 600 gr cm-1 grating, therefore each frame corresponds to 10 s in time.  

The output of the LARA software can sometimes have inaccuracies in the calculation 

of the radius and refractive index, which is why it is important to have a sizable 

sample size, so that the majority of the points is easy to identify. This allows manually 

checking the data, which should follow a trend of a decrease in radius should 

correspond with an increase in RI. This allows identifying the trends in the data 

output of LARA, thus sizing the droplet. 
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Figure 6.3 An example of the hygroscopic data of NaCl collected using Raman AOT 

and analysed using LARA. On both graphs the output of LARA is in blue (top graph - 

size; bottom graph ï refractive index), and the RH is plotted in orange. The Raman 

AOT data was collected using the 600 grooves cm-1 grating with a 10 s accumulation 

time per frame. For the purpose of the LARA analysis starting frame was renumbered 

from frame number 0 (in the Raman AOT data) to frame number 1000, adjusting the 

later frames accordingly.  
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6.2.4 Dynamic Vapour Sorption data  

Figure 6.4 An example of the hygroscopic data of NaCl produced using DVS. The 

mass of the sample is in blue, whereas the RH is indicated in orange. The graph 

demonstrates that when in contact with a surface NaCl will crystalize at RH between 

70 and 80%, which is consistent with the literature. This plot also demonstrates the 

long equilibration times of NaCl which are in the order of 2000 minutes. The data was 

obtained by manually monitoring the DVS instrument and manually changing the RH 

whilst continuously recording the data. The data was recorded as an average of 1 

min of measurement at 1 measurement per second. 

A demerits of the DVS technique as opposed to the AOT are that it is extremely time 

consuming and it is incapable of accessing the super-saturated states of the NaCl 

solution, as it had been demonstrated that the NaCl stays as a liquid droplet at RH > 

45%. One of the benefits of the DVS is that it does not suffer from issues caused by 

crystallization, as it can happen with the AOT, when a crystalline layer is formed on a 

coverslip, distorting the optics, which causes droplet to fall out. 

Another demerit of the DVS is the comparatively long time needed for the experiment 

as it can be seen in figure 6.4.  
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6.2.5 Hygroscopic growth curves 

Hygroscopic growth of NaCl is well known, which makes it a good standard for 

assessing the reliability of the instrumentation and experimental procedure. It is also 

a way of identifying potential systematic errors. Thus as it can be seen in figures 6.5 - 

6.9 the data obtained for NaCl using the AOT (see Figures 6.5 ï 6.8) and DVS (see 

Figure 6.9) demonstrate adherence to the theoretical values calculated using 

AIOMFAC-web and E-AIM[173,174], which in turn demonstrates that the data produced 

using either system is of good quality.  

The DVS data (see Figure 6.9) demonstrates that dry NaCl dissolves itself at RH 

between 70 and 80 %, which is consistent with the literature. The DVS data also 

demonstrates that due to the nature of the instrument (i.e. a small amount of 

chemical in a pan) it cannot achieve supersaturation, thus in some cases DVS may 

not be suitable for determining hygroscopic behaviour of aerosols. 

Figure 6.5 A Growth curve (a plot of the GF vs RH) of NaCl produced using the 

Raman AOT data analysed using LARA (in black), and the theoretical growth curve 

produced using E-AIM software[173,174] (in blue). The dry sizes of the various droplets 

were calculated using the refractive index vs concentration calculation, which was 

used to calculate the GF. The error bar across the x-axis is caused by the RH probe, 

which has a stated error of ±3.5%. 
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Figure 6.6  A Growth curve (a plot of the GF vs RH) of NaCl produced using the 

Raman AOT data analysed using LARA (in black), and the theoretical growth curves 

produced using the optimization software outlined in chapter 4.3 using the ə-Kohler 

theory model optimized for the data (in orange; ə = 0.7205) and the values optimized 

for the AIOMFAC data in figure 6.1 (in blue; ə = 0.7493). The error bar across the x-

axis is caused by the RH probe, which has a stated error of ±3.5%.  
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Figure 6.7 A Growth curve (a plot of the GF vs RH) of NaCl produced using the 

Raman AOT data analysed using LARA (in black), and the theoretical growth curves 

produced using the optimization software outlined in chapter 5.3 using the ə-Kohler 

theory model optimized for the data (in orange; a = 3.2796, b = -2.1550, c = -0.8480) 

and the values optimized for the AIOMFAC data in figure 6.1 (in blue; a = 2.9703, b = 

-3.4776, c = 1.1021). The error bar across the x-axis is caused by the RH probe, 

which has a stated error of ±3.5%. The error bar of the optimised hygroscopic growth 

curve is the average difference between the AOT data optimized curve and the 

AIOMFAC optimized curve (5% error). 
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Figure 6.8 A plot of the optimised hygroscopic growth curves, data optimized curve 

(in orange), the AIOMFAC optimized curve (in light blue), both are the curves from 

figure 6.7 and the fit error between the two models (in grey) with an average error of 

~5%. This demonstrates that both curves are relatively similar, thus the AOT data is 

of reasonable quality.   
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Figure 6.9 A plot of CaCl2 data obtained using the DVS. The orange dots represent 

the ascending RH data, the blue points - descending RH, and the black line the E-

AIM data. 

6.3 Calcium chloride 

6.3.1 General description 

Calcium chloride (CaCl2) is a Ca2+ salt, often used for its hygroscopic properties, and 

is commonly used as a desiccant. In aerosols CaCl2 is one of the products of 

atmospheric ageing of CaCO3. In the work done for this thesis CaCl2 aerosol droplets 

are reacted with Sodium Carbonate (Na2CO3) to produce optically trapped aerosol 

droplets containing CaCO3. This reaction is important, as it provides a route to 

studying aerosols containing CaCO3 inclusions and other water insoluble inclusions.  
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6.3.2 AIOMFAC curve 

Following the same procedure as was used for the AIOMFAC curves of NaCl earlier 

in this chapter (see Chapter 6.2.2).[170ï172] 

 

Figure 6.10 A plot of the hygroscopic growth of CaCl2 produced using AIOMFAC 

(blue dots), calculated using equation 6.18.  The data was fitted with both 

Kreidenweis equation model (a= 4.6576; b= -8.1518; c= 3.82511; average absolute 

error = 4.65%) and k-Kohler theory model (ə=0.45; average absolute error = 

12.38%), with plotted errors between AIOMFAC and the hygroscopic growth models 

between RH 97% to RH 44%, were aqueous NaCl aerosols have been proven to be 

stable. The model parameters were fitted for both models using the least error 

squared method using the GRG nonlinear algorithm (see chapter 3 for details). This 

demonstrates that the Kreidenweis equation model is more accurate at describing 

the hygroscopic growth of NaCl than the ə-Kohler model. The red and blue lines 

demonstrate the errors between the AIOMFAC produced data and the Kreidenweis 

equation model (in red) or ə-Kohler theory model (dark blue). 

This demonstrates the same conclusion as or the NaCl (see this chapter section 

6.2.2), in that the k-Kohler theory model is more convenient for the initial estimation, 

however the Kreidenweis equation model is fits the data better.  

When considering the GF, one must consider not just the ratio of a solid particle to a 

liquid particle but a particle of solute that lacks any water in is structure. A point to 



 
80 

 

support this would be that after the solute attracts enough water molecules from its 

environment to dissolve, the resulting solution would be indistinguishable from the 

solution made from the anhydrous material, assuming the same amount of solute (in 

mols) are added. Therefore, while a hydrated crystal would be a solid particle it would 

not have a GF of 1, as it contains water within the solid structure. An important point 

to consider is that, as noted previously both models are fixed to have a GF Ÿ 1 at 

RH Ÿ 0, however this would not hold true for materials that tend to form hydrated 

crystals which contain water as part of the crystalline structure. This can also be seen 

on figure 6.2 as the data obtained from AIOMFAC-web does not trail off to a value of 

GF=1.  

As both the Kreidenweis equation and the k-Kohler theory models are designed to 

provide an easy way of calculating the hygroscopic properties of various chemicals 

(i.e. represent real-life physical processes and properties), it would make sense to 

alter them when they fail to do so. In both equations 6.1 and 6.10, there is a term 

independent of the activity of water, set as a constant to have a value of 1. As such, it 

is dictating the value of the GF at RH=0 and therefore would be the one to alter in 

order of the equation to accommodate the presence of a hydrated crystal state. Thus, 

the resulting in modified Kreidenweis equation and k-Kohler models (see Equation 

6.23 and Equation 6.24): 

ὋὊὶὥὨὭόί ὦὥίὩὨ ὼ Ὧ     Equation 6.23 

ὋὊ ὼ ὥ ὦz ὥ ὧz ὥ  ,   Equation 6.24 

Where 
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Figure 6.15 A plot of the AOT data analysed using LARA software (in black) with the 

dry sizes optimized for the modified Kreidenweis equation model (in light blue) (see 

 

R

E

F

 

_

R

e

f

4

5

0

8

1

7

3

 

\

h

 

 

\

*

Common Parameters 

 
ə-Kohler 
theory 

Kreidenweis 
equation 

x 1.3636 1.3636 

ə 0.37 - 

a 

- 

1.9528 

b -2.2571 

c  0.5991 

 

Sample 
ID Dry Radius /m 

131217 3.5341 E-06 3.2516 E-06 

41217 3.4751 E-06 3.2382 E-06 

231117 4.2361 E-06 3.8512 E-06 

191117 4.1726 E-06 3.8209 E-06 

291017 3.5429 E-06 3.2446 E-06 

60118 3.6200 E-06 3.3835 E-06 

Table 6.2 A table of model parameters and dry radii plotted in figures 6.14 and 6.15. 
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Figure 6.16 A plot of CaCl2 data obtained using the DVS. The orange dots represent 

the ascending RH data, the blue points - descending RH, and the black line the 

AIOMFAC data.  

The data in figure 6.16 demonstrates that CaCl2 forms a hydrated crystal, which can 

be seen by comparing the ascending and descending RH masses at RHå0%. 

Another notable trend is that the DVS data does not adhere to the AIOMFAC model 

suggesting that CaCl2 could have multiple hygroscopic growth curves, which depend 

on itôs environment, in this case contact with a solid surface. This is also supported 

by the AOT data, as it adheres closely to the AIOMFAC model (see Figures 6.14 and 

6.15). 

6.4 Chemical reaction completion models based on the ZSR theory 

As stated previously in this chapter, the ZSR theory was designed non-interacting 

solutes. However, that is not true for all solutes as some of them can react in an 

aqueous medium producing, for example insoluble compounds. One of such 

reactions is the reaction between CaCl2 and Na2CO3 (calcium chloride and sodium 

carbonate, respectively), which produces an insoluble precipitate CaCO3 (calcium 

carbonate) and a soluble by-product NaCl (sodium chloride).  

Assuming that during the reaction 100% of Na2CO3 is consumed, the mixed solution 

after the reaction is a mixture of 1-n CaCl2, n CaCO3 and 2n NaCl, where n is the 
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fraction of CaCl2 consumed during the reaction with Na2CO3 and corresponds to 

producing n amount of CaCO3 and 2n amount of NaCl due to the stoichiometry of the 

reaction. Such an adjustment would enable to roughly account for the solute-solute 

interaction within the mixed solution, thus enabling the application of the ZSR theory 

for calculating the completeness of a chemical reaction. 

When considering this chemical reaction with respect to the consumption of CaCl2, 

several logical conclusions can be made. The first conclusion is that at 0% 

consumption of CaCl2, no Na2CO3 was added, thus the solution will consist only of 

CaCl2 and water. The second conclusion is that assuming no excess Na2CO3 was 

added and 100% of CaCl2 were consumed during the reaction the resulting solution 

will consist of NaCl, CaCO3 and water. Lastly the third conclusion is that any point in 

between the boundary conditions stated in conclusion one (0% consumption of 

CaCl2, a pure CaCl2 solution) and conclusion two (100% consumption of CaCl2, a 

mixed aqueous solution of NaCl and CaCO3) will be some mixture of the two, i.e. a 

mixed aqueous solution consisting of CaCl2, NaCl and CaCO3. This in turn leads to a 

conclusion that the maximum and minimum values of any calculations done on the 

mixture with respect to the fraction of CaCl2 consumed will always be at 0% and 

100% consumption of CaCl2. (see Equations 6.25 and 6.26) 

ά ὅὥὅὰὲ ὔὥὅὕ O ά ὲ ὅὥὅὰὲ ὅὥὅὕςὲ ὔὥὅὰ   Equation 6.25 

‖ ώ ‖ ὼ ‖ ςὼ ‖    Equation 6.26 

Here m is the total amount of CaCl2 in the initial droplet, n is the amount of Na2CO3 

added, y is the mole fraction of CaCl2 in the end droplet, and x is the mole fraction of 

CaCO3. 

This is illustrated by the calculations of the volume using the ə-Kohler theory model 

(unmodified, based on equations 6.10 and 6.12 and, see Figure 6.17) and the total ə 

value of the mixed aqueous solution after the reaction (see Figure 6.18). The 

calculations were based on the unmodified ə-Kohler theory model (see Equation 

6.10) and the ZSR theory (see Equation 6.12). The parameters used for these 

calculations were taken from the literature (see Table 6.3) set for a spherical CaCl2 

particle with a radius of 1ɛm (corresponding to 8.19x10-20 mol of CaCl2) and set for 

RH = 0.8. (See Figure 6.17 and 
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Figure 6.18)  
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 ə Density g ml-1 Molar mass g mol-1 

CaCl2 0.46[28] 2.17[166] 110.98[166] 

CaCO3 0.015[28] 2.71[175] 100.09[175] 

NaCl 1.28[121] 2.17[175] 58.44[175] 

 Table 6.3 A table of the parameters used for the calculation for the graphs in figures 

6.17 and 6.18. 

 

Figure 6.17 A graph demonstrating the change in the wet volume of a droplet with 

respect to the percentage of CaCl2 consumed by a chemical reaction with Na2CO3, 

assuming 100% reaction efficiency. On this graph the 0% demonstrates a pure 

aqueous solution of CaCl2 and 100% demonstrates that all of the CaCl2 was 

consumed in the reaction however no excess of NaCO3 was added, thus at 100% the 

only solutes present in the droplet are NaCl and CaCO3. The theoretical parameters 

used in this calculation can be seen in Table 6.3, the RH was fixed to 80% and the 

dry radius of a spherical particle of CaCl2 was 1ɛm. 
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Figure 6.18 A graph demonstrating the change in the total ə value of the mixed 

solution calculated using equation 6.12 with respect to the percentage of CaCl2 

consumed by a chemical reaction with Na2CO3, assuming 100% reaction efficiency. 

On this graph the 0% demonstrates a pure aqueous solution of CaCl2 and 100% 

demonstrates that all of the CaCl2 was consumed in the reaction however no excess 

of NaCO3 was added, thus at 100% the only solutes present in the droplet are NaCl 

and CaCO3. The theoretical parameters used in this calculation can be seen in table 

5.3, the RH was fixed to 80% and the dry radius of a spherical particle of CaCl2 was 

1ɛm. Same as for figure 6.17.  

Such an approach provides a clear way of estimating the amount of Na2CO3 that was 

added to a measured CaCl2 droplet and the amounts of NaCl and CaCO3 produced. 

If one would consider the states of the ions in an aqueous solution pre and post 

chemical reaction it is possible to write the chemical equation in a different form (see 

Equation 6.27): 

ὅὥ ὥή ςὅὰὥή ςὔὥ ὥή ὅὕ ᴼςὅὰὥή ςὔὥ ὥή ὅὥὅὕίέὰὭὨ

  Equation 6.27 

This demonstrates that by considering the ions themselves as solutes it is possible to 

consider this chemical reaction as an example of a solute-solute interaction between 

the Ca2+ and CO3
2- ions. Thus, the outlined approach used in the demonstrated case 

of a chemical reaction producing CaCO3 could also be used to quantify other 
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chemical reactions or solute-solute effects by their effect on the total hygroscopicity 

of the resulting solution.  

6.5 2-hydroxypropyl-ɓ-cyclodextrin  

The work on the 2-hydroxypropyl-ɓ-cyclodextrin project was done in collaboration 

with C.P.F. Day, a PhD student from the research group led by Dr. A.E. Carruthers. 

6.5.1 General description 

2-hydroxypropyl-ɓ-cyclodextrin (2-HP-ɓ-CD) is an oligosaccharide a part of the 

cyclodextrin family and is specifically a ɓ-cyclodextrin consisting of 7 glucopyranose 

units modified with hydroxypropyl groups. The cyclodextrins in general are extremely 

useful for pharmaceutical purposes, due to the fact that the form a hydrophobic 

cavity, which can be used to increase the solubility of hydrophobic drugs. Other 

benefits of cyclodextrins are their high solubility in water and high toxicity threshold, 

with the solubility of 2-HP-ɓ-CD is >600 mg mL-1 and acute LD50 in rats at 10 g kg-1 

intravenously and >2 g kg-1 orally. (LD50 is a measurement of toxic threshold 

corresponding to a lethal dosage to 50% of the population.)  A combination of these 

properties makes cyclodextrins a valuable carrier substance for water insoluble 

drugs, thus has the potential to be an efficient drug carrier for inhalable 

administration.[176,177] 

6.5.2 Dynamic Vapour Sorption data  

The DVS data of 2-HP-ɓ-CD demonstrates that 2-HP-ɓ-CD does not adsorb a lot of 

water, while adsorbing water quite rapidly as it can be seen in figure 6.19. An 

interesting thing that can be noticed can be noticed in the data is a relatively large 

increase in mass at RH 10 and 20, suggesting that 2-HP-ɓ-CD is undergoing some 

kind of transformation, which is likely to be either dissolution or the formation of a 

liquid crystal state. In figures 6.13 and 6.16, a similar trend can be noticed as CaCl2 

equilibrates to RH 20%, and CaCl2 is known to form hydrated crystals[178]. 
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Figure 6.19 An example of the DVS data of the 2-HP-b-CD data with ascending RH 

only. See Table 6.4 for details. 

6.5.3 Growth curves 

One of the facts that need to be considered is that equation 6.22 relies on having a 

known density of solute, in this case 2-HP-ɓ-CD, which does not have a known or 

predicted density, as it is not a crucial parameter for medicinal applications. 

Therefore, for the purpose of these calculations the density of a closely related 

compound ɓ-cyclodextrin was used, which has a predicted density 1.6±0.1 g cm-3 

was used instead[179]. This allows at least estimating the GF of 2-HP-ɓ-CD and 

should be updated as data becomes available. (See Figure 6.20 and Figure 6.21) 
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Figure 6.20 DVS data of the 2-HP-b-CD data (ascending RH only) fitted with the 

Kreidenweis equation model, extended to RH 95%. See Table 6.4 for details. 

 

Figure 6.21 DVS data of the 2-HP-b-CD data (ascending RH only) fitted with the ə-

Kohler theory model, extended to RH 95%. See Table 6.4 for details.  
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 Parameter Average error 

ə-Kohler theory k 0.0877 12% 
    

Kreidenweis 
equation 

a 0.4312 

2% 

b -0.7401 

c 0.3589 

Table 6.4 A table of the optimized parameters for the DVS data for the ə-Kohler 

theory and Kreidenweis equation models. The average error is the average error 

between the optimized model and the experimental data. The error is averaged 

across both RH and the data sets. 

Continuing with the trend noticeable in both NaCl and CaCl2, that the Kreidenweis 

equation models the experimental data better than the ə-Kohler theory model. It can 

also be noted that 2-HP-ɓ-CD attracts only a small amount of water reaching a GF of 

<1.1 at 80% RH. 

6.6 Conclusions 

In this chapter some of the main theories regarding the hygroscopic growth of 

chemicals where presented. These include two mathematical models: ə-Kohler 

theory and Kreidenweis equation, which are outlined and described in chapters 6.1.2 

and 6.1.3. Both of these theories are used to model the hygroscopic growth of NaCl, 

CaCl2 and 2-HP-b-CD. In this data a trend of the Kreidenweis equation model is the 

more accurate of the two.  

When examining the CaCl2 data one of the most notable aspects is that the ə-Kohler 

theory and Kreidenweis equation need to be modified in order to accommodate for 

the formation of a hydrated crystal state, which retain moisture even at RH å 0%. 

This modification allows removing the limitation of both models of having a restricted 

GF = 1 at RH = 0% (see chapter 6.3.2). 

Another theory discussed in this chapter is the ZSR mixing theory and a potential 

application of this theory for calculating the change in size of a droplet as a chemical 

reaction occurs. The calculation of the size of the droplet post reaction could also be 

viewed as an example of adjusting the ZSR theory to accommodate solute-solute 

interactions.  
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Chapter 7 ñAnatomyò of a Raman peak 

In this chapter the theory of the processes affecting the line profile of the chemical 

signature in Raman spectra. This will be continued with the theoretical models of the 

peak profiles used and principles of decomposing a spectrum into the different 

polymorphs present.  

7.1. What broadens a peak in the Raman Spectrum? 

In spectroscopy in general and Raman spectroscopy in particular the wavelength and 

the shape of the signal peak confers information about the properties of the chemical 

analysed. In Raman spectroscopy the signal peak contains information about the 

local environment of the vibrational mode that the signal peak corresponds to. 

However, as Raman scattering is a relative process it also invariably contains both 

the signal caused by the sample and the spectroscopic profile of the laser. 

7.1.1. Frequency distribution of a laser 

Real-world measurements always have an inherent amount of error that cannot be 

avoided, hence it is impossible to have absolute accuracy in every measurement or 

any instrument.[180,181] This is exemplified by the width of the laser line. Even though, 

the laser used for the work in this thesis has a narrow laser line width it will still affect 

the produced Raman spectrum.[182] 



 
94 

 

When considering the inherent error introduced by the laser it is plausible to consider 

an ideal Raman scattering material, i.e. a material that when irradiated with an ideally 

monochromatic light will produce an ideally monochromatic Raman signal. In case 

when the ideal scattering material has only one state, the laser line width in the 

spectrum will be the same as the distribution of frequencies of the incoming light. 

Similarly, if the scattering material has 2 ideal states closely together, the resulting 

spectrum will be a superposition of the frequency distributions produced by each of 

the states. The same logic follows for a non-ideal material, as it could be thought of 

as a distribution of N ideal states, thus the spectrum produced will be a convolution of 

the frequency distribution of the incoming laser and the distribution of the material.[182] 

(See figure 7.1)  

In light of this it is necessary to note that as the Raman signal will depend on the 

specific system used to produce a spectrum, it can also be thought of as unique to 

the system, having some influence on the spectrum, specifically with regards to the 

actual Raman shift. However, this influence is relatively small (a few cm-1) and the 

patterns of the Raman peaks will remain the same.[182] 

Another important point to make is that the influence of the laser line width becomes 

significant with narrow peaks, which have a width similar to the width of the laser 

frequency distribution. In broad peaks, such as the O-H band at ~3500 cm-1 [183], the 

produced peak is extremely broad, and the laser line width does not have a major 

influence on its shape. 
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Figure 7.1 A schematic representation of the influence of the laser line width on the 

shape of the signal in a Raman spectrum. 
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Figure 7.2 Spectra of the laser line at 1200 grooves cm-1 (top) and at 600 grooves 

cm-1 (bottom) resolution. The blue lines are the experimental data and the dashed 

orange line is the theoretical model fitted using the least squares regression 

optimised using the GRG nonlinear minimization algorithm. 
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Grating (grooves/mm) 1200 600 

Position 531.98661 531.9676 

Gaussian Intensity 7933.2924 23948.0019 

Gaussian FWHM 0.01757 0.0279 

Lorentzian Intensity 22108.37389 23971.1217 

Lorentzian FWHM 0.02363 0.1381 

Asymmetry 2.57491 2.6590 

Lorentzian/Gaussian ratio 0.37948 0.0084 

Table 7.1 The table of the theoretical parameters used to model the laser line 

spectrum in figure 7.2. The paramenters are based of the Asymmetic Pseudo-Voigt 

model described in equation 7.7. 

7.1.2. Homogeneous and Inhomogeneous broadening 

When considering the factors that increase peak width it important to note that there 

are two types of line broadening: the homogeneous and inhomogeneous line 

broadening.[184] 

Homogeneous broadening is a type of line broadening affecting all molecules 

equally. Homogeneous broadening includes processes such as natural broadening 

and pressure broadening, present in all phases of matter gas, liquid and solid.[184] 

Natural broadening is intrinsic to any bond visible in a Raman spectrum as it is 

related to the lifetime of the excited/virtual state, hence will always be present even at 

temperatures approaching 3 K (~-270°C), where temperature effects are minimised, 

therefore determining the minimal possible width of the Raman peak.[185] 

In contrast, inhomogeneous broadening is a type of broadening that affects 

molecules differently based on their local environments. Inhomogeneous broadening 

is generally present in condensed states of matter such as liquids, glasses and 

crystals, as it relies on the difference in the local environment of the vibrating bond, 

such as interfaces and defects, such as the crystallinity of the material and hydration 

states of crystals.[185] A notable example of this effect is itôs the use in Raman 

spectroscopy of graphite and carbon nanotubes. Due to the layered structure of 

graphite, single monolayers of graphite have a characteristic peak (the G-band at 

~1582 cm-1) in the Raman spectrum, which is suppressed by additional layers, 

making it possible to use the Raman spectrum to identify a small number of graphite 
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layers.[186] This property of graphite can also be used to identify the number of layers 

in carbon nanotubes. Similarly, Raman spectroscopy has been potential uses in 

protein analysis as a way of analysing secondary structures of proteins, such as Ŭ-

helixes and ɓ-sheets, etc.[183] Another example of inhomogeneous broadening is the 

Doppler broadening is a consequence of the bond vibrating which is related to the 

temperature of the Raman scattering material, thus can be reduced and as 

mentioned become insignificant at extremely low temperatures.[185] 

In all cases of inhomogeneous broadening of a Raman peak, the essence remains 

the same: inhomogeneous broadening mechanisms reflect the different local 

environments the observed covalent bonds of the analysed material, conveying 

structural information about the material. Another aspect of this lies in considering 

multiple vibrational modes observed in a Raman spectrum. The different vibrational 

modes can be used to deduce the difference in energy in different vibrations, giving 

further insight into the structure of the material. This can be used to differentiate 

between different polymorphs of calcium carbonate (CaCO3): Calcite, Vaterite, 

Aragonite, Ikaite and monohydrocalcite, as well as solvated anhydrous and hydrated 

sodium carbonate (Na2CO3) crystals, and provide information regarding the hydrated 

crystal state of a purely ionic solid, such as calcium chloride (CaCl2).[178,187ï192] 

7.2. Sodium Carbonate: dissolved, anhydrous and hydrated 

As mentioned earlier in this chapter and in Chapter 2, Raman spectroscopy is very 

sensitive to changes in the local environment, which can be exemplified by Na2CO3. 

The simplest spectrum of the local environments the CO3
2- ion studied in this thesis is 

the spectrum of an aqueous solution of Na2CO3. As expected fully aqueous Na2CO3 

will exist as 2 Na+ and CO32- ions, producing a single peak of the C-O v1 (Symmetric 

stretch) vibrational mode. This can be used as a reference point for a v1 vibration of 

a CO3
2- ion surrounded by water.[193,194] (See Figure 7.3) 
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Figure 7.3 A spectrum of an aqueous Na2CO3 solution (droplet on a coverslip 

mounted in place of the aerosol trapping chamber) showing the v1 vibrational mode 

at 1070 cm-1. 

A Raman spectrum of fresh anhydrous Na2CO3 shows a v1 vibrational mode that 

contains a double peak, suggesting that the C-O bond is present in 2 major 

vibrational environments in the crystalline lattice. This can be corroborated by crystal 

structure of natrite (mineral Na2CO3, crystal structure very similar to ɔ-Na2CO3)[195], 

and ɔ-Na2CO3 considered to have two distinct oxygen environments[196], determined 

by computational analysis, X-ray diffraction and synchrotron experiments with 

average Na-O distances (see Table 7.2) .[195,196] As it can be seen in Table 7.2 the 

Na1-O2 and Na2-O1 are extremely similar to one another, likely forming one peak, 

whereas the other peak is likely formed due to the Na2-O2 environment. This 

suggests that the two peaks produced by the two extreme environments result from 

an average Na-O difference of ~0.1 Å in, which can be identified in a Raman 

spectrum with resolution of ~1 cm-1. It is likely that the Na1-O1 environment could not 

be resolved, because the difference between the peak positions in the Raman 

spectra is ~2 cm-1. 
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Distance Average distance (Å) 

Na1-O1 2.377 (2) 

Na1-O2 2.340 (2) 

Na2-O1 2.326 (3) 

Na2-O2 2.435 (2) 

Table 7.2 A table of average Na-O distances in ɔ-Na2CO3 taken from Dusek et al. 

(2003)[196]. 

The Raman spectrum of an ñoldò sample of Na2CO3 is somewhat similar to the 

spectrum of fresh anhydrous Na2CO3, however it also contains an additional double 

peak. This could be due to the presence of hydrated Na2CO3 crystals (Na2CO3 

ĀnH2O), as either a pure hydrated crystal or as a mixture of hydrated and anhydrous 

Na2CO3.[197] (See figure 7.4) At this moment Raman spectra of Na2CO3 ĀnH2O are not 

available in the literature, the determination of the stoichiometry of the hydrated 

crystals implausible. 

7.3. Water in a hydrated crystal 

When considering hydrated crystals, it is important to consider the water within the 

crystal structure, specifically the O-H band at ~3500 cm-1. As mentioned in chapter 2 

and earlier in this chapter, only covalent bonds can be observed in a Raman 

spectrum, which makes purely ionic compounds in solution ñinvisibleò in a Raman 

spectrum. This remains true in hydrated crystals as well, the fingerprint of the ionic 

compound is not observed, however a change in the profile of the O-H band can be 

observed. This change is observed as the different states of hydration of the crystal 

alter the local environment of the water molecules, which in turn alters the vibrations 

of the O-H bonds in the molecules.[178,197]  

In case of CaCl2 the overall shape of the peak can be used to differentiate between 

the different hydrated crystal phases of the CaCl2 · nH2O, with n=2, 4, 6. A similar 

principle is also exploited in the determination of the distinct phases of ice crystals. In 

both cases the structure of the multiple overlapping vibrational modes comprising the 

~3500 cm-1 O-H band are, initially determined under supercooled conditions, so that 

the contribution of the doppler broadening would be minimized, which resolves the 

different Raman active vibrational modes of the O-H bond.[178] 
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Figure 7.4 A) Spectra of dissolution of fresh dry Na2CO3 powder (blue line dry, 

orange line dissolved) on a microscope coverslip (top), demonstrating a characteristic 

double peak of the v1 vibrational mode of the C-O bond in the CO3
2- ion. B) Spectra 

of dissolution of ñoldò Na2CO3 powder (blue line dry, orange line dissolved) on a 

microscope coverslip. It shows the same structure as the dry fresh Na2CO3 and a 

secondary structure more closer resembling the dissolved Na2CO3 (orange line), 

which is likely due to the presence of water within the crystalline structure. 

A 

B 
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7.4. Differentiating between polymorphs of calcium carbonate 

As stated in chapter 1, calcium carbonate exists as several distinct polymorphs, with 

different physical and chemical properties. Thus, when dealing with CaCO3 it is vital 

to distinguish between the polymorphs.  

7.4.1. Amorphous Calcium Carbonate 

Amorphous Calcium Carbonate (ACC) is typically the first occurring polymorph of 

CaCO3 during formation and precipitation, serving as a precursor to formation of 

other polymorphs. The term amorphous refers to all solid materials that do not have a 

well-defined long-ranged order, present in crystals, with its crystalline lattice structural 

sub-units. From this definition the glassy phases as defined in chapter 5 of aerosols 

will also fall under the definition of amorphous, and to distinguish the two terms, in 

this thesis the term glassy will not refer to ACC. 

The formation of ACC is an important process in the formation of skeletal and shell 

structures, the ACC lacking of a crystalline order, is stabilised by proteins, allows the 

overall structure to remain solid.[73] 

From the point of view of spectroscopy, the ACC is an interesting material, as it 

produces a very broad peak, when compared to other polymorphs of CaCO3 and the 

CO3
2- ion peaks in the v1 vibrational mode region at ~1080 cm-1. This signifies that 

there is a large distribution of different local environments observed in the Raman 

spectrum of ACC, and the position of the peak indicate the presence of short-range 

orders corresponding to various polymorphs of CaCO3, such as calcite, vaterite, etc. 

This is corroborated by FTIR and computational studies. [73,198,199] 

These sub-morphologies of the ACC are named according to the crystalline 

polymorph they resemble, with a prefix proto- to signify that it is still not a crystal, but 

an amorphous solid. Examples of these sub-morphologies of ACC are proto-calcite 

and proto-vaterite. Nevertheless, this distinction between the various states of ACC is 

important, as these proto-states are the precursors to the formation of other 

polymorphs of CaCO3. Another significance of the proto-morphologies is the 

presence of short-range order within an amorphous solid, as it can be used for a 

better understanding of the overall process of crystallization in an amorphous 

material.[73] 
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7.4.2. Calcite 

Under ambient conditions calcite is the most thermodynamically stable anhydrous 

polymorph of CaCO3, and as such is the most abundant mineral form of CaCO3. 

Among other CaCO3 polymorphs, calcite is also the least soluble, which is potentially 

one of the reasons why it is preferred as an exoskeleton by many organisms such as 

the Coccolithophores phytoplankton, Molluscs and crustaceans, as well as eggshells 

of eggs of birds.[94,200,201] 

 

Figure 7.5 A spectrum of solid calcite on a microscope cover slide. The spectrum 

shows the v1 vibrational mode at 1087 cm-1 and v4 vibrational mode at 711 cm-1. 

In the Raman spectrum, calcite shows two highest intensity peaks for the v1 at 1092 

cm-1 and v4 at 717 cm-1 vibrational modes each containing a single peak. (See 

Figures 7.5) This suggests high similarity of all vibrational environments, suggesting 

that there are no orientations at which there would be any strain in the average lattice 

inside the crystal, which can be related a uniform entropy distribution within a crystal. 

[60,192,194,202ï204] 

7.4.3. Vaterite 

Apart from ACC, vaterite is the least stable anhydrous polymorph of CaCO3 forming 

at moderately high pH (~pH 9)[205], at room temperature. Another way of obtaining 
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vaterite is by dehydrating ikaite by heating.[60] One of the interesting aspects of 

vaterite is that it forms spherulitic aggregates as opposed to well defined crystals, 

which makes it an important material in optics research, both due to vaterite forming 

spherical particles and itôs birefringence (having multiple refractive indexes), which 

can be used to rotate the vaterite particle using a circularly polarized beam,  which 

could be useful in microrheology.[187ï190,202,206,207] 

The Raman spectrum of vaterite consists of a characteristic triple peak of the v1 

vibrational mode, with the middle peak being close enough to be reported as a 

shoulder to the lower Raman shift peak. In the literature the v4 vibration is described 

as a wide band with a weak intensity, and in the spectra obtained in the duration of 

the research completed for this thesis is not observed.[79,187,192,204,208](see Figure 7.6) 

 

Figure 7.6 A spectrum of vaterite in an optically tweezed aerosol droplet after ~3 h 

20 min after the reaction between CaCl2 and Na2CO3 in an aerosol droplet, showing 

characteristic triple peak pattern of vateriteôs v1 vibration mode.  

7.4.4. Ikaite  

Ikaite or hexahydrocalcite (CaCO3 · 6H2O) is one of the naturally occurring hydrated 

crystal polymorphs. It is found naturally occurring in a Nordic fjord[209] as a mineral 
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and in the shrimp shells.[60] Synthetically, ikaite can be synthesized at pH values 

higher (pH 13.4) than that required for the synthesise of Vaterite (pH 9).[205] 

The Raman spectrum of ikaite has a single peak corresponding to the v1 vibrational 

mode at 1076 cm-1 only with a shift difference of only few wavenumbers from the v1 

vibration of CO3
2- ion, which is likely indicative of the amount of water present on the 

crystalline system.[60,65,79,189] 

7.4.5. Aragonite 

Aragonite is the second most stable anhydrous polymorph, often found as the 

ñskeletonò of coralline algae, as well as mollusc and cephalopod shells.[100] Similarly 

to calcite, aragonite can also be found as a mineral. In the Raman spectrum the v1 

vibration mode appears at the same position as calcite, and on its own it cannot be 

used to differentiate the two polymorphs. The v4 vibrational modes allow the 

distinction between calcite and aragonite, with aragonite having a weak triple peak at 

~705 cm-1.[69,188,192,208] 

7.4.6. Monohydrocalcite 

Monohydrocalcite is another form of a hydrated CaCO3 crystal, which 

stoichiometrically only one water molecule within the structure (CaCO3 · H2O) 

compared to 6 in ikaite (3 · 6H2O). It is often found as a thin shell on other materials 

and as a milky suspension.[65,190]  
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Polymorph 

Literature This study Literature 
description  v1 (cm-1) v4 (cm-1) v1 (cm-1) v4 (cm-1) 

Calcite 

1087[194] 715[194] 

~1090 
(strong) 

~711 
(weak) 

Sharp single 
peaks at v1 and 

v4. 
1087[203] 712[203] 

1085[204] 711[204] 

1086[192] 711.8[192] 

1086[60] 712[60] 

Vaterite 

1074[204] 
1081[204] 
1094[204] 

665[204] 
683[204] 
728[204] 
744[204] 
751[204] 

1094 
(strong) 

1084 
(weak) 
1078 

(medium) 
 
 
 
 
 

 - 

Sharp double 
(or triple) peak 
at v1 and two 

broad v4 bands. 

1075.0[192] 
1081.4[192] 
1090.9[192] 

667.2[192] 
674.0[192] 

684.8[192] 
738.4[192] 
743.5[192] 
751.3[192] 

1090[60] 
1077[60] 

750[60] 
738[60]  

1094[208] 
1074[208] 

744[208] 
683[208] 

1090[79] 
1075[79] 

752[79] 
742[79] 

CO3 -2 ion 

1063[194] 680[194] 1070 
(medium) - 

Sharp v1peak  
and a v4 band. 1063[193] 680[193] 

Amorphous 

1080[199] 714[199] 

1085 
(weak) - 

Very broad 
peaks showing 

a lack of 
uniform 

structure. 1086[198] -  

Aragonite 

1085[204] 716[204] 

Not observed 

Sharp v1 peak 
at the same 

position as for 
calcite, v4 peak 

is split into a 
triple peak. 

1085[192] 702[192] 

1087[192] 703[192] 

1085[208] 
701[208] 
705[208] 

Ikaite 
(Hexahydrocalcite) 

1070[60] 719[60] 

1076 

Suspected in 
presence of a 

large excess of 
Na2CO3. 

1071[79] 718[79] 

1072[65] 722[65] 

Monohydrocalcite 1069[65] 
723[65] 

699[65] Not observed 
- 

Table 7.3. A table of literature and experimental data on the Raman signals of the 

different calcium carbonate polymorphs, the peak position of the CO3
-2 ion and a brief 

description of the peak shape.  
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7.5. Line profiles: A mathematical description  

The different line broadening mechanisms affect the line total spectral profile in 

different ways, producing different statistical distributions. The phenomena 

comprising homogeneous broadening produce two types of statistical distributions: 

Gaussian (primarily inhomogeneous broadening) and Lorentzian (primarily 

homogeneous broadening), which translate in to the Gaussian and Lorentzian line 

profiles respectively, as well as their combination the Voigt profile.[184] 

7.5.1. Gaussian profile 

The Gaussian line profile is produced as a consequence of the Doppler broadening 

and the pressure broadening mechanisms. The Gaussian distribution is also known 

as the normal distribution and is widely used outside of spectroscopy. It is 

characterised by being broad at half maximum and small wings.[184,210] (see Equation 

7.1) 

╖ ╘╖▄●▬
● ●

◌╖
  Equation 7.1 

Here G is the total Gaussian profile, IG ï the intensity of the gaussian profile, x ï 

wavelength, x0 ï peak position, wG ï the Gaussian width parameter equal to 

FWHM/1.665. 

7.5.2. Lorentzian profile 

Unlike Doppler and pressure broadening, natural broadening produces a different 

line profile: the Lorentzian profile, also known as Cauchy distribution. Distinctly from 

the Gaussian profile the Lorentzian profile is narrower at half maximum intensity, 

however the wings of the Lorentzian distribution are larger than that of the Gaussian 

profile.[184,210] 

╛ ╘╛
◌╛

◌╛ ●●
  Equation 7.2 

Here L is the total Lorentzian profile, IL ï the intensity of the Lorentzian profile, and wL 

is the Lorentzian width parameter equal to FWHM/2. 

7.5.3. Voigt profile and the Pseudo-Voigt approximation 

The Gaussian and Lorentzian distributions are representative of the various physical 

processes such as natural broadening (Lorentzian profile) and Doppler broadening 
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(Gaussian profile). Both Gaussian and Lorentzian profile can be used on their own in 

the analysis of spectra at extreme temperatures, such as demonstrated in the case of 

identification of the hydration state using Raman spectroscopy[185]. At extremely low 

temperatures, when contribution of the thermal doppler broadening to the total width 

of the peak is minimised, the total peak profile becomes similar to the Lorentzian 

profile. An example of the reverse is used when analysing plasmas, as the profile of 

the peak becomes virtually indistinguishable from a Gaussian profile, due to the 

overwhelming contribution of the temperature Doppler broadening.[184] 

At room temperatures both profiles need to be considered, as with the example of 

Doppler broadening the temperature is not high enough in order to approximate the 

profile to a purely Gaussian profile, however not low enough to approximate it to a 

Lorentzian profile. Hence the need for a different profile that incorporates 

contributions from both Gaussian and Lorentzian profiles, which is known as the 

Voigt profile. The Voigt profile is a mathematical convolution of Gaussian and 

Lorentzian profiles, combining the full width at half maximum of a Gaussian profile 

with the extended wings of a Lorentzian profile.[184] 

However, a convolution of two mathematical functions is not a trivial mathematical 

operation[105], which makes the incorporation of the Voigt function difficult[211], hence 

an approximation known as the Pseudo-Voigt profile is used in this thesis. The 

Pseudo-Voigt approximation relies on the sum of the percentage contributions 

contributed to the peak by the Gaussian and Lorentzian functions, with the ratio r. 

This approximation allows an uncomplicated way of accurately describing the peak in 

the spectrum and is used as the basis for a generic peak profile in this thesis (see 

Equation 7.3 and Figure 7.7).[184] 

╥╟▼▄◊▀▫╘╖╔╧╟
● ●

◌╖
► ╘╛

◌╛

◌╛ ● ●
►   Equation 7.3 
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Figure 7.7 A graph of the Gaussian (blue line), Lorentzian (orange line) and Pseudo-

Voigt (yellow line) line profiles described by equations 7.1, 7.2 and 7.3 respectively. 

7.5.4. Asymmetry 

A mentioned previously not all inhomogeneous broadening mechanisms such as 

different local environments will broaden the signal peak symmetrically. Therefore, 

the introduction of an asymmetry parameter into the line profile equations is 

necessary. This necessity can be noticed when fitting experimental spectra with 

symmetric functions, such as Gaussians. The experimental peak profile requires two 

Gaussian profiles to accurately model the peak, and as time passes the position of 

one of the peaks shifts closer and closer to the position of the second peak. Thus the 

two peak system should be replaced by a single asymmetric peak, as the second 

peak (the one that moves) is not a separate state, but an extension of the same 

peak, which can be due to the defects in the crystal lattice of a newly formed 

crystal.[192,212] (see Figures 7.8 and 7.9) 
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Figure 7.8 A comparison of spectra of calcite immediately after reaction (left) and ~1 

h 40 min after the reaction (right). The blue line is the experimental spectra the 

orange line is the combined profile of two Gaussian profiles (in purple and yellow). 

 

Figure 7.9 An overlay of the theoretical profiles seen in Figure 7.8. The blue line is 

the profile immediately after the reaction and the orange line is the profile after ~1 h 

40 min after the reaction. As it can be seen on the plot, the peak in the blue spectrum 

is wider than in the orange spectrum which is likely caused by the crystalline 

structure defects caused by the formation of calcite which later equilibrate to a more 

perfect crystalline structure. 
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A simple way of introducing asymmetry, applicable to both Gaussian and Lorentzian 

profiles (and by extension the Voigt and Pseudo-Voigt profiles), is by modifying the 

width parameter of the modelled function by introducing a single asymmetry 

parameter, which will vary the asymmetry as a sigmoidal function, as introduced for 

IR spectra.[213] 

The sigmoidal function is a class of mathematical functions that produces an S-

shaped curve. Some of the examples of this class of functions are the arctangent 

function, the hyperbolic tangent and the error function (also known as the Gauss 

error function). The sigmoidal function used for introducing asymmetry is:[213] 

◌╪▼◐□
◌

ἭὀἸ╪●●
  Equation 7.4 

Where wasym is the asymmetry adjusted width parameter, w0 is the symmetric width 

parameter, and a is the asymmetry parameter. This allows producing a peak with 

varying degrees of asymmetry simply by changing the asymmetry parameter with the 

peak being symmetrical at a=0, skewed left at a>0 and right at a<0. Equations 

incorporating the asymmetry equation (see equation 7.4) into the Gaussian (see 

equation 7.5) and Lorentzian (see equation 7.6) line profiles are: 
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  Equation 7.5  
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  Equation 7.6 
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Figure 7.10 A plot of a Gaussian peak profile (see equation 7.5) with asymmetry 

parameters -1; -0.5; 0; 0.5; 1, with the colours dependent on the asymmetry value -1 

the lightest grey and 1 darkest grey. 

This produces a final profile of an asymmetric Pseudo-Voigt function that was used 

as a generic initial guess profile (see equation 7.7) and was simplified where the 

complexity of the asymmetric Pseudo-Voigt did not bring significant benefit, based on 

the fitting error between the experimental data and the model. 

7.6. Peak profile modelling 

In order to overcome the issues of overfitting and underfitting different models where 

fitted to the experimental data, using least squares regression, optimised using the 

GRG non-linear algorithm pre-programmed into MS Excel Solver. The quality of the 

fit of the optimised model to the data is judged as a ratio to the minimum, where 

fitting error squared parameter of the best fit model is taken as 1 and the rest are 

calculated as a ratio to it. The ratio to the minimum parameter allows easy 

identification of the best model suited for the peak. The complexity of the model was 

judged by the number of variables required to model one peak.  

The models compared are: 

Gaussian symmetric model following equation 7.1 
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Gaussian asymmetric (sigmoidal) model following equation 7.5 

Lorentzian symmetric model following equation 7.2 

Lorentzian asymmetric (sigmoidal) model following equation 7.6 

Symmetric Pseudo-Voigt model following equation 7.3 

Asymmetric Pseudo-Voigt (sigmoidal) model following equation 7.7 

Asymmetric Lorentzian Gaussian linear sum [210]: 

╥■░▪▄╪► ▼◊□ ╘
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Equation 7.8 

L*G asymmetric model[210]: 

╥╛╖ ╘
╔╧╟
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◌ ▼● ●

 , Equation 7.9 

where b is a non-parameter variable, with constraints: 0ÓbÓ1. 

7.6.1. Calcite model 

The calcite phase of calcium carbonate has two prominent peaks corresponding to 

the v1 vibrational mode at ~1088 cm-1 and v4 vibrational mode at ~711 cm-1. Both 

peaks can be used to identify the polymorph especially in distinguishing between 

calcite and aragonite.  
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7.6.1.1. v1 vibrational mode peak 

Type 
Fitting error 

squared 
Ratio to the 
minimum 

Symmetric Gaussian 3.71E+04 10.37 

Asymmetric Gaussian  3.54E+04 9.90 

Symmetric Lorentzian 5.16E+03 1.44 

Asymmetric Lorentzian  3.60E+03 1.01 

Symmetric Pseudo-Voigt  4.79E+03 1.34 

Asymmetric Lorentzian Gaussian linear sum 5.23E+03 1.46 

Asymmetric Lorentzian Gaussian product 4.86E+03 1.36 

Asymmetric Pseudo-Voigt 3.58E+03 1.00 

Table 7.4 A comparison of models of the v1 vibrational mode peak in a spectrum of 

dry calcite. The ratio to the minimum demonstrates the ratio between the value of the 

sum of least squares and the smallest value among the compared models. 
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Figure 7.11 Graphs of the different of models of the v1 vibrational mode peak in a 

spectrum of dry calcite compared in the table 7.4. The black line is the experimental 

spectrum and the orange line is the theoretical model.  A ï is the Symmetric 

Gaussian model, B ï Asymmetric Gaussian model, C ï Symmetric Lorentzian model, 

D ï Asymmetric Lorentzian model, E ï Lorentzian-Gaussian sum model, F ï 

Lorentzian-Gaussian sum model, G ï Symmetric Pseudo-Voigt model, H ï 

Asymmetric Pseudo-Voigt model.  
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7.6.1.2. v4 vibrational mode peak 

Type 
Fitting error 

squared 
Ratio to the 
minimum 

Symmetric Gaussian 2.09E+03 1.00 

Asymmetric Gaussian  2.09E+03 1.00 

Symmetric Lorentzian 2.41E+03 1.16 

Asymmetric Lorentzian  2.41E+03 1.16 

Symmetric Pseudo-Voigt  2.26E+03 1.08 

Asymmetric Lorentzian Gaussian linear sum 2.25E+03 1.08 

Asymmetric Lorentzian Gaussian product 2.09E+03 1.00 

Asymmetric Pseudo-Voigt 2.89E+03 1.39 

Table 7.5 A comparison of models of the v4 vibrational mode peak in a spectrum of 

dry calcite. The ratio to the minimum demonstrates the ratio between the value of the 

sum of least squares and the smallest value among the compared models. 
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Figure 7.12 Graphs of the different of models of the v4 vibrational mode peak in a 

spectrum of dry calcite compared in the table 7.5. The black line is the experimental 

spectrum and the yellow line is the theoretical model. A ï is the Symmetric Gaussian 

model, B ï Asymmetric Gaussian model, C ï Symmetric Lorentzian model, D ï 

Asymmetric Lorentzian model, E ï Lorentzian-Gaussian sum model, F ï Lorentzian-

Gaussian sum model, G ï Symmetric Pseudo-Voigt model, H ï Asymmetric Pseudo-

Voigt model. 

7.6.2. Vaterite model 

One of the complexities of modelling vaterite is the characteristic v1 vibrational mode 

peak structure that is comprised of multiple peaks. Depending on the literature the 

peak is described as a double or triple peak, which may be due to the accuracy of the 

model used, quality of the experimental data and the crystallinity of the vaterite 

crystal. A similar discrepancy has been highlighted in theoretical calculations by de 
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Leeuw and Parker, when the idealised and the model that includes structural defects. 

Therefore, before determining the correct modes to describe the different peaks, an 

appropriate model needs toto be selected. 

7.6.2.1. Peak multiples: 2 vs 3 

Type 
Fitting error 

squared 
Ratio to the 
minimum 

2 Symmetric Gaussian  5.64E+03 2.06 

3 Symmetric Gaussian 4.81E+03 1.75 

2 Symmetric Lorentzian 4.04E+03 1.47 

3 Symmetric Lorentzian 2.74E+03 1.00 

2 Asymmetric Pseudo-Voigt 3.88E+03 1.41 

3 Asymmetric Pseudo-Voigt 2.90E+03 1.06 

Table 7.6 A table of 2 and 3 peak models of vaterite, compared using the sum of 

least squares value. The ratio to the minimum demonstrates the ratio between the 

value of the sum of least squares and the smallest value among the compared 

models. 
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Figure 7.13 A graphs of 2 and 3 peak models fitted to the experimental data of a 

vaterite peak. The comparison is summarised in table 7.6. The black line is the 

experimental spectrum, the dark blue line is the total theoretical model, and the 

yellow, grey and light blue lines are the different peaks within the total theoretical 

model. A ï is the Symmetric Gaussian model, B ï Asymmetric Gaussian model, C ï 

Symmetric Lorentzian model, D ï Asymmetric Lorentzian model, E ï Lorentzian-

Gaussian sum model, F ï Lorentzian-Gaussian sum model. 

7.6.2.2. Frame 1400 

Type 
Fitting error 

squared 
Ratio to the 
minimum 

Symmetric Gaussian 5.45E+03 1.94 

Asymmetric Gaussian 5.67E+03 2.01 

Symmetric Lorentzian 3.54E+03 1.26 

Asymmetric Lorentzian 3.15E+03 1.12 

Symmetric Pseudo-Voigt 2.82E+03 1.00 

Asymmetric Lorentzian Gaussian linear sum 3.32E+03 1.18 

Asymmetric Lorentzian Gaussian product 3.24E+03 1.15 

Asymmetric Pseudo-Voigt 2.82E+03 1.00 

Table 7.7 A comparison of the different models used for modelling vaterite after ~20 

min after the reaction between CaCl2 and Na2CO3 in an aerosol droplet. The ratio to 

the minimum demonstrates the ratio between the value of the sum of least squares 

and the smallest value among the compared models.  
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Background 94.19 Slope 0.05 

    

 Peak 1 Peak 2 Peak 3 

Position 1093.73 1083.09 1078.14 

Gaussian Intensity 0.00 50.52 0.00 

Gaussian FWHM 1.69 10.74 2.30 

Lorentzian Intensity 191.73 124.81 70.42 

Lorentzian FWHM 14.40 0.00 14.88 

Asymmetry 0 0 0 

Ratio 1 0 1 

Table 7.8 A table of the peak parameters of the asymmetric Pseudo-Voigt model in 

table 7.7. The asymmetry parameter demonstrates that the peak is symmetric, and 

the ratio of the peaks demonstrate a Lorentzian-Gaussian-Lorentzian profile pattern.

 



 
121 

 

 

 

Figure 7.14 Graphs of the different models used for modelling vaterite after ~20 min 

after the reaction between CaCl2 and Na2CO3 in an aerosol droplet. The data is 

summarised in table 7.7. The black line is the experimental spectrum, the dark blue 

line is the total theoretical model, and the yellow, grey and light blue lines are the 

different peaks within the total theoretical model. A ï is the Symmetric Gaussian 

model, B ï Asymmetric Gaussian model, C ï Symmetric Lorentzian model, D ï 

Asymmetric Lorentzian model, E ï Lorentzian-Gaussian sum model, F ï Lorentzian-

Gaussian sum model, G ï Symmetric Pseudo-Voigt model, H ï Asymmetric Pseudo-

Voigt model.  
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7.6.2.3. Frame 5000 

Type 
Fitting error 

squared 
Ratio to the 
minimum 

Symmetric Gaussian 5.81E+03 2.21 

Gaussian asymmetric 4.09E+03 1.55 

Symmetric Lorentzian 3.19E+03 1.21 

Lorentzian asymmetric 2.78E+03 1.06 

Symmetric Pseudo-Voigt 2.63E+03 1.00 

Asymmetric Lorentzian Gaussian linear sum 3.27E+03 1.24 

Asymmetric Lorentzian Gaussian product 2.99E+03 1.13 

Asymmetric Pseudo-Voigt  2.63E+03 1.00 

Table 7.9 A comparison of the different models used for modelling vaterite after ~1 h 

20 min after the reaction between CaCl2 and Na2CO3 in an aerosol droplet. The ratio 

to the minimum demonstrates the ratio between the value of the sum of least squares 

and the smallest value among the compared models. 

Background 97.32 Slope 0.05 

    

 Peak 1 Peak 2 Peak 3 

Position 1093.73 1083.09 1078.14 

Gaussian Intensity 0.00 0.00 0.00 

Gaussian FWHM 10.53 2.30 4384.18 

Lorentzian Intensity 0.00 76.53 0.00 

Lorentzian FWHM 23.05 13.58 0.00 

Asymmetry 0 0 0 

Ratio 1 0 1 

Table 7.10 A table of the peak parameters of the asymmetric Pseudo-Voigt model in 

table 7.9. The asymmetry parameter demonstrates that the peak is symmetric, and 

the ratio of the peaks demonstrate a Lorentzian-Gaussian-Lorentzian profile pattern. 
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Figure 7.15 Graphs of the different models used for modelling vaterite after ~1 h 20 

min after the reaction between CaCl2 and Na2CO3 in an aerosol droplet. The data is 

summarised in table 7.9. The black line is the experimental spectrum, the dark blue 

line is the total theoretical model, and the yellow, grey and light blue lines are the 

different peaks within the total theoretical model. A ï is the Symmetric Gaussian 

model, B ï Asymmetric Gaussian model, C ï Symmetric Lorentzian model, D ï 

Asymmetric Lorentzian model, E ï Lorentzian-Gaussian sum model, F ï Lorentzian-

Gaussian sum model, G ï Symmetric Pseudo-Voigt model, H ï Asymmetric Pseudo-

Voigt model.  
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7.6.2.4. Frame 11570 

Type 
Fitting error 

squared 
Ratio to the 
minimum 

Symmetric Gaussian 4.81E+03 1.75 

Gaussian asymmetric 3.99E+03 1.45 

Symmetric Lorentzian 3.41E+03 1.24 

Lorentzian asymmetric 3.12E+03 1.13 

Symmetric Pseudo-Voigt 2.76E+03 1.00 

Asymmetric Lorentzian Gaussian linear sum 3.54E+03 1.28 

Asymmetric Lorentzian Gaussian product 3.49E+03 1.27 

Asymmetric Pseudo-Voigt 2.76E+03 1.00 

Table 7.11 A comparison of the different models used for modelling vaterite after ~3 

h 20 min after the reaction between CaCl2 and Na2CO3 in an aerosol droplet. 

Background 89.37 Slope 0.05 

    

 Peak 1 Peak 2 Peak 3 

Position 1093.73 1083.09 1078.14 

Gaussian Intensity 0.00 37.28 0.00 

Gaussian FWHM 1.69 4.97 2.30 

Lorentzian Intensity 194.96 124.81 84.57 

Lorentzian FWHM 14.19 0.00 12.33 

Asymmetry 0 0 0 

Ratio 1 0 1 

Table 7.12 A table of the peak parameters of the asymmetric Pseudo-Voigt model in 

table 7.11. The asymmetry parameter demonstrates that the peak is symmetric, and 

the ratio of the peaks demonstrate a Lorentzian-Gaussian-Lorentzian profile pattern.  
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Figure 7.16 Graphs of the different models used for modelling vaterite after ~1 h 20 

min after the reaction between aqueous CaCl2 and aqueous Na2CO3 through 

coalescence of aerosol droplets. The data is summarised in table 7.11. The black line 

is the experimental spectrum, the dark blue line is the total theoretical model, and the 

yellow, grey and light blue lines are the different peaks within the total theoretical 

model. A ï is the Symmetric Gaussian model, B ï Asymmetric Gaussian model, C ï 

Symmetric Lorentzian model, D ï Asymmetric Lorentzian model, E ï Lorentzian-

Gaussian sum model, F ï Lorentzian-Gaussian sum model, G ï Symmetric Pseudo-

Voigt model, H ï Asymmetric Pseudo-Voigt model.  
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7.6.3. Carbonate ion model 

The carbonate ion is another important component of the total theoretical model, as it 

is a product of dissolution of sodium carbonate. 

Type Fitting error squared Ratio 

Symmetric Gaussian 8.68E+02 1.30 

Asymmetric Gaussian 8.68E+02 1.30 

Symmetric Lorentzian 7.01E+02 1.05 

Asymmetric Lorentzian  7.00E+02 1.05 

Symmetric Pseudo-Voigt  6.67E+02 1.00 

Asymmetric Lorentzian Gaussian linear sum 6.91E+02 1.04 

Asymmetric Lorentzian Gaussian product 7.09E+02 1.06 

Asymmetric Pseudo-Voigt 6.66E+02 1.00 

Table 7.13 A comparison of models of the CO3
2- ion an optically tweezed aerosol 

droplet of aqueous Na2CO3 v1 vibrational peak. 
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Figure 7.17 Graphs of the v4 vibrational mode of C-O bond in an optically tweezed 

aerosol droplet of aqueous Na2CO3 . The black line is the experimental spectrum and 

the green line is the theoretical model. A ï is the Symmetric Gaussian model, B ï 

Asymmetric Gaussian model, C ï Symmetric Lorentzian model, D ï Asymmetric 

Lorentzian model, E ï Lorentzian-Gaussian sum model, F ï Lorentzian-Gaussian 

sum model, G ï Symmetric Pseudo-Voigt model, H ï Asymmetric Pseudo-Voigt 

model.  
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7.7. Total model 

Therefore, the total of theoretical model used to fit the spectra is: 

Polymorph Line profile 

Calcite Asymmetric Pseudo-Voigt 

Vaterite Symmetric Lorentzian 

Vaterite Symmetric Gaussian 

Vaterite Symmetric Lorentzian 

CO3
2- Asymmetric Lorentzian 

Amorphous calcium carbonate Symmetric Gaussian 

Table 7.14 A table summarising the theoretical model used to analyse the 

experimental spectra of the chemical reaction in chapter 8. 

7.8. Conclusions 

Raman spectroscopy is a powerful tool for analysing the chemical composition of 

materials and solutions, that could be linked to the structural properties of crystals, 

molecular ions and solutions. Raman spectroscopy is also extremely sensitive to 

changes in their local environment, which can be a useful tool in analysing the 

vibrational structure of water contained in hydrated crystals. 

There are a number of different physical factors that can influence the appearance of 

a peak. These factors include but are not limited to temperature, natural broadening 

and pressure broadening. These effects have different contribution profiles with 

Gaussian and Lorentzian profiles, which combine to form the Voigt profile. These 

profiles can occur in two different types of broadening, the homogeneous and the 

inhomogeneous broadening which reflect the phase and the part of the material the 

is being analysed. 

Statistical modelling and mathematical optimization are extremely powerful tools that 

can be used in combination with spectroscopic techniques. The application statistical 

models to spectroscopic data allows decomposing the data into its constituents, 

allowing to uncover the details of the composition of materials. Mathematical 

optimisation is a key tool aiding statistical modelling, allowing to accurately find 

solutions, fitting complex mathematical models and as it is a computational tool it can 

be run many times in succession, in practice allowing the analysis of large amounts 

of data. This makes statistical analysis invaluable in the analysis of chemical 

reactions, as the materials can be looked at in terms of their composition and their 

physical properties, such as the crystallinity of the formed material.  
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Chapter 8 Forming calcium carbonate. Data and a 

conjecture. 

The end goal of any theoretical model is to describe the processes happening in 

practice and provide insight into the mechanisms governing these processes. Hence, 

the model discussed in chapter 6 that describes a way of modelling the different 

polymorphs of calcium carbonate and the CO3
2- ion, along with the mathematical 

techniques provide a powerful toolkit, which is necessary for the analysis of complex 

chemical reactions. As previously mentioned, one of such reactions is the formation 

of calcium carbonate, with its different possible polymorphs. Other implications of the 

importance of this chemical reaction were mentioned in chapters 1 and 6, which talk 

about the importance of calcium carbonate in biological processes. 

8.1. Literature  

As mentioned earlier in this chapter there are multiple studies published looking at 

the formation and polymorphic transitions of calcium carbonate. Some of the key 

publications focus on the influence of temperature, pH and ions other than the ones 

present in aqueous solutions of CaCl2 and Na2CO3. Such changes can have 

significant effects on the polymorphic composition. It is also possible to use 

temperature to transform polymorphs in dry samples[60] and identify the presence of 

proto-polymorphs in the amorphous calcium carbonate. [214ï216]  
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8.1.1. Temperature 

At present there have been many studies on the reaction mechanisms of formation of 

different polymorphs of CaCO3, studied using a vast array of techniques such as 

molecular simulations, x-ray techniques, infrared spectroscopy, Raman 

spectroscopy, NMR and cryo-electron microscopy. There was a debate regarding the 

mechanism of polymorph transformation, specifically whether it happens via a direct 

solid transition or via a dissolution - re-precipitation mechanism.[59] 

This debate was considered by T.Ogino et.al.[59], where the conjecture was made 

that the transformation occurs via the dissolution - re-precipitation mechanism, 

although it was outlined that this may not be the actual case.[59] 

The same paper looks at the formation of calcite, vaterite and aragonite polymorphs 

at different temperatures. An interesting observation was made that aragonite does 

not form at room temperature, which leads to the conclusion that the production of 

aragonite during the chemical reaction between CaCl2 and Na2CO3 in an optically 

tweezed aerosol droplet is unlikely, unless the droplet is heated up significantly by 

the trapping laser. Another observation made in the same paper is that both calcite 

and vaterite are converted in to calcite, which proves the stability of the calcite 

polymorph.[59] 

8.1.2. pH, ions and drying  

The presence of ions during the chemical reaction particularly well studied are the 

Mg2+ ions and phosphate ions (PO4
2-). A particularly interesting study was done by 

Hu et. al., which examined the influence of alkaline pH conditions and the presence 

of phosphate ion on the formation of vaterite and ikaite polymorphs. A conclusion 

reached in that publication:[62] 

ñBoth pH and phosphate contribute to the polymorph switch between vaterite and 

ikaite. At moderate alkaline conditions, formation of ikaite is favoured over vaterite in 

the presence of phosphate; at high alkaline conditions, no phosphate is needed to 

trigger ikaite formation. ñ 

ï Hu et.al., ñEffect of pH and Phosphate on Calcium Carbonate Polymorphs 

Precipitated at near-Freezing Temperatureò, Crystal Growth & Design (2015).[62] 
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The pH values examined in that paper were pH 9 and pH 13.4, which indicates that 

the pH of the solution will have a significant impact on the formed polymorph. (see 

Figure 8.1) The influence of pH has also been noted in the presence of pre-

nucleation clusters in ACC (Amorphous Calcium carbonate).[62] 

 

Figure 8.1 A mechanism of the reaction explored in by Hu et.al. 2015. In the paper it 

was demonstrated that the presence of PO4
2- ions had allowed ikaite to form at a 

lower pH. Here high pH is pH 13.4 and low pH is pH 9. 

It is also possible to force a dry polymorph ikaite (monohydrocalcite) in to vaterite by 

heating up the sample. This dries the sample out, forcing the ikaite to evaporate the 

water from within the crystalline structure, and forcing the now anhydrous calcium 

carbonate to transform in to vaterite.[60] 

Another ion that is often present in CaCO3 environments is the Mg2+ ions.[82,217] It can 

often be found in minute amounts in mineral calcium carbonate samples. 

Magnesium, similarly to calcium can also form insoluble carbonate compounds, such 

as dolomite (CaMg(CO3)2)[200,218], lansfordite (MgCO3·5H2O)[65], nesquehonite 

(Mg(HCO3)(OH)·2H2O)[65]. This again demonstrates the influence of the presence of 

ions in the formation of calcium carbonates and carbonate materials in general.[82,217] 

8.1.3. Computational studies 

The formation of CaCO3 is a complex reaction, making it interesting to study using 

computational studies. Among main aspects studied by computation were the 

surface solvation of the different polymorphs, the structural defects within the 

crystalline lattice and the potential mechanisms of reaction.[212,217,219,220] 

8.1.4. Solubility 

There have been a few studies looking at the solubility of calcium carbonates in 

water in particular: calcite, vaterite, aragonite and ikaite. A general trend can be 

noticed that calcite (pKC = 8.48)[95] and aragonite (pKA = 8.34)[95] have a similar 

solubility, with vaterite (log KV = -7.902)[221] having a slightly higher solubility than the 

calcite and aragonite, and ikaite (log KV = -6.585)[70] being the most soluble 

Ikaite

Vaterite

CaCO
3

High pH

Low pH
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polymorph. It should be mentioned that all CaCO3 polymorphs have extremely low 

solubility, and for most intents and purposes can be considered insoluble.[70,200,222] 

8.1.5. Biological and inorganic amorphous calcium carbonate  

Multiple studies have presented data on the amorphous calcium carbonate 

polymorph of CaCO3. It is known that the ACC can have short range orders within the 

amorphous structure, which closely resemble the commonly known anhydrous 

polymorphs: calcite, aragonite and vaterite. Such proto-states have been 

experimentally found in biological systems.[214] The proto polymorphs have also been 

found in inorganic systems. Prior to this work, the existence of proto-calcite has not 

been confirmed in the literature, as the reaction forming calcite directly from ACC.[216] 

The presence of the proto-calcite is however predicted computationally.[223] 

8.2. Experimental results 

8.2.1. Overview 

In the experiments produced for this thesis the reaction followed one out of four 

pathways, namely formation of ikaite, forming stable vaterite, formation of calcite via 

vaterite, and direct formation of calcite. All of the reactions exemplified described in 

this part of the chapter were performed as described in chapter N. All of these 

reactions were continuously monitored in the AOT using Raman spectroscopy (at 

1200 gr cm-1 grating resolution) from before the addition of the second reagent, 

CaCl2 or Na2CO3 as appropriate. This was done to the collect of the maximum 

amount of data available with the instrumentation, ensuring that the reaction could be 

studied to the highest detail possible. The original data was collected at 1 s 

accumulation time and pre-processed to reduce the complexity of the analysis by 

averaging spectra in in batches of 10, effectively reproducing a 10 second 

accumulation time.   
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8.2.2. Data 

8.2.2.1. Direct formation of calcite 

One of the main highlights of the data presented in this thesis is the data on the 

direct formation of vaterite which can be seen in Figure 8.2 (overall map of spectra of 

the chemical reaction) and Figure 8.3 (peak profile decomposition of select spectra 

from Figure 8.2). The combination of a highly pronounced v1 peak and visible v4 

peak  is used to identify the primary forming polymorph as calcite and demonstrate 

the formation of CaCO3 from CO32- ions. The jumps in the background intensity 

were caused by an increase in the laser power intensity, necessary to retain the 

aerosol droplet in the optical trap. The instability of the droplet was caused by the 

rearrangement of the CaCO3 crystal aggregate. The decomposition of the individual 

spectra Figure 8.3 provides further insight into the reaction demonstrating that once 

calcite from Na2CO3, confirming direct formation of calcite. Figure 8.3 A at 10 s 

recording demonstrates the a lack of  a C-O stretch identifying the initial droplet 

composition as a CaCl2 droplet. Figure 8.3 B spectrum was recorded after the 

addition of Na2CO3 solution to the initinal droplet at ~310 s. Figure 8.3 C 

demonstrates that at 600 s (after 5 minutes) the chemical reaction has not yet 

strated, as there is no major change in the position of the C-O peak. Figure 8.3 D 

recorded at 610 s demonstrates the chemical reaction occuring. Figure 8.3 E at 640 s 

shows that raped chemical reaction had stoped, with caclcite forming as the primary 

product, and suspectedly ACC forming as a biproduct of the reaction. Figure 8.3 F at 

2500 s demonstrates the conversion of the ACC in to calcite after the rapid formation 

of CaCO3 had stoped. Figure 8.3 G at 12600 s demonstrates the stability of the 

formed calcite.  
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Figure 8.2 Maps of spectra of a reaction demosntrating the dirrect formation of 

calcite. The red highlights signify the representative spectra analysed in more detailin 

Figure 8.3. Top: a map of spectra with highlighted v1 and v4 peak locations of the C-

O bond. The sharp peak at the Raman Shift correspondnig to the v4 vibrational mode 

(~711 cm-1) demonstrates the presence of calcite in the the reaction. Bottom: the 

same map of spectra as the top image zoomed in on the v1 vibrational mode Raman 

shift. 
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Figure 8.3 Spectroscopic decomposition of the highlighted individual spectra from 

Figure 8.2. The spectra A-G are arranged concecutively from the earliest to the the 

latest recorded in the experiment. In the decomposition blue is the experimental data, 

red is the total theoretical profile green is the background drk blue is the CO3
2- peak; 

grey ï ACC; purple ï calcite. A at 10 s; B at 310 s. C at 600 s (after 5 minutes); D 

recorded at 610 s; E at 640 s; F at 2500 s; G at 12600 s.  
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8.2.2.2. Formation of calcite via vaterite 

This was a common and well reported way of calcite formation, which serves to 

demonstrate that the observed direct formation of calcite in is not an anomaly, but a 

case of the same reaction happening near the boundary of possible reaction 

condition. In this specific case a large excess of CaCl2 solution. Formation of calcite 

via vaterite can be seen in Figure 8.4 and 

Figure 8.5. The appearance of the pronounced v4 peak and a single sharp v1 peak in 

Figure 8.4 confirm that the reactionôs final product is calcite. The details that are 

easier to see in 
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Figure 8.5 make it easier to identify that the primary polymorph is vaterite, which 

slowly transforms into calcite. 
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Figure 8.5 A at 10 s recording demonstrates the a lack of  a C-O stretch identifying 

the initial droplet composition as a CaCl2 droplet. 
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Figure 8.5 B spectrum was recorded after the addition of Na2CO3 solution to the 

initinal droplet at 90 s. 
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Figure 8.5 C demonstrates that at 280 s the formation of CaCO3 polymorphs had 

strated, with a fairly pronounced peak for vaterite. 
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Figure 8.5 D recorded at 300 s demonstrates the end of the rapid chemical reaction 

producing primarily vaterite with some ammount of calcite present. 



 
144 

 

Figure 8.5 E and F at 310 s and 2000 s respectively demonstrate the conversion of 

vaterite in to calcite after the rapid formation of CaCO3 had stoped. 
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Figure 8.5 G at 7280 s demonstrates the full conversion of vaterite into calcite.  
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Figure 8.4 Maps of spectra of a chemical reaction demonstrating the formation of 

calcite from amorphous carbonate via the formation of vaterite. The reaction shows 

that initially a mixture of vaterite and calcite, which later equilibrates to pure calcite.  
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Figure 8.5 Spectroscopic decomposition of the highlighted individual spectra from 

Figure 8.4. The spectra A-G are arranged concecutively from the earliest to the the 

latest recorded in the experiment. In the decomposition blue is the experimental data, 

red is the total theoretical profile green is the background drk blue is the CO3
2- peak; 

grey ï ACC; purple ï calcite; and vaterite as yellow, gold and orange peaks. A at 10 

s; B at 90 s; C at 280 s; D at 300 s; E and F at 310 s and 2000 s; G at 7280 s.  
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8.2.2.3. Stability of vaterite 

Another reaction pathway in agreement with the literature is the stability of vaterite. 

As it can be seen in both Figure 8.6 and highlighted in Figure 8.7, it is possible to 

produce stable vaterite as a stable polymorph, confirming that it can be a stable 

polymorph, rather than solely a chemical intermediate. The reaction in more: Figure 

8.7 A at 10 s recording demonstrates the a lack of  a C-O stretch identifying the initial 

droplet composition as a CaCl2 droplet. Figure 8.7 B spectrum was recorded after the 

addition of Na2CO3 solution to the initinal droplet at 410 s. Figure 8.7 C demonstrates 

that at 1010 s the chemical reaction has not yet strated, as there is no major change 

in the position of the C-O peak. Figure 8.7D recorded at 1030 s demonstrates the 

chemical reaction occuring, however it is impossible to discern the formed polymorph 

hence labelled as ACC and some of the CO3
2- ions have not been consumed during 

the reaction. Figure 8.7 E at 1050 s shows that a chemical reaction is occuring as 

there is no discearnable presence of CO3
2- ions. Figure 8.7 F at 1250 s demonstrates 

the fully formed vaterite. Figure 8.7 G at 11570 s demonstrates the stability of the 

formed vaterite. 
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Figure 8.6 Maps of spectra of a chemical reaction demonstrating the formation of 

vaterite, demonstrating that vaterite can be both a precursor to other CaCO3 

polymorphs and stable on its own see Figure 8.4, Figure 8.5, Figure 8.8 and Figure 

8.9. A detailed decomposition of the individual spectra highlighted in red can be seen 

in Figure 8.7 
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Figure 8.7 Spectroscopic decomposition of the highlighted individual spectra from 

Figure 8.6. The spectra A-G are arranged concecutively from the earliest to the the 

latest recorded in the experiment. In the decomposition blue is the experimental data, 

red is the total theoretical profile green is the background drk blue is the CO3
2- peak; 

grey ï ACC, and vaterite as yellow, gold and orange peaks. A at 10 s; B at 410 s. C 

at 1010 s; D at 1030 s; E at 1050 s; F at 1250 s; G at 11570 s.  
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8.2.2.4. Addition of excess Na2CO3 solution and formation of ikaite 

Ikaite can be formed through the same reaction as vaterite and calcite. Figure 

demonstrates the formation of ikaite in the presence of excess Na2CO3 solution as 

that of pure vaterite. Initially vaterite and ikaite are formed simultaneously, however 

after the rapid formation of CaCO3 polymorphs, vaterite is then slowly converted in to 

ikaite. (See Figure 8.8 and Figure 8.9) 

This can be seen in detailin in Figure 8.9. and Figure 8.9. A at 10 s recording 

demonstrates the a lack of  a C-O stretch identifying the initial droplet composition as 

a CaCl2 droplet. In Figure 8.9 B spectrum was recorded after the addition of Na2CO3 

solution to the initinal droplet at 30 s, which immediately forms ACC. In Figure 8.9 C 

demonstrates that at 50 s shows the end of addition of the Na2CO3 solution. In Figure 

8.9 D recorded at 350 s demonstrates the chemical reaction occuring, forming both 

vaterite and ikaite. In Figure 8.9 E and F at 2000 s and 5500 sresectively show the 

progression of the conversion of vaterite in to ikaite. In Figure 8.9 G at 10400 s 

demonstrates the stability of the formed ikaite. 

This can be contrasted with addition of Na2CO3 to calcite seen in Figure 8.10 and 

Figure 8.11. The map of spectra (see Figure 8.10) can be divided in to two parts. 

Firstly, the formation of calcite via the formation of vaterite same as in Figure 8.4 and 

Figure 8.5, and the second part after the addition of excess Na2CO3. The excess of 

Na2CO3 reacts with remaining CaCl2 in the solution producing additional calcite, as 

part of a seeded nucleation (seeded by the calcite produced earlier). The rest of the 

Na2CO3 remains in the solution without reacting with the calcite, which demonstrates 

that unlike vaterite, calcite will not be transformed into other polymorphs in the 

presence of additional Na2CO3, which can be seen in detail in Figure 8.11. Figure 

8.11 A spectrum recorded at 10 s recording demonstrates the presence of a C-O 

stretch identifying the initial droplet composition as a Na2CO3 droplet. Figure 8.11 B 

spectrum was recorded after the addition of CaCl2 solution to the initinal droplet at 80 

s. Figure 8.11 C demonstrates the formation of CaCO3 polymorphs, primarily calcite 

at 100 s. Figure 8.11 D recorded at 150 s demonstrates the presence of calcite and 

vaterite. E at 1000 s shows slow conversion of all CaCO3 into calcite. Figure 8.11 F 

and G are spectra recorded at 2500 s and 4660 s respectively, demonstrate the 

stability of calcite in the presence of the excess of Na2CO3.  
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Figure 8.8 Maps of spectra of a chemical reaction demonstrating the formation of 

ikaite via vaterite in the presence of Na2CO3.The red marks highlight the individual 

spectra decomposed in Figure 8.9. 



 
153 

 

 

Figure 8.9 Spectroscopic decomposition of the highlighted individual spectra from 

Figure 8.8. The spectra A-G are arranged concecutively from the earliest to the the 

latest recorded in the experiment. In the decomposition blue is the experimental data, 

red is the total theoretical profile green is the background drk blue is the CO3
2- peak; 

grey ï AC; aqua ï ikaite, and vaterite as yellow, gold and orange peaks. A at 10 s; B 

at 30 s; C at 50 s; D at 350 s; E at 2000 s; F at 5500 s; G at 10400 s. 
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Figure 8.10 Maps of spectra of a chemical reaction demonstrating the formation of 

calcite via vaterite, and addition an excess of Na2CO3 to calcite. The map of spectra 

can be divided in to two parts.  
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Figure 8.11 Spectroscopic decomposition of the highlighted individual spectra from 

Figure 8.10. The spectra A-G are arranged concecutively from the earliest to the the 

latest recorded in the experiment. In the decomposition blue is the experimental data, 

red is the total theoretical profile green is the background drk blue is the CO3
2- peak; 

grey ï ACC; purple ï calcite; and vaterite as yellow, gold and orange peaks. A at 10 

s; B at 80 s; C at 100 s; D at 150 s; E at 1000 s; F and G are spectra recorded at 

2500 s and 4660 s respectively.  

 

8.2.3. pH of solutions 

As identified in the first section of this chapter pH and the presence of ions can have 

a significant influence on the chemical reaction. As the pH of the solution in the 

aerosol droplet could not be directly measured, it was measured in bulk solutions 

(See Table 8.1, Table 8.2 and Table 8.3).  
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 CaCl2 g L-1 CaCl2 M pH 

High Concentration 109.90 0.99 6.28 

Medium 
Concentration 

82.43 0.74 
 
  

6.08 

Low Concentration 54.45 0.50 6.00 

Table 8.1 Concentrations and pH values of CaCl2 solutions used for the pH 

experiments with the molar mass of CaCl2 110.98 g mol-1. pH of pure water was 7.46. 

pH probe was also calibrated wih a standard pH buffer at pH 7. 

 Na2CO3 g L-1 Na2CO3 M pH 

High Concentration 106.10 1.00 10.49 

Medium 
Concentration 

79.58 0.75 
  

10.55 

Low Concentration 53.05 0.50 10.62 

Table 8.2 Concentrations and pH values of Na2CO3 solutions used for the pH 

experiments with the molar mass of Na2CO3 105.99 g mol-1. pH of pure water was 

7.46. pH of pure water was 7.46. pH probe was also calibrated wih a standard pH 

buffer at pH 7. 

[Na2CO3]/[CaCl2] 

pH values 

High 
Concentrations 

Medium 
Concentrations 

Low 
Concentrations Average 

2.02 10.24 10.08   10.07 10.13 

1.01 9.75 9.65 9.56 9.65 

0.51 6.80 6.60 6.49 6.63 

Table 8.3 A table of solution mixtures and their pH values after the reaction. The 

concentrations indicate that within the range of concentrations of the solutions tested, 

the concentrations do not significantly affect the pH.  
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8.3. Discussion 

8.3.1. Direct formation of calcite 

One interesting, and somewhat counter intuitive observation can be made across all 

of the samples forming CaCO3 is the time delay between the coalescence of the 

droplets with CaCl2 and Na2CO3, and the formation of CaCO3. This is particularly 

evident in reactions producing vaterite, as in those reactions it is possible to observe 

the C-O peak at the same wavelength as in an aqueous Na2CO3 solution persisting 

for ~100 s, whereas the reaction in bulk solutions happens instantaneously (<1 s). 

This raises the question of the mechanism of coalescence between two aerosol 

droplets. 

There are two potential approaches for explaining this phenomenon the nucleation 

approach and the mixing approach. The nucleation approach would be to look at the 

nucleation theory, and specifically at the formation of the stable nuclei. The main idea 

behind it is that clusters that are smaller than the critical nucleus size will 

preferentially dissolve rather than grow forming a crystal. This would mean that for a 

certain period of time CaCO3 clusters do not reach the critical nucleus size, however 

due to the low solubility of CaCO3, regardless of the polymorph this theory seems 

less likely. 

 

Figure 8.12 A Schematic of all possible routes of forming CaCO3 polymorphs. 

Highlighted in blue are the novel pathways discussed in this thesis that have not 

been experimentally reported in inorganic systems. 

The mixing approach relies on the idea that mixing of the two solutions does not 

happen immediately. This would mean that the droplets from a core-shell structure, 
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without mixing, thus flowing in a laminar flow, rather than a turbulent flow, as the 

turbulent flow would mix the solutions.  

The chemical reaction pathways observed in the course of the research done during 

this PhD is summarised in Figure 8.13. 

 

Figure 8.13 A Schematic of the chemical reactions observed in the experiments 

done for this thesis. 

8.3.2. Direct formation of calcite from the ACC 

Contradicting some of the experimental work previously done is the direct formation 

of calcite from the ACC, as evidenced by the spectroscopic data.[216] Noticeably the 

formation this reaction occurs in two phases: the formation of kinetic calcite, and then 

the thermodynamic equilibration.  

The kinetic formation phase is the formation of calcite directly from the ACC. The 

calcite formed in this stage is likely to have a high degree of distortion in the 

crystalline lattice, which is due to the rapid formation of the crystals. This can be seen 

in the experimental spectra as the C-O peak of the newly formed calcite is broader 

than that of the calcite that has been left to equilibrate. This also shows that the 

crystalline structure of the newly formed calcite has a lot of defects, which contribute 

to widening the distribution of states, thus producing widening the peak in the Raman 

spectrum. It is important to note that the peak is widened asymmetrically towards 

lower wavenumbers, indicating a preference of some defects over others. The 

asymmetrical shape of the peak in the Raman spectrum being wider at the lower 

Raman shifts, which is slightly closer to the C-O peak of CO3
2- ion in an aqueous 

solution, indicates that the defects are likely to resemble the ñfreeò CO3
2- ions. 

However, it is important to keep in mind that these defects are very small, and the 

mineral formed is calcite. 

The second phase is the thermodynamic equilibration, which happens after the 

kinetic formation phase. During this phase the defects discussed above equilibrate to 

a more ñperfectò crystalline structure, which is the thermodynamic equilibrium of 

CaCl
2
 + Na

2
CO

3

Calcite Calcite + VateriteVateriteIkaite
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CaCO3. This is can be considered a direct consequence of the entropy of the system 

(S). Similarly, to the Clausius caloric entropy formulation, the energy of the system 

will tend towards uniform distribution. This process can be observed during the 

chemical reactions forming calcite by comparing the width of the v1 C-O calcite peak 

in the Raman spectra as time progresses. The same process can be noticed by 

comparing the width of the v1 C-O Raman peak between natural and synthetic 

calcite.  

8.3.3. The classic route formation of calcite via vaterite 

The ñclassicalò and the most observed pathway of formation of calcite. Similarly, to 

the direct formation of calcite, this reaction pathway can also be split up in to two 

steps: formation of the kinetic polymorph ï vaterite, and the thermodynamic 

equilibration ï transformation of the formed vaterite in to calcite. This step indicates 

the meta-stability of the vaterite polymorph, indicating that there is a barrier 

preventing direct formation of calcite. 

From the point of view of the Raman spectroscopy of the v1 vibrational mode of the 

C-O bond in carbonates, vaterite has a broad triple peak with the strongest peak 

being at a larger Raman shift than that of the calcite. The other two peaks that 

combine to produce the characteristic triple peak, characteristic of vaterite are at a 

smaller shift, in between the position of the calcite peak and the pure CO3
2- solution. 

Following the logic outlined for the crystalline lattice defects in the direct formation of 

calcite, the positions of the two peaks would suggest that the structure of vaterite has 

3 v1 vibrational mode C-O bond environments, one that requires more energy to 

change the polarization of the bond than in the structure of calcite, and the other two 

less. The broadness of the peaks also suggests that these environments are formed 

with a variety of defects, indicating that there is a wider distribution of meta-stable 

sub-states. Thus, there will be more defects in the crystalline structure of vaterite 

than in calcite and that the energy required for a change in polarizability in the two 

peaks at a lower Raman shift will be closer to that of solvated CO3
2- ion than that in 

calcite. Basing on the fact that calcite is the thermodynamically stable polymorph, 

vaterite has one strained environment and two relatively relaxed environments 

stabilized by the environment. 

From the point of view of the energy distribution the landscape is likely to have local 

minimum corresponding to the vaterite and a global energy minimum corresponding 
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to calcite. The fact that vaterite is converted into calcite indicates that the energy 

barrier of the transformation is relatively low, allowing the transformation to occur. 

(see Figure 8.4, Figure 8.5 and Figure 8.14) 

 

Figure 8.14 The potential energy landscape of the chemical reaction that produces 

vaterite that is later converted into calcite.  

The decomposition of the map of spectra in Figure 8.4 and Figure 8.5 using the 

model described in table 8.14 demonstrates the decrease in the width of the calcite 

peak. The decomposition also demonstrates that some calcite is formed initially, and 

that vaterite is later consumed to form additional calcite. In principle, this 

decomposition exemplifies the use of Raman spectroscopy and mathematical 

analysis in analysing chemical reactions. A more refined version of the 

decomposition along with the necessary adjustments for the influence of pH on 

chemical reaction could be used to study the kinetics of complex chemical reactions 

in fine detail (with the use of the total peak area, peak width and asymmetry). 

 

8.3.4. Stable vaterite 

It is possible to stabilize vaterite by increasing the amount of Na2CO3 aerosol added 

to the reaction, from the amount needed to form vaterite which later transforms into 

calcite. As seen in Figure 8.6, Figure 8.7 before the formation of vaterite the peak 

corresponding to CO3
2- ion is more pronounced than when vaterite is converted into 

calcite, which is indicative of a higher ratio of Na2CO3 to CaCl2 in solution. This in turn 

can be linked to a higher pH of the resulting mixture and is known to produce 

vaterite.  

Considering the proposed energy landscape for the reaction with a conversion of 

vaterite into calcite, the stability of vaterite can be considered from the point of view 

Vaterite

Calcite

Energy
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of the energy barrier required to transform vaterite into calcite. (see Figure 8.6, 

Figure 8.7 and Figure 8.15) 

 

Figure 8.15 The potential energy landscape of the chemical reaction that produces 

stable vaterite. The energy barrier in this scenario is too high for the CaCO3 to 

transform from vaterite into calcite, therefore stabilizing vaterite. 

8.3.5. Forming ikaite 

Ikaite, is the polymorph that has been shown to form at higher pH than vaterite at the 

same temperature and without the presence of any other ions.[62] Therefore, it is not 

unreasonable to assume that the formed polymorph is ikaite. This can also be 

corroborated by the relative position of the CO3
2- ion peak produced in the 

experiments. In these experiments ikaite was produced via coalescing small volume 

of CaCl2 aerosol with a large Na2CO3 droplet, which could be seen as a small shift (a 

few cm-1) of the v1 C-O bond vibration. (see Figure 8.8 and Figure 8.9) Another way 

of forming ikaite is by adding an excess of Na2CO3 to a droplet containing vaterite. 

(see Figure 8.17) It is however impossible to form ikaite from calcite by adding 

additional Na2CO3, which would suggest that the energy barrier for this process is 

prohibitively high. (see Figure 8.10) Thus, making the energy landscape look as 

shown in Figure 8.16. 

 

Figure 8.16 The energy landscape of the formation of ikaite. This process can be 

seen under highly basic conditions close to the pH of the Na2CO3 aqueous solution. 

Is this case the energy barrier for the transformation of vaterite into calcite remains 

Vaterite

Calcite

Energy

Vaterite
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Energy Ikaite
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high enough to prevent the formation of calcite, however under those conditions 

ikaite becomes more stable than vaterite, forcing vaterite to transform in to ikaite. 

This can the higher stability of ikaite is evidenced by the transformation of vaterite in 

to ikaite by addition of excess Na2CO3 effectively raising the pH of the droplet. It can 

also be noted that by adding additional Na2CO3 solution into a droplet containing 

calcite there is no reaction occurring, demonstrating that calcite is the 

thermodynamically stable polymorph and that the meta-stability of vaterite is crucial 

to this process. 

 

Figure 8.17 A Schematic of the chemical reaction of forming ikaite from vaterite by 

adding additional Na2CO3 into the droplet containing vaterite. 

8.3.6. pH of solutions 

When considering the topic of pH, it is important to look at how the acid-base 

equilibrium as well as acids and bases are defined. 

The simplest modern model used was the Arrhenius model, produced by S.A. 

Arrhenius in 1887. [224] This model accounts only for compounds producing H+ and 

OH- ions, with compounds producing H+ ions being an acid and OH- produced by 

bases. An improvement on this theory was introduced in 1923 by Bronsted and 

Lowry, known as Bronsted ï Lowry acid-base theory. [224] The key difference of this 

theory from the Arrhenius is in the model of the acid considers the acid after it has 

produced H+ as a conjugate base, i.e. a deprotonated acid is a conjugate base. A 

theory that builds upon these two theories is the M.I.Usanovich theory proposed in 

1939. [224] In this theory the duality of a compound is taken into account, defining an 

acid as something that either donates H+ or accepts OH- ions. Similarly, bases are 

defined as donating OH- or accepts H+ ions.[224] 

Also, in 1923 G.N. Lewis produced a completely new way of defining acids and 

bases. [224] In the Lewis acid-base theory is based on the donation and accepting 

electrons, where acids accept electrons and bases donate electrons. In contrast with 

both Arrhenius and Bronsted ï Lowry acid-base theories, in the Lewis theory the 

proton itself is treated as an acid, rather than an elementary particle.[224] 

Vaterite Ikaite

Addition of excess
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2
CO

3
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2
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In the carbonate system interrogated in this research it is important to consider both 

ways of defining acids and bases as the carbonate ion can both react as a Lewis 

base by forming calcium carbonate, as well as the potential to form HCO3
- 

(bicarbonate ion), which is a base both by Lewis and Usanovich theory.[224] 

pH is an important property of aqueous solutions. When considering the pH of pure 

water is ~7 at standard conditions. The addition of a solute to water will alter the pH 

of the solution from that of pure water. The solute itself will have a specific pH to 

which the solution will equilibrate to. Notably, the pH of the solution will depend on 

the solute and the concentration of solute, however the equilibrium pH can be 

reached at lower solute concentrations than the saturation concentration. This is due 

to the fact pH is related to the concentration of H+ ([H+]) ions on a logarithmic (base 

10) scale, following equation 8.1. 

▬╗ ■▫▌╗   Equation 8.1 

When considering aerosols, it is important to note that the solute concentration of the 

nebulised solution is likely to be lower than the solute concentration in an optically 

trapped aerosol droplet, i.e. as the solution is nebulised the solute concentration 

increases. However as mentioned earlier an increase in the amount of solute in an 

aqueous solution containing one solute will not lead to a change in pH, hence the pH 

could be considered the same.  

In the literature it is possible to note that the measurement of the pH in aerosol 

droplets is typically done by assuming that the pH of a droplet would be the same as 

that of a solution calculate the pH based on the concentration of the solute. 

Alternatively, there have been attempts to measure the pH directly in the droplet. 

One of the downfalls of the direct droplet measurement articles is that they do not 

seem to account for any other components in the system. For example, a method of 

determining the pH by tracking the relative concentrations of protonated and 

deprotonated ions using Raman spectroscopy has been demonstrated.[225] One of 

the examples they use to demonstrate their method is the conversion of the 

bicarbonate ion to the carbonate ion. In that publication they demonstrate that it is 

possible to detect both ions in an aerosol droplet and quantify them relative to one-

another, which can be used to measure the pH. In the data reported there is a 

distinct drop in pH from that of the bulk solution to that measured in the aerosol 

droplet, with no explanation provided.[225] 
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This discrepancy was likely a result of the solution having a third component in it HCl 

at allow concentration, which was stated in the supporting material, as necessary to 

lower the pH of the solution to have a quantifiable measure of the bicarbonate 

ions.[225] While the presence of the bicarbonate ion is indeed crucial in this 

experiment, neither the main publication, nor the supporting information seem to 

account for the change in the concentration of HCl, neither due to the 

preconcentration of the sample, nor due to the evaporation of volatile components of 

the aerosol mixture, namely water and HCl.[225] It can be pointed out that HCl will be 

less volatile than water[175] and thus will be concentrated as the water evaporates in 

the droplets produced in the mentioned paper.[225] This implies that the 

concentrations of both NaHCO3 and HCl dissolved in the solution will increase. 

Another issue lies in the fact that the pH and concentration are not linearly 

dependent, thus for example a 2-fold increase in concentration of in a low 

concentrated component will potentially have a larger effect on the pH, than that of a 

high concentrated component, even if it is simply due to the values of pH being on a 

logarithmic (base 10) scale, therefore explaining the discrepancy of the pH values 

measured in bulk solution and aerosol droplet.[226] 

Similarly, most publications reporting on pH measurement of pH in aerosols tend to 

neglect accounting for the phase partition an evaporation of volatile components 

such as HCl and ammonia (NH3),[175] which are used to introduce changes in pH of 

the solution. A publication showing a difference in pH in aerosol droplets compared to 

bulk aqueous solutions containing mixtures of (NH4)2SO4 and H2SO4. The 

experiments show that the pH of aerosol is lower than that of the bulk solutions, with 

smaller aerosol droplets having a more pronounced effect on the pH. This effect is 

likely caused by the phase partitioning between NH4
+ and NH3 with NH3 evaporating 

from the droplet, due to an increase in the surface area to volume ratio in smaller 

particles and the increase in the partial pressure of the volatile components. A similar 

conclusion was reached by the authors.[227]  

Other methods of determining of aerosol pH are the ion balance, molar ratio, 

thermodynamic models and phase partitioning methods. While the ion balance and 

molar ratio methods are considered relatively unreliable the thermodynamic models 

such as E-AIM and AIOMFAC-web[171,172] and phase partition methods are 

considered more reliable.[228,229] Regardless, all of these methods were initially 
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created and validated based on experimental data produced in bulk solutions or are 

extensions of the DebyeīH¿ckel theory (also designed for bulk solutions). (see 

chapter 7.3.5) Therefore, it can be assumed that, when taking into account the 

volatility of components of the aerosol along with the aerosol dropletôs curvature, at 

RH values above the supersaturation point, the ions in solutions will behave in the 

same way as in bulk solutions. 

These aspects of measuring pH in aerosols it does make sense to use the pH of the 

bulk solutions as an approximation for the pH changes caused by a chemical 

reaction in an aerosol droplet when the solvent is the only volatile substance in the 

chemical reaction. The data presented in Table 8.1 and Error! Reference source 

not found. the chemical reactions demonstrates that the reactions produced using 

aqueous solutions of Na2CO3 and CaCl2 at 0.5 M, 0.75 M and 1 M concentrations 

produce reaction mixtures of approximately same pH. This would mean that even at 

0.5 M concentrations of the reagents, the products of the reaction reach the 

equilibrium pH, therefore any increase in their concentrations would have no 

significant effect on the resulting solution. Thus, the pH measurement obtained in 

bulk could be used as a potential pH range indicators for the reaction occurring in the 

optically trapped aerosol droplets. 

Considering the pH of the solutions, a trend can be noticed, which shows that the 

higher the ratio of Na2CO3 to CaCl2 the higher the pH, which is also evident from the 

pH of the individual solutions. It can also be noticed that the concentrations of both 

Na2CO3 and CaCl2 in aqueous solutions measured, do not significantly affect the pH 

of the solutions. This data however demonstrates that by changing the relative 

amounts of reagents added to the solution influence the pH of the solutions which 

indicates the different conditions of forming the different polymorphs in the optically 

tweezed aerosol droplets during the experiments. It would also suggest that at high 

pH values ikaite is formed, at slightly lower pH vaterite is stable, and at pH values 

close to that of the CaCl2 Calcite is formed directly form the ACC indicating the 

presence of proto-calcite phase of the ACC. The combination of this data with the 

experimental spectra produce consistent results with regards to the formation of 

vaterite and ikaite with the literature values presented earlier in this chapter. 

Taking in to account the literature on the formation of ikaite, vaterite and calcite, it is 

possible to notice a pattern that the pH values around the equilibrium pH of a Na2CO3 
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solution the thermodynamic equilibrium is shifted toward the formation of ikaite 

polymorph. At a somewhat lower pH vaterite becomes stable with a range of stability 

as both a kinetically stable intermediate, i.e. as a precursor, to the formation of ikaite 

at the higher end of the range, or calcite at the lower end of the range. Additionally, it 

has been demonstrated experimentally that vaterite itself can be thermodynamically 

stable at a certain pH range. Finally, in the course of the research done for this thesis 

it has been demonstrated that at a pH range approaching pH 9.5 vaterite ceases 

being stable enough to be a kinetic intermediate in the reaction, allowing the reaction 

to proceed directly to the formation of the thermodynamically stable calcite.  

Once considered together with the relative amounts of CaCl2 and Na2CO3 aerosols 

added it is possible to see that at a relatively low amount of Na2CO3 coalesced with a 

CaCl2 droplet the calcite polymorph is produced, and the environment corresponds to 

a low pH of ~6.6. Similar amounts of CaCl2 and Na2CO3 in the droplet result in 

producing vaterite, with the environmentôs pH at ~9.65, which is roughly consistent 

with the pH of formation of vaterite in the literature.[62] And lastly the droplets with 

high amounts of Na2CO3 and low amounts of CaCl2, are likely producing ikaite, with 

the dropletôs pH at ~10.13, which is higher than the pH of formation of vaterite, with 

the trend being consistent with the literature values.[62] (see Table 7.3) This 

correlation suggests that the pH of the environment is likely a major factor in the 

formation of the various polymorphs of CaCO3. This could also be a part of the 

explanation of the transformation of the polymorphs into one another, as the pH of 

the solution does favour the initially formed polymorph, for example vaterite, the pH is 

low enough for it to slowly transform into calcite, but if the pH would be lower the 

transformation of vaterite into calcite would be faster. This process would be 

dependent on the pH as a stabilising factor, thus at pH values closer to the range of 

pH where vaterite is stable, the rate of the transformation of vaterite into calcite will 

be slower. 

This could be one of the reasons why the rate equation of this process is yet to be 

determined, as neither the standard rate equations (kinetic stability) nor the 

equilibrium reaction constants (thermodynamic stability) take effects such as pH into 

account. The experimental data clearly demonstrates that the stability of the 

polymorphs is dependent on pH, meaning that both the kinetics and the 

thermodynamics of the reaction are pH dependent. 
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The equilibrium constant of a chemical reaction is defined as: 

╚ ▄◕►╖Ⱦ╡╣,   Equation 8.2 

Where ȹrG is the standard Gibbs energy of the reaction, R is the gas constant and T 

ï temperature in K.[15] 

The equations supporting the equation defining the equilibrium constant are[230]: 

◕►╖ В ○║Ⱨ║║  ,  Equation 8.3 

Where vB is the stoichiometric number of component B (positive for products, 

negative for reactants) and ɛB is the chemical potential of component B of the mixture 

(also known as molar Gibbs energy). In this representation of a chemical reaction 

there are only 2 components (A and B), thus for a total standard Gibbs energy of the 

reaction.[230] 

Ⱨ║
♯╖

♯▪║
   Equation 8.4 

Where G is the Gibbs free energy of the system and nB is the amount of component 

B in the system. One of the standard equations that describes the Gibbs free energy 

is:[230] 

╖ ╗ ╣╢ ,    Equation 8.5 

Where H is the enthalpy, S is the entropy. 

╗ ╤ ▬╥ ,   Equation 8.6 

Where U is the internal energy of the system, p ï pressure, V ï volume. Entropy is a 

property of a system that was initially defined by R. Clausius as ñtransformational 

contentò.[231ï234] In general, it is considered as a measure of the disorder in the 

system, as well as the number of the possible states that the system can be in as 

seen in the Boltzmann relationship (see equation 7.8).[230] 

╢
◕►▄○╠

╣
   Equation 8.7 

╢ ▓║■▪◔   Equation 8.8 

Here ȹrevQ is the reversible change in heat of the system (i.e. with no irreversible 

changes occurring in the system), kB is the Boltzmann constant, and ũ is the number 

of possible states that the system can be in.[230,233,234] 
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╤ ♯╠ ♯╦   Equation 8.9 

Alternatively expressed as: 

◕╤ ╠ ╦ ,   Equation 8.10 

Where Q is the heat brought in to the system, and W is the work performed on the 

system.[230] 

As it can be seen in equations 7.3 and 7.10 none of these parameters represent 

changes reflective of the changes in pH of the system. [230] 

In the case of the commonly used chemical kinetics equations the general 

expression for the rate equation for an unspecified order is: 

♯═

♯◄
▓═▪,   Equation 8.11 

Where [A] ï is the concentration of the rate limiting reactant, t ï time, and k ï the rate 

constant. Similarly, to the case of the thermodynamic equilibrium constant equations 

the rate constant has no terms that can account for a change in or any effects of 

pH.[230] 

From the position of transition state theory the same case can be made. The Gibbs 

energy of activation (also known as standard free energy of activation) describes the 

standard energy barrier, which needs to be overcome in order for the reaction to 

proceed. The general equations for the Gibbs energy of activation are:[230] 

◕╖ɗ ◕╗ɗ ╣◕╢ɗ    Equation 8.12 

And  

◕╖ɗ ╡╣■▪
▓║

▐
■▪

▓

╣
   Equation 8.13 

Where ȹGÿ is the Gibbs energy of activation, ȹHÿ is the enthalpy of the transition 

state, ȹSÿ is the entropy of the transition state, h is the Plank constant, and k is the 

rate constant. The equation 7.12 expresses the ȹGÿ in terms of the thermodynamic 

equilibrium and as demonstrated earlier in the case of the equilibrium constant, 

therefore similarly contains no terms that would account for the influence of pH on 

the Gibbs energy of activation.[230] Equation 7.13 is an alternative way of expressing 

the Gibbs energy of activation, which expresses it through constants R, T, kB and h, 
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and the rate constant, none of which can potentially account for the effect of pH on 

the reaction. 

8.4. The conjecture on the electromagnetic approach to ions in solution 

The multitude of factors influencing the formation and transformation of calcium 

carbonates, demonstrate the complexity of the reaction mechanism of a seemingly 

simple chemical reaction. The lack of a clear mechanism of reaction that underlies all 

factors affecting the chemical reaction suggests that the answer to this question at 

the time is non-trivial. Thus, to solve this problem an approach that looks at the 

fundamental aspects of the factors influencing formation and transformation of 

CaCO3, i.e. ñWhat does this [factor that influences the chemical reaction] 

fundamentally change?ò 

8.4.1. Electromagnetic model of nucleation 

Looking at the formation of CaCO3 in inorganic systems, one trend can be noticed: 

the introduction of ions changes the number of ions in the aqueous system, the 

change in pH also changes the relative concentrations of OH- and H+ ions, and the 

temperature affect the Kw parameter of water, which is in itself is the increase of the 

concentrations of OH- and H+ ions relative to the number of H2O molecules.[226] All of 

these factors, each in their own way influence the local environment surrounding the 

Ca2+ and CO3
2- ions constituting all CaCO3 polymorphs.  

A similar process that could be drawn upon is the Derjaguin-Landau-Verwey-

Overbeek (DLVO) theory, which is used to analyse the interaction between (typically 

metallic) nanoparticles with changing electrokinetic potential (the zeta potential) of 

the nanoparticles.[226,235] The zeta-potential is known to be affected by the ions 

surrounding the nanoparticle, which can be noticed by the dependency of the zeta 

potential of nanoparticles on the pH of the surrounding solution.[235,236] This 

mechanism seems similar to the ion/dipole induced dipole moment in molecules, thus 

in a way ions can be considered as charged particles. 

Returning to the properties of the nanoparticles, the zeta potential of the 

nanoparticles can be used as an indicator of aggregation of the nanoparticles in 

solution which can be interpreted as a point at which the repulsion and attraction 

forces between the nanoparticles are in equilibrium. The repulsion force can also be 
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viewed as the particleôs affinity to water, hence reinterpreting the zeta potential as the 

balance of affinity of the nanoparticles towards each other and water molecules.[237] 

When considering the zeta potential of a nanoparticle it is often modelled with the 

use of the electrical double layer models, which is commonly modelled using the 

Stern model. The Stern model was initially developed for modelling electrodes, which 

can be used to approximate sufficiently large nanoparticles with the electrodeôs 

potential equalling the surface potential of the nanoparticle. In this models the 

electrode, and by extension the nanoparticles, are coated with two layers of 

molecules the tightly bound Stern layer and the loosely bound, diffuse layer.[237,238] 

This can also be used to draw a parallel between nanoparticles and ions, in a sense 

that the multi-layer model could be applied could be applied to ions. The application 

of the electric double layer model to ions can be justified by the existence of the 

Eigen (H9O4
+), Zundel (H5O2

+), H7O3
+ and H11O5

+ cation models of the H+ ion and 

[H(H2O)n]+ clusters ,including magic number clusters, where the magic number in this 

representation is n=21 (also represented as [H3O(H2O)20]+)[126,239ï243] and other 

studies[244]. Such model would indicate that the water molecules directly interacting 

with the ion will be affected more significantly by the core ion than the water 

molecules further away from the ion.  
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Figure 8.18 A schematic of the Stern double layer model. The inner most circle is the 

charged particle, the second circle denotes the Stern layer, and the outermost circle 

denotes the diffuse layer.  

Another property dependent on the zeta potential also known as the electrokinetic 

potential, and indeed the overall charge of a charged particle in general, is the 

electrophoretic mobility of a particle, i.e. the movement of the particle in an electric 

field. The charged particles are attracted to the electrodes of the opposite polarity. 

The same can be said for ions as evident from the principles governing 

electrophoretic separation techniques.[126]  

On the other hand, polar molecules (molecular dipoles), having a net charge of 0, will 

reorient themselves in a similar fashion to the flow of ions, positively charged pole of 

the molecule will orient itself towards the anode (negatively charged electrode) and 

vice versa. Fundamentally, both the cathode and anode are charged surfaces, thus 

the effects caused by the electric current passing through the electrodes to some 

degree will apply to charged particles in general. A good example of this are the 

intermolecular forces, such as dipole-dipole, ion-dipole and ion-induced dipole 

interactions, caused by the interaction of charged surfaces with each other and 

inductively charged surfaces. The case of ion-induced dipole is extremely interesting 

as it demonstrates that a charged particles are capable of inducing charge separation 

Charged

Particle Diffuse Layer
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by interacting with particles. It must be noted that here particles mainly refer to 

molecules and ions, however due to the similarities of properties outlined earlier, it is 

likely that such interactions are not strictly limited to ions and molecules.[126] 

As charges are caused by excess or deficiency of electrons in the overall molecular 

or atomic structure (ions) or locally within the molecular structure (dipoles), the 

intermolecular interactions can also be understood as weak attractive and repulsive 

interactions between the protons and electrons in both interacting structures which 

do not form a chemical bond.[126,245] The repulsive interactions are between the 

subatomic particles of the same polarity in both particles such as electron-electron 

and proton-proton repulsion. In contrast to the repulsive interactions the attractive 

interactions are between the subatomic particles of opposite polarities, i.e. the 

electron-proton interaction. To simplify the concept only the interactions between 

subatomic particles in different systems will be considered, which although less 

accurate would be enough to highlight the ideas presented in this conjecture. In 

Figure 8.19 helium like schematics where chosen to demonstrate the forces acting in 

the overall system, and the same principle applies to all other atoms and ions except 

for the H+ ion, which lacks electrons, thus having no electron-electron repulsion with 

the interacting atom. 

 

 Figure 8.19 A schematic demonstrating the basic repulsion and attraction forces 

happening in two atoms close to one another.  

With this in mind, the Stern layer model could be applied to ion clusters as follows: 

the shell of water molecules in direct contact with the core ion will be tightly bound 

and structurally oriented with the pole of opposite polarity facing the ion. This 

interaction would have 2 major consequences. The first consequence would be the 

Ion Atom

Electron-Electron

Repulsion

Nucleus-Nucleus

Repulsion

Electron-Nucleus

Attraction



 
173 

 

distortion of the water molecule due to one pole being attracted towards the ion 

whereas the other pole would be pushed further away from it due to having opposite 

and same charges respectively. This could be corroborated by the study done on the 

hydrated crystals of CaCl2 discussed in Chapter 6.1.4. in this example the profile of 

the O-H band at ~3500 cm-1 is dependent on the stoichiometry of the crystal. Another 

example of this would be the distortion of the same O-H band at ~3500 cm-1 

dependant on the concentration of Na2CO3 in solution.  

The second consequence would be that the core ion would be able to interact with 

water molecules further away from the centre in what would be the diffuse layer in 

the Stern layer model. This effect could be potentially exemplified by the influence of 

the PO4
3- and Mg2+ ions affecting the formation of the CaCO3 polymorphs. It is also 

evident in the way the pH ions influence the formation of CaCO3 polymers discussed 

earlier in this chapter. Assuming that the equation 7.14 holds true, the 

electromagnetic fields produced by the ñSternò layer of water molecules would not be 

as strong as the one produced by the core ion, allowing the core ion to react to the 

molecules and ions in the diffuse layer.  

In Figure 8.20 a positively charged particle is surrounded by the negatively charged 

pole of the water molecule and the positive poles of the H2O molecules protrude 

away from the charged particle. This creates the appearance of a larger ñparticleò 

with the same surface polarity as the charged particle, however with different 

electromagnetic properties, due to being part of a dipole molecule and having a 

different electronegativity to the charged particle. 

 

Figure 8.20  A schematic of a charged particle the respective orientation of water 

molecules in the stern layer (right). The left image shows the polarity of the fields 

surrounding the charged particle.  
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ȿ◑░▫▪ȿ ȿ⸗ȿ Equation 8.14 

Where zion is the charge of an ion, and Ö is the partial charge in a dipole molecule. 

This is also supported by the fact that in a dipole molecule the chemical bonds are 

not broken to for the poles. 

The effect of the ion (which has a magnetic field) and the Stern layer consisting of 

dipole molecules on the diffuse layer, will follow the superposition principle of 

electrodynamics, which states that solutions to Maxwellôs equations can be combined 

linearly to find new solutions.[246] 

Another part of the Stern electric double layer model is the diffuse layer, which 

consists of loosely bound molecules that are interacting with the charged particle. 

The presence of the diffuse layer signifies that the Stern layer does not fully isolate 

the surroundings from the attraction and repulsion forces produced by the ion or 

charged particle.  

This means that ions in general and specifically H+ and OH- will interact with the ion 

shielded by the Stern layer. Coming back to the DLVO model, it is reliant on the 

mean field approximation, which approximates the electromagnetic fields created by 

the H+ and OH- ions as being uniform throughout the solution, i.e. the aqueous 

solution consisting of H2O molecules and H+ and OH- ions, will have on average a 

uniform effect on all particles in the system. This can be substantiated by the mobility 

of the H+ and OH- ions, potentially explained by the Grotthuss mechanism (see 

Figure 8.21).  

The mechanism acts by the free proton attaching itself to a water molecule 

temporarily forming a hydronium ion, which could be considered a transition state. 

Then a proton detaches form the water molecule, returning to the free proton state. It 

is important to point out that the detached proton is not necessarily the same proton 

as the one that previously attached to the water molecule. This mechanism then 

proceeds to continue as a chain reaction, which allows the proton to ñtravelò while the 

atoms remain relatively stationary, thus allowing for the process to happen rapidly. A 

similar mechanism can also be used for the ñmovementò of the OH- ion, except this 

time a proton from a water molecule will bind to the OH- ion, breaking the bond with 

the water molecule it was previously bound with. The speed of the mechanism allows 
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the mean field theory to be valid approximation of the movement of the ions in the 

Arrhenius theory of pH. 

 

Figure 8.21 A schematic representation of the Grotthuss movement mechanism of a 

free proton (labelled as H+) assuming the free proton structure rather than the 

hydronium ion. 

This implies that the total effect of an ion, and by extension an ion cluster, on a 

system in question will be a product of all electromagnetic fields in the vicinity. 

Therefore, anything within the Diffuse layer will interact with both the ion and the 

molecules in the Stern layer, potentially altering the effect of the ion. The increased 

solubility of the CaCO3 polymorphs with increasing pH of formation (i.e. Ikaite is more 

soluble than vaterite, which is more soluble than calcite) could potentially indicate 

this. 

8.4.2. Presence of H+ and OH- ions within the ion hydration cluster 

Considering the interaction of the core ions with the H+ and OH- it is important to note 

that there is no evidence of the principle of electromagnetic attraction/repulsion 

(same charged particles repel, opposite charges attract) not applying to ions and 

other charged particles. Thus, it is important to consider the effect the ions of solute 

have on the pH ions (H+ and OH-). The screened structure is more insulated from 
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influencing the bulk solution, effectively reducing the interaction distance between the 

screened ion and any other ion it can react with. 

 

Figure 8.22 A schematic of the strength of the electromagnetic field produced by and 

ion surrounded only by water (black line) and affected by H+ or OH- ions (red line).  

As established earlier the ion cluster is a structured environment based around the 

properties of the core ion, which results in a distortion of the electromagnetic field 

that is naturally present in pure water. This does also imply that the core ion will 

produce a positively or negatively charged local environment in its surroundings, 

primarily the Stern and the diffuse layers of the Stern electrical double layer model. 

Therefore, depending on the ion at the core of the ion cluster, protons and hydroxide 

ions will either gain or lose stability while existing in the ion cluster. As a pH ion 

enters the space affected by the electromagnetic field produced by a solute ion it will 

be either attracted if the ions have opposing polarities and repulsed from the area if 

the ions have the same polarity (see Figure 8.23).  
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Figure 8.23 A 2D schematic of the mechanism of attraction/repulsion of a pH ion (H+ 

or OH-) by a solute ion, which in this case is an anion. The straight dashed line is the 

idealised movement trajectory of the pH ion unaltered by the presence of a solute 

ion. The black circle around the solute ion is the border of the area of influence of the 

electromagnetic field produced by the solute ion.  

For example, a proton will be attracted by interacting with an anionic ion cluster, and 

repulsed while interaction with a cationic ion cluster, relatively to the water outside of 

the clusters. This could also be interpreted in the context of a dynamic system as 

speeding up or slowing down the Grotthuss mechanism, forcing the ion to spend 

more or less time in the proximity of the ion cluster. This would result in the solute 

ions affecting the interaction time of the pH ion within the ion cluster and its local 

environment. A distinction needs to be made that this would not affect the pH value, 

as the total concentration of protons and hydroxide ions remains the same and the 

only thing that is altered is the interaction time. This would produce an effect similar 

to what is known in electronics as pulse-duration modulation (also known as pulse-

width modulation)[247], where the duration of a pulse, which in the case of ions will be 

the time either a H+ or an OH- ion will be present in the environment, will affect the 

perceived amplitude over a discrete time interval, i.e. if a proton exists in a local 

environment for half the time due to the presence of a cation it will have half of the 

effect than a proton existing for the entire time period. 

Such a mechanism would explain the influence of the presence of phosphate ions on 

the formation of the CaCO3 polymorphs, as PO4
3- ions have been shown to lower the 

pH of formation of ikaite. A similar mechanism exists in organic super bases, 
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specifically proton sponges, which absorb protons from their environment due to 

sterically positioned lone electron pairs. In the case of ions such an effect would be 

much less pronounced, as the ions discussed simply retain ions for a fraction of time 

rather than fully absorbing ions as proton sponges do. 

This would also mean that that the pH ions will also affect the bonding properties of 

the solute ions explaining the dependency of the CaCO3 polymorphs on the pH of the 

reaction, as well as their stability. This would also be corroborated by the 

dependency of the zeta potential of nanoparticles on the pH of the solution. While the 

nanoparticles themselves do not have a formal charge, the charge is induced by the 

pH ions in the solution, which signifies the effect of the pH ions on the nanoparticle at 

the core of the Stern double layer model. 

8.4.3. Solubility and phase separation of non-polar compounds 

The described model does also explain the solubility of a non-polar compound in 

polar solvent, as well as separation of two non-polar compounds in an applied 

electromagnetic field. Both phenomena rely on the same basic principle of dipole 

moment induction either by an ion, a permanent dipole or by an electromagnetic field 

directly. Fundamentally the induced dipole moment will be a property of a covalent 

bond between two different atoms, caused by the electronegativity mismatch 

between the atoms. The same statement can also be said for the permanent dipole 

moment, however in the case of the permanent dipole the electronegativity mismatch 

between the atoms is large enough to produce a constant charge separation, 

whereas in the case of an induced dipole, an external electromagnetic field 

(produced by either ion, permanent dipole or an electromagnetic field) is necessary 

of the charge separation to occur. 

It is likely insolubility of non-polar compounds is caused by the degree of charge 

separation within the molecule, which could be induced by the molecules 

environment. The induction of will alter the energy of the chemical bonds of the 

molecule, from its lowest energy state (for example molecule in a box, i.e. nothing 

interacting with that molecule). This leads to a scenario where the molecule will be 

closer to itôs lowest energy state surrounded by molecules with a similar degree of 

charge separation, rather than dissimilar, aggregating into clusters of lowest energy 

state environment. This logic could be used to explain the phase separation between 

polar and non-polar liquids, and the mechanisms of dipole moment induction. 
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The other side of this same effect is that the presence of induced dipole moments will 

allow non-polar molecules have a small degree of solubility. Thus, if the molecule is 

too far away to interact with any molecules other than the molecules of the solvent, 

the molecule will remain dissolved. The distance over which it would be able to 

interact would be dependent on degree of the induced charge separation. This can 

be supported by the classical homogeneous nucleation theory, even if two non-polar 

molecules would find each other and interact that would not be enough to create a 

separate phase, as the induction of the of the dipole would separate the molecules. 

Therefore, in this context it is possible to define a threshold for what could be 

considered a separate phase as the same radius at which it passes the nucleation 

energy barrier, i.e. the radius of the molecular cluster at which spontaneous 

dissolution becomes unlikely, which also corresponds to the definition of a nucleation 

nucleus.  

 

Figure 8.24 A schematic of the critical size of a critical nucleation cluster size (shown 

in green). If the clusterôs size is less than the critical size the cluster will dissolve to 

lose energy, whereas if its size is larger than the critical size it will prefer to increase 

in size to lose energy. 

Such definition of the phase separation has 2 major consequences: that for any 

compound there will always be a concentration at which it will dissolve in a solvent, 

for example water. This is readily corroborated by the fact that the compounds 

classified as insoluble will still be soluble, which enables the mechanism of Ostwald 

ripening. When looking at what concentration is it is possible to notice that on one 

hand it expresses the number of solute molecules per unit volume, and on the other 

hand it can be conceptualised as a distance between non-polar molecules that will 

prevent them from interacting. This also allows interpreting solubility of molecules 

and ions as a dynamic equilibrium between dissolution and precipitation.  

Energy

Cluster Size
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This mechanism however is not restricted to non-polar compounds, rather applying to 

any mixtures that are not completely miscible (i.e. from a homogeneous solution in 

any proportion). Thus, by interpreting solubility this way it is possible to state that in a 

thermodynamically equilibrated solution interacting molecules or ions will be distant 

enough from each other not to produce a meaningful chemical reaction, for example 

nucleate. 

The second consequence is that the entire solution is the same phase. By using this 

and the definition of the refractive index: ñThe ratio of the speed of light in vacuum to 

that in a given medium.ò[15] it is possible to say that the existence of different 

refractive indexes in an equilibrated solution is impossible. However, separation of a 

solution of two non-polar compounds in to two compounds was experimentally 

demonstrated Walton and Wynne, where they separated decane and nitrobenzene 

from one another using optical tweezers.[248] 

As mentioned in Chapter 2, dielectric particles significantly smaller than the 

wavelength (Rayleigh particles) will be trapped as point dipoles.  What fundamentally 

distinguishes between a dielectric and insulators, is the ability of the dielectric to be 

polarised in an electric field, creating charge separation within the molecule, which is 

the definition of an induced dipole. Decane is a non-polar solvent, and the magnetic 

field induced by the laser creates charge separation in both decane and 

nitrobenzene, however to a much larger extent in nitrobenzene, due to the presence 

of the nitro group in its structure. The induced dipole moment will create an attractive 

dipole-dipole interaction between nitrobenzene molecules, similarly to hydrogen 

bonding mechanism in water. This would explain the increase in the concentration of 

nitrobenzene in the optical tweezers and the depletion zone around it.  A logical 

conclusion would be that the shape of the laser-induced nitrobenzene enriched area 

will reflect the beam intensity profile of the laser. Thus, it would lead to conclusion 

that the effect is spatially constrained by the effective radius of the electromagnetic 

field.[248] 

The approach that Walton and Wynne took to explain their results was using the 

refractive indexes of nitrobenzene and decane.[248] As mentioned earlier the 

fundamental concept of two different refractive indexes in a homogeneous solution is 

contradicting the concept of a homogeneous solution. Thus, while being a perfect 

explanation if the two compounds would have existed as a micro-emulsion. On a 
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molecular it seems to be more appropriate to utilise the polarizabilities of each of the 

compounds which are related to the refractive index through the LorentzïLorenz 

relationship.[249ï252] 

This demonstrates the fact that electromagnetic fields produced by either radiation, 

ions or molecular dipoles can have a significant influence on molecules ions and 

molecules. This effect however would be spatially restricted to the area of effect of 

the electromagnetic field, and anything outside of that area will remain unchanged. 

8.4.4. Opposite polarities of ions in solution, proximity interactions and 

the dissolution-precipitation equilibrium  

When considering the solubility of ionic compounds such as CaCl2, Na2CO3 NaCl 

and CaCO3, it is important to identify that fundamentally their aqueous solutions will 

have 2 cluster systems simultaneously present in the solution: cationic and anionic 

systems. This is also true for pure H2O solutions due to the autoionization of water, 

which produces both H+ and OH- ions, however due to the Grotthuss mechanism of 

transportation (see Figure 8.21) it would not serve as a good example, even though 

as demonstrated previously cationic clusters will still form.  

Therefore, when considering solutions, it is important to consider the interactions of 

the ions and their hydration clusters between the cationic and anionic systems. On 

their own the cation and the anion will produce a force attracting each other, forming 

the dry crystals with their specific stoichiometry. An example of this would be NaCl 

crystals, which forms a nice, simple cubic lattice, where all Na+ ions are surrounded 

by Cl- ions and vice versa, having a 1:1 stoichiometry. CaCl2 for example will have a 

1:2 cation to anion stoichiometry forming a crystal with a different structure than that 

of NaCl. 

When considering an aqueous solution of NaCl it will consist of hydrated Na+ and Cl- 

ion clusters. As Na+ and Cl- are charged they will orientate a Stern layer of water 

molecules in accordance with the charge of the core ion. The diffuse layer will also 

orient itself accordingly, with a decreasing influence of the core ion on the water 

molecules. The dependence of the influence of the core ion on its local environment 

on the distance to the ion can again be thought of as supporting the interpretation of 

the solute concentration as the distance between cations and anions at which they 

do not interact well enough to precipitate. As also mentioned previously, 
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electromagnetic fields can have a significant impact on ions and molecules, therefore 

it should be considered that they affect the distance of the interaction between ions in 

solution.   

 

Figure 8.25 A 2D schematic demonstrating the concept of converting a concentration 

to distance between two closest ions. In this case a number of ions (red dots) per unit 

of space (2D ï Area, 3D ï Volume), or viewed as a distance between the 

neighbouring ions or particles, assuming equal distribution. 

8.4.5. Comparison with the DebyeīH¿ckel theory  

It would be impossible to omit the similarities of the ideas presented in this 

conjecture. Both view ions as charged particles that attract counterions from the 

solvent, typically water, which do not chemically react with the core ion. The solvent 

counterions are also represented using mean field theory, i.e. not as discrete 

particles but as a spread-out field. Both theories also consider the area affected by 

the core ion either as part the ionic atmosphere or as part of an electric double layer 

model (specifically Stern electric double layer model). Both theories also consider the 

attraction and repulsion forces produced by the ion as dependent on the distance 

away from the core ion, in the DebyeīH¿ckel theory Coulombôs inverse square law is 

utilised to quantify these interactions. Both models also consider the non-

randomness of the solvent ion distribution within the area affected by the core ion.[253] 

d

d

A
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What makes this conjecture distinct from the DebyeīH¿ckel theory are that in this 

conjecture water is not treated as a uniform medium and that water is reoriented in 

the presence of the core ion.[253] Next point that makes this conjecture distinct is that 

the core ion is influenced by the presence of solvent ions within the core ions 

solvation cluster, and distinctly from the AIOMFAC model considers the entire cluster 

rather than the equivalent of the stern layer[171,172]. Another unique point of this theory 

is that the presence of a solute ion will affect the pH ions, altering their effect on a 

local scale as a time averaged effect. Fundamentally this conjecture was designed as 

a potential explanation to the effect of the pH and ions that do not participate in the 

chemical reaction on the chemical reactants. Specifically, the reactions observed in 

the literature and experimental data discussed earlier in this chapter.  

Considering the entirety of the reaction it is crucial to point out that the formation of 

CaCO3 polymorphs is not only pH dependent, but temperature dependent as well, as 

seen in the literature with the formation of aragonite.[59,62] Therefore, it must be stated 

that in this conjecture does not account for temperature. It is plausible that the rise in 

temperature would increase the influence of the pH ions by increasing the total 

number of ions produced by autoionization of water molecules. Additionally, the 

increase in temperature would increase the total energy of the system, allowing 

vaterite to transform via a pathway that requires a higher activation energy than the 

formation of calcite. 

8.4.6. Influence of additional ions on the localised distribution of H+ and 

OH- ions, and by proxy the local electric field  

Similarly, to the Ca2+ and CO3
2- ions, other ions such as Mg2+ and PO4

2- ions will 

produce their own electromagnetic field which will deplete the surrounding solution of 

OH- and H+ ions respectively. This effect will also be influenced by the types of ions 

(anion/cation, atomic/molecular, etc.) and their structure. The net effect of depletion 

of the solution of the H+ and OH- ions will remain, thus even though the pH of the 

solution would remain the same, the mean field approximation would not account for 

the local influence of the additional ions, which would result in different conditions 

experienced by the reacting ions, thus altering their chemistry, resulting in different 

polymorphs. 

The simplest example of this would be a potential explanation of the influence of pH 

and phosphate ions on the different polymorphs produced by the reaction. As the 
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PO4
2- ion is negatively charged and therefore will preferentially attract H+ ions from 

the aqueous solution. As the pH is dependent on the relative concentrations of the H+ 

and OH- in the aqueous solution, the preferential attraction of the H+ ions from the 

solution will locally increase the relative concentration of the OH- ions, thus producing 

an effect similar to an increase in pH, within the local vicinity of the PO4
2- ions. This 

effect could be evidenced by the formation of ikaite at lower pH in the presence of 

phosphate ions than in the absence of PO4
2- ions. 

Such an approach, which looks at ions and dielectric molecules not as individual 

chemical, but as polar particles influencing and influenced by the external fields 

produced by other charged particles and fields. This implies that the chemical 

reaction and physical transformation mechanisms between molecules will be 

influenced by their electromagnetic environments, as it is possible to see in the case 

of formation of CaCO3 polymorphs.  An important point to address is the 

transformation of polymorphs of CaCO3 between each other, which can also be 

explained using this electromagnetic interaction framework.  

A well-known transformation is the gradual transformation of vaterite into calcite in an 

aqueous environment, which was observed experimentally and in the noted in the 

literature earlier in this chapter. The electromagnetic approach would suggest that 

during the formation process of the reaction vaterite is a kinetically stable, due to the 

electromagnetic environment produced by the pH of the solution. Meaning that the 

electromagnetic environment will create an energy barrier for the transformation of 

vaterite into calcite, and as the electromagnetic can be influenced by the pH and ions 

locally altering the pH can be high enough to prevent the transformation from 

happening, thus kinetically governing it. In a case of the energy barrier being small 

enough for the process to occur the probability of the ions passing the energy barrier 

will govern the kinetics of the transformation.  

Taking into account that the Ca2+ and CO3
2- ions in vaterite crystals will exist 

surrounded by other Ca2+ and CO3
2- ions, means that the ion pairs on the surface of 

the crystal will transition due to the electromagnetic environment of the solution, 

whilst simultaneously being stabilised by the crystal. This would make the formation 

of a core-shell particles of different polymorphs unfavourable, as reported by Ogino 

et al.[59] However, this also suggests that if the crystal is small enough there could be 
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a certain set of conditions allowing a chain transformation to proceed, so that the 

entire crystal is transformed simultaneously.  

8.4.7. Literature and rationale 

There is an abundance of literature considering electromagnetic interactions between 

atoms, molecules and in molecular systems. The vast amount of literature available 

cannot be fully studied and addressed to full extent, hence the ideas outlined in this 

part of the chapter can only be considered a conjecture. However, it is possible to 

briefly address some of the underlying principles of the studies found in the literature 

outlining the key differences between the approach used in the literature and this 

conjecture. 

The overall approach of using electromagnetic interactions for modelling chemical 

systems can be justified by the fact that the electromagnetic force is one of the 

fundamental forces in physics is responsible for all interatomic atomic interactions 

such as chemical bonding, dispersion forces, Van der Waals interactions, etc. The 

other forces of the standard model are the strong and weak nuclear forces, both of 

which are responsible for the interactions on a sub-atomic level, and gravity.[254] 

Among the key proposals of this conjecture is the lack of use of the DebyeīH¿ckel 

theory and the mean-field approximation, which are the basis of calculations of 

electromagnetic forces.[255,256] While it is not impossible to use the approaches 

existing in the literature to model systems in a similar way to what is proposed in this 

conjecture, one would need to modify them similarly to the AIOMFAC model, 

however likely to a larger extent. 

8.4.7.1. Affected aspects of biological systems 

Ions can affect many aspects of biological systems. One of the most significant 

aspects of which are the co-factors, which are necessary for the activity of some 

enzymes, with examples including hydrogenases and DNA polymerases.[257,258] One 

of the general areas that would also be affected by pH activity of the enzymes.[259] 

The disorders associated with pH being outside of the normal range are acidosis and 

alkalosis.  



 
186 

 

8.4.7.2. Ion transfer through the membrane  

Ion transport through the membrane can be achieved via both active and passive 

transport typically classified as channels (passive) and pumps (active).[260] Both of 

these can be selectively opened or closed by biding of molecules, or changes in the 

membrane such as a change in voltage, and in the case of the H+ ion channel 

pH.[261ï263]  

8.4.7.3. Electrostatic modelling of proteins 

Currently electrostatic models of molecules and all-atom molecular simulations are 

used primarily for analysing intermolecular interactions, with one of the major 

applications in modelling passive molecular transport through cellular outer 

membranes (OM). One of such classes of molecules are known as porins which 

forms pores on the outer membrane of bacteria, and are suspected to be the primary 

route of small molecule transport across the OM. One of the primary ways of studying 

of these proteins is by using electrostatic all-atom molecular simulation determining 

free energy flow of across, correlating to the molecular flux across the pyrene. This is 

especially important for a group of bacteria known as ESKAPE bacteria as they are 

primarily known to be hospital bacteria and are resistant to antibiotics. This makes 

the ESKAPE pathogens critical and of high importance for development of new 

antibiotics by the WHO and CDC (UK).[264ï267]  

One of the drawbacks of these studies is that accurate and varied matrix composition 

is rarely used, hence are unlikely to accurately account for the influence of the 

solvents or the ions within the solvent. These models can however account for the 

molecules neigh boring the porin such as the membrane molecules and can be 

varied, as it can be seen in symmetric (both sides of the modelled membrane are 

modelled from the same compound) and asymmetric (different compounds on each 

side of the membrane, which more closely resemble the bacterial OM). [268] 

The consideration given to the to these factors can also be given to other molecules 

within the other systems of cells. Another example of a pH sensitive molecule is the 

transcriptase molecular complex, which transcribers the DNA sequence on to the 

tRNA (transfer RNA). The changes in pH of the is complex have been associated 

with a large verity of diseases including cancer. Within the cell such a change in pH 
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can be caused by overproduction of citrate used within the Krebbs cycle (a part of 

cellular breathing).[269] 

Electrostatic modelling of organics and proteins consider the same aspects of the of 

electrostatics and are deficient in overlooking the same aspects of molecular 

interaction such as the matrix composition. These factors may incline researchers to 

overlook such factors in studying the behaviour of these molecules. On a more 

technical side of the same conversation the outlined considerations can be applied to 

engineering, with one of the examples being the lifetime of liquid cooling systems, 

which can be significantly affected by pH. Other similar aspects could be in the 

systematised diffusion of solid catalysts into the product on a sub-ultratrace levels, 

known as component exhaustion. The outlined conjecture suggests a way of 

systematising the dissolution of compounds that are considered in soluble, such as 

the solubility of calcium carbonate at 0.135 mg L-1 considered insoluble.  

8.4.8. Implications 

Such an approach to chemical reactions and physical transformations has multiple 

implications for the analysis of the reaction mechanisms, crystallization of 

compounds potentially allowing a more detailed and systematic approach to their 

study, ñshedding new light on an old problemò. 

8.4.8.1. Reaction mechanisms 

The outlined electromagnetic approach to chemical reactions could potentially allow 

for the possibility of finer control of chemical reactions, using pH, additional ions and 

electromagnetic fields, than is currently available. The other side of this approach is 

that it looks at the fundamental interactions between atoms, molecules and ions, 

which could be used to gain insight into complex chemical reactions, one of which is 

the full mechanism of formation of CaCO3 and account for the different morphologies. 

Another example of a complex reaction is the reaction producing MgCO3 compounds, 

which can have multiple hydration states, forming multiple different minerals. This 

approach could be used to study the influence of not only ions, but also more 

complex processes such as the influence of proteins on the formation of minerals 

and the stabilization of the proto-states in the ACC in skeletal structures.[76,214,223]  
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8.4.8.2. Aerosol super saturation 

When considering the outlined conjecture can be noted that it suggests a degree of 

binding of solvent dipole molecules to a solute ion. This interaction also shows that 

there is likely a degree of order in the arrangement of the water molecules, both of 

which will influence the binding of the molecules to one-another, thus influencing the 

vapour pressure of water above the surface of a liquid consisting of ionic clusters. 

This effect would be dependent on the concentration of the solute in the solution, as 

outlined earlier concentration can be interpreted as distance between different core 

ions, thus demonstrating the influence of the ion clusters on the vapour pressure of 

the solvent. The ions and water molecules are not to scale relative to one another. It 

is however worth noting that the distance between the interacting particles will affect 

the strength of the interaction. (See Figure 8.26) 

 

Figure 8.26 A schematic showing the equilibrium of forces acting on both ions and 

water molecules in their Stokes layer (the tightly bound layer of coordinated water 

molecules interacting with an ion in an immediate vicinity). The green arrows 

represent the attractive interactions, whereas the black arrows represent repulsive 

interactions. In this schematic the particles with the charge or partial charge of the 

same polarity are of the same colour regardless of the amplitude, with the black lines 

representing covalent chemical bonds in the water molecules. 
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 In 

 

Figure 8.27, the particles with the charge or partial charge of the same polarity are of 

the same colour, with the black lines representing covalent chemical bonds in the 

water molecules. The ions and water molecules are not to scale relative to one 

another. Part A depicts the super-saturation equilibrium, with the black double arrow 

representing a collapse of this equilibrium of forces. Part B represents the reacted 

ion pair and that the disturbance of the equilibrium in A causes other ions to react 

with the newly formed ion pair, thus perpetuating a chain reaction. Part C shows the 

immediate consequence of the reaction in B. Part D demonstrates the finished result 

of the chain reaction ï a formed crystal. 

 

Figure 8.27 A schematic of the mechanism of the collapse of the electrostatic 

equilibrium between the ions and water molecules under super-saturation conditions. 

The black double-headed arrows represent an attractive interaction, whereas the 

single-headed black arrows represent the progression between the different states of 

the systems (from A to C).  

A B C D

A B C D
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Another point this approach to ions in an aqueous solution, would also be a step 

towards explaining the mechanism allowing super-saturated states to occur. As water 

molecules close to core ion are more tightly bound to the ionic cluster structure 

additional energy is required to remove them, for example by evaporation. With the 

number of water molecules decreasing to the number of molecules in the Stern layer, 

which is extremely tightly bound to the core ion the energy required to strip them from 

the structure also rises. However aqueous solutions will always have counterions 

within them, thus at low water content there will be some interactions between the 

ions of different polarities. Both of the ions will still have the Stern layer of water 

molecules surrounding the core ions, and the same molecule will interact with both 

ions, the interaction with the ion to which Stern layer it belongs will be significantly 

stronger than to the other ion. Thus, the structure depicted in figure N will interact 

with the counterion and its Stern layer of water molecules, preventing the ions from 

interacting and forming a solid. This mechanism would allow the solute to retain 

water molecules until there was something that could disturb the equilibrium between 

the ions surrounded only by the Stern layer of water molecules, remaining in 

equilibrium with each other, under conditions of purely homogeneous nucleation. 

However, if this equilibrium would be destroyed providing a bound ion pair or a 

surface with which other ions could interact, a chain reaction would ensue, producing 

rapid crystallization, with the amount of water that could be attracted not being 

enough to dissolve the crystal. 

This approach is extremely similar to the experimentally proven concept of ion 

association mechanism. Distinctly from the ion association model, this conjecture 

relies on molecular rotation of water molecules bound to the ions as well as any 

charges, polarization and polarizabilities, rather than the dielectric properties and 

donicity (also known as donor number, a measure of basicity in the Lewis acid-base 

model).[224] 

8.4.8.3. Classical chemical kinetics and thermodynamics 

While it is possible to account for the influence of pH on kinetics and thermodynamics 

of a chemical reaction by introducing an experimentally derived factor into the final 

equilibrium constant, activation energy and rate equations, it would likely be more 

accurate to work out the exact factors that would be influenced by changes in the pH. 

Fundamentally as pH would have an influence on the enthalpy of the chemical 
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system as the pH, and in the purest form the Kw, would influence the internal energy 

of the system. From the other point of view pH in the case of additional ion such as 

PO4
3- will affect the pH on a local scale thus altering the number of possible states a 

local environments, changing the entropy of the system.  

It is not inconceivable that an approach based on the electrostatic and 

electrodynamic interactions could produce a system alternative to the currently used 

classical kinetic and thermodynamic models. If that would be the case, such a model 

would require software to be practically usable and would likely in practical 

applications outperform the relative simplicity and accuracy of the classical models 

only select applications (i.e. more likely than not it would not be universally better). 

The likely necessity of decision support tools also needs to be approached with 

caution, as careless use in order to accelerate the speed of publication based on a 

lack of adequate knowledge of the working principles could lead to critical 

miscalculation or misuse, thus spreading misinformation. 

8.4.8.4. Crystallization of highly soluble compounds and proteins 

As examined using the example of nitrobenzene in decane mixtures and 

nanoparticles, local electromagnetic fields can alter the crystallization, aggregation, 

and other interactions between molecules and particles. This provides a different 

view on the classic theory of nucleation, adding the complexity of external 

electromagnetic fields, ionic and dipole screening, and the localised electromagnetic 

effects of additional ions, which as stated earlier in this chapter, can be used in the 

analysis of complex chemical reactions. Another side of this, is the use of these 

principles to force nucleation, as done with nitrobenzene.[248] 

An immediate application of this theory could be in protein structure determination, 

which relies heavily on the use of x-ray crystallography. As the name suggests 

crystallography requires the material to be crystallized, which could provide a 

challenge. The application of this electromagnetic theory of nucleation could be used 

to optimize the crystallization conditions allowing increased control over the crystal 

formation, potentially reducing the time needed to produce the crystals, and the 

amount of experiments and reagents necessary to find the crystallization conditions. 

Such an approach would also increase the certainty of whether the protein is likely to 

crystallize or not, which would allow such decisions to be made quicker, thus 

avoiding some of the unnecessary delays.[270ï274] 
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This approach to nucleation also highlights a drawback of structure elucidation using 

crystallographic methods: the influence of the local environment. This would mean 

that the structures of molecules could be different in solid state such as a crystal, and 

liquid state in a solution, as the environment in a crystalline lattice or an amorphous 

compound would be different than those in as liquid state or a solution. This is likely 

to have implications to protein structure identification, as the structures are identified 

in their crystalline forms and in cells primarily exist surrounded by a liquid medium, 

almost constantly interacting with other proteins, which would alter the local 

environment of the molecule, thus potentially changing the structure of the protein. 

This theory could also be used to account for such interactions.[270ï274] 

In terms of modelling the chemical reactions it would be possible to view the reaction 

with its conditions as a function, of the reaction conditions, such as temperature, pH, 

ions, etc., and properties such as the rate of the reaction, the stability of the formed 

polymorph, the equilibrium constant, etc., as independent and dependent variables, 

allowing to view the chemical reactions as N-dimensional function spaces, similarly to 

the principles of mathematical optimization discussed earlier in this work (see chapter 

3.2). 

This would allow viewing the reaction parameters in terms of the topological analysis 

of the function space of all of the parameters influencing the reaction, allowing 

precise calculation of the optimal conditions for the reaction, which would be useful 

for a better understanding of chemical reactions, and bring a huge toolkit of 

mathematical methods into chemistry. 

It also allows viewing the changes in the reaction produced by a parameter as a 

differential of the total chemical reaction equations with respect to the parameter. For 

example, the rate constant of reaction is dependent on the temperature as seen in 

the Arrhenius reaction[126]: 

▓ ═ ▄●▬
╔╪

╡╣
 ,  Equation 8.15 

Where k is the rate constant, A is the pre-exponential factor (constant by definition, 

specific to the reaction), Ea is the activation energy (energy of the energy barrier of 

the reaction), R - gas constant, and T is the temperature. When considering this 

reaction only with respect to the change in T, with all other variables being held 

constant, the rate constant becomes proportional to the temperature.  
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This approach is also likely to bring benefits to researchers in synthetic chemistry by 

providing a route to maximize yields and in biological sciences as a framework for 

complex biochemical processes and for accounting for the influence of the conditions 

on the protein structure and function.  

The same framework could also benefit industry as it can be used for optimizing the 

chemical reactions with a cost-to-benefit analysis, by relating the reaction conditions 

to the respective cost elements.  
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8.4.8.5. Some self-criticism 

This conjecture in by no means complete or comprehensive, and therefore multiple 

factors need to be included in order to formulate a full theory. One of the major points 

necessary to address is the huge amount of literature on solvent effects, which may 

render some of the aspects discussed in this section obsolete. However, the lack of 

variables addressing the influences of pH and ions chemical kinetics and 

thermodynamic equations signifies potential benefits of doing so. 

 These factors include a comprehensive estimation of the effects of temperature, 

shape of the ion, any specific aspects of multipoles both as a core of a cluster and as 

a solvent molecule, molecular vibrations, particle motion, viscosity of the liquid, the 

rotational reorientation time and the frequency of the applied external fields, all of 

which will contribute to attractive and repulsive interactions between molecules and 

ions. another important parameter is mass, as it can be signified by the influence of 

mass on the polarizability tensor and electric susceptibility, evidenced by the different 

Raman shifts of the broad peaks: H2O and D2O in the Raman spectrum. From a 

purely physics perspective it would be beneficial to look at the influence of the 

Casimir and Casimir-Polder forces and include a more in-depth account of the van 

der Waals forces as outlined in the literature[61,275ï281]. 

8.5. Conclusions 

In this chapter the literature regarding the chemical reactions forming the different 

polymorphs of calcium carbonate ranging from the computational aspects, the 

influence of temperature, pH and other ions, and some of the relevant work on 

biogenic calcium carbonate was reviewed to establish a background and provide a 

clear distinction between the literature and the original work and arguments 

presented in this thesis. 

The original work presented in this chapter demonstrates the different pathways that 

a reaction between aqueous solutions of CaCl2 and Na2CO3 can take depending on 

the ratios of the reagents used. Namely, the reaction can form hexahydrocalcite 

(more commonly known as ikaite) both directly and from an anhydrous polymorph ï 

vaterite. Vaterite can also be stable in an aqueous solution as well as to me a kinetic 

intermediate in the formation of calcite. In this chapter I also provide experimental 

evidence of the direct formation of the calcite polymorph from the amorphous calcium 
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carbonate. The same data also demonstrates that fundamentally the reaction does 

not end with the formation of a specific polymorph, but the polymorph itself continues 

to equilibrate to a more regular crystalline structure. 

The work presented in this chapter also supports the theory of formation of short-

range crystalline orders, which serve as precursors to the polymorphs formed from 

the amorphous polymorphs, named for example proto-vaterite, when it is a precursor 

for the vaterite crystal. This is supported by experimental data in both inorganic and 

biogenic systems, however in this work the direct formation of calcite is presented, 

thus supporting the existence of proto-calcite in inorganic systems, as it has been 

found in biological systems. This implies that there could be more to the amorphous 

morphologies of compounds than simply lacking a crystalline order, and that the term 

amorphous could be an umbrella term describing multiple possibly temporarily 

formed precursor morphologies. 

In this chapter the pH of the chemical reactions as well as the measurement of pH in 

aerosols are also discussed. One of the fundamental concepts regarding pH outlined 

in this chapter is that while concentration of solute in a solution affects the pH of an 

aqueous solution the dependency is not linear, and the equilibrium pH of the solution 

can be reached at lower concentrations than the saturation point of the solution. This 

point is used to argue that while it was impossible to measure the pH in the aerosol 

droplet during the reaction it is however possible to use the pH of the solutions mixed 

in bulk and measured using a standard pH electrode as an estimate for the pH of the 

reaction. This is used as a basis for stating that the formation of calcium carbonates 

is pH dependent in both its kinetics and thermodynamics, which is a potential reason 

why neither the rate of formation of calcium carbonate nor an accurate range of 

conditions at which vaterite is stable have been determined. 

Finally, in this chapter several conjectures with supporting arguments are provided in 

an attempt to provide a potential way of explaining some of the observed phenomena 

discussed in this chapter. 

This detailed understanding of the processes involved in crystal formation, 

particularly the formation and transformation of ACC could lead to important 

advances in the ability of controlling overall formation of crystals. This will likely lead 

to two types of possible benefits. The first type is the improved ability to form crystals, 

which would allow producing crystals of new materials, such as some proteins that 
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are hard to crystallize[270ï274,282], and potentially optimization of yields in precipitation 

and crystal forming reactions. The second benefit type is preventing the formation of 

crystals, which can lead improvements in cryopreservation of cells, and potential 

development of cryopreservation technologies capable of storing tissues and organs, 

as formation of ice crystals inside cells damages their structure, killing the cells.[283ï

285]  
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Chapter 9 What we see é we measure 

In this chapter the potential use of imaging and image analysis techniques as a 

potential way of analysing aerosols and chemical reactions in aerosol droplets will be 

explored, specifically the use of Brownian motion. The aim of this chapter is to 

provide a rough background on Brownian motion and some the factors affecting the 

quality of an image produced by the system, as well as mentioning other techniques 

that utilize aerosol imaging in an optical tweezer. Some preliminary data will also be 

shown as examples of the data obtained and analysed using the custom-built 

software, also described in this chapter. 

9.1. Aerosols from yet another perspective  

Yet another way of looking at aerosol droplet is by using optical imaging techniques, 

which is an extremely important tool in optical trapping. One of the most immediate 

and obvious uses is to image the trapped droplet. This allows first of all seeing if the 

droplet is actually trapped in the optical tweezers. Second, the visualization of the 

droplet allows monitoring of coalescence events happening, which is important in 

both growing the droplet, so that it would be large enough to produce an O-H band at 

~3500 cm-1, and for roughly estimating the amount of the second reagent added to 

the droplet, which is important in during chemical reactions. However, brightfield 

imaging is not a reliable method of accurately sizing microscopic aerosol droplets, 

because of the difference between the optical and geometrical crossections of the 



 
198 

 

droplet. Lastly, video images can also be used to determine some of the 

characteristics of the trapped aerosol droplet. These characteristics can include, 

however is not limited to the morphology of the droplet, a presence of insoluble 

inclusions and determination of size of the droplet by using the Brownian motion of 

the droplet in the trap. 

The presence of inclusions is another crucial part of imaging the droplet which allows 

noticing when the Na2CO3 has reacted with the CaCl2 within the droplet producing 

the insoluble CaCO3. This reaction however comes at the cost of the whispering 

gallery modes, as the morphology of the particle is disrupted by the precipitate. 

Therefore, a potential way of measuring the droplet in order to derive characteristics 

of the droplet using the ZSR based model described in chapter 5. 

9.1.1. Some physics 

Some of the physics of a particle trapped in an optical tweezers are that any 

movement of the particle will be met with a restoration force produced by the gradient 

force (see chapter 2). This however allows approximating the movement of the 

particle in the trap by a harmonic oscillator model used in classical mechanics. Thus, 

a model of an object on a spring connected to a surface can be used to illustrate the 

concept: 

 

Figure 9.1 A schematic of an object on a spring connected to a surface, which 

represents a basic harmonic oscillator. 

In this object on a spring model the restoring force produced by the spring in 

equation 9.1, where F is the restoring force, k is the spring constant and x is the 

displacement from the equilibrium position.[286] 

Ὂ Ὧὼ  Equation 9.1 

As previously mentioned, in case of an optically tweezed particle the restoring force 

(F) is the gradient force produced by the optical tweezers, and the equilibrium 
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position is the position where the net gradient force is 0. Assuming that, the beam 

has a circular beam waist, the restoring force will act equally in every direction, hence 

only the modulus of the displacement has any bearing on the force.[287] 

9.1.2. Dampening 

When dealing with experimental systems, it important to account for the 

environmental conditions that the droplet is in. These conditions can include the 

dampening of the system, the relative size of the particle compared to the mass of 

the molecules in its environment, viscosity of the environment. These effects can be 

due to the Brownian motion (motion of the droplet caused by gas molecules colliding 

with it) itself and to the factors that affect the dampening of the harmonic oscillator. In 

optical traps the forces that continue to the dampening of a harmonic oscillator, such 

as the interaction of the droplet moving in the proximity of a liquid surface. This 

interaction is accounted by the Fauxenôs correction, which is a correction to the 

Stokeôs drag forces, due to the proximity of the droplet to a surface.[287] In order to 

simplify the calculation this correction was omitted from the initial calculations. 

9.1.3. Brownian motion 

In physics, Brownian motion is the random motion of a particle due to the collisions of 

the molecules of the environment with the particle. Brownian motion in named after 

Robert Brown who reported it in 1827, however it was not until Einsteinôs paper in 

1905[288,289] that the phenomenon was explained theoretically, with other derivations 

provided by M. Smoluchowski in 1906[290] (later proven by P. Langevin to contain an 

error, which when corrected produces the same derivation as Einstein), and derived 

differently by P. Langevin in 1908 [291](the end result agrees with Einsteinôs 

calculations). In 1908[292] both Einsteinôs and Langevinôs where both experimentally 

validated in a series of papers by Jean Perrin.[293,294] 

 Currently the concept of Brownian motion has applications outside of physics, 

particularly in mathematics and economics where it is used to describe and model 

trends.[295]  
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9.1.4. General basics 

As mentioned, Brownian motion is dependent on the collisions of the molecules in 

the environment with the particle, thus the amount of displacement of the particle by 

the molecules will be proportional to the size of the particle, the size of the molecule 

and the velocity of the molecule. This means that the amount of displacement will be 

inversely proportional to the size of the particle, i.e. the large the particle will be  less 

displaced after an average collision (see Figure 9.2). It was noted by Uhlenbeck and 

Ornstien that the mean displacement of the particle follows a Gaussian probability 

distribution, i.e. some of the collisions will displace the particle more an some less, 

thus it is important to look at the average displacement over a period of time, rather 

than the displacement caused by individual collisions.[287,296,297] 

 

Figure 9.2 A schematic of the Brownian motion as a result of particle collisions. As a 

particle collides with a larger particle the momentum imparted on to the larger particle 

is less than that if the particles where of the same size or the particle initially at rest 

would be smaller. 

9.1.5. Spring stiffness 

As the droplet is optically tweezed an important factor is the strength of the gradient 

force acting on the droplet. In Figure 9.1 this is represented by the spring, which is 

represented by k in equation 9.1. In this case spring stiffness refers to the amplitude 

of the forces keeping the droplet in the optical trap, which is primarily the gradient 

force. 

When considering a droplet trapped in a single beam optical tweezers it must be 

noted that the gradient force of the optical trap must be proportional to the size of the 

Before Collision After Collision
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droplet, in order to maintain it in the trap. This means that determining the gradient 

force of the optical trap is essential to the determination of the droplet size.  

One of the ways to approximately determine the gradient force of the optical trap is 

by measuring the Brownian motion of droplets of a known sizes, determined for 

example using WGMs. This way it will be possible to relate the motion of the droplet 

in the trap with the expected motion in the absence of the ñspringò, determining the 

correlation between the droplet size and the ñspringò. By also factoring in the power 

of the laser and the efficiency of the optical trap, it would be possible to correlate the 

ñspringò stiffness to the laser power.  

This would produce the calibration necessary to measure the size of the droplet by 

itôs Brownian motion. This calibration would also be transferable to different optical 

tweezers systems, so long as appropriate corrections are made, for example 

corrections for the laser wavelength.  

Seinfeld and Pandis describe the Brownian motion[1] as: 

ộὶỚ ộὼỚ ὸ ὸ   Equation 9.2 

Where r - total displacement, x ï displacement along x axis, kB ï Boltzmannôs 

constant, T ï temperature, Cc ï slip correction, ɛ ï viscosity of the medium, Dp ï 

Particle diameter, t ï time. As this describes the motion of a free-floating particle, and 

the analysed particle is in an optical tweezer it would be important to introduce an 

empirical correction factor A, therefore transforming N into: 

ộὶỚ ὸὃ   Equation 9.3 

In this case the empirical correction factor would be used to correct for all effects 

acting on the particle that are not related to the Brownian motion of a free-floating 

aerosol particle, such as the effects of the optical trap itself on the aerosol droplet, 

such as the gradient force, or any effects related to the proximity of surface, such as 

the Fauxenôs correction. A purely experimental approach, such as using the WGMs 

of the aerosol droplet to calibrate the corrections necessary to size the aerosol 

particle using Brownian motion, would allow a way to avoid additional errors caused 

by the well-known phenomenon of the difference between the light extinction and 

geometrical cross-sections of optically trapped aerosol droplets.[27] 
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9.2. Image analysis basics  

Image analysis is a method of analysis which as the name suggests, relies a video 

image (aka a picture) or consecutive images (a video) in order to gain insight in to 

physical phenomena. There are multiple areas of research benefitting from the image 

analysis such as facial recognition, motion tracking and phase function analysis. All 

three of the areas are focus on distinct features of the image.  

Facial recognition or more broadly pattern recognition, is an area of image analysis 

that is designed to identify similar patterns in an image. This is especially useful in 

cases where automatically counting the number of objects fitting a pattern such as 

automatic cell viability counters[298] and as mentioned earlier in facial recognition.[299] 

Motion tracking is another powerful tool in image analysis. This requires identifying 

the same object in a series of consecutive images and determining the position the 

object in these images. Combined with pattern recognition it becomes an even more 

powerful tool, as this allows identifying and tracking the motion of an object. Such a 

combination would be an extremely powerful tool when combined with microscopy as 

this would allow to track the motion of a particle and observe its evolution over time. 

9.2.1. Optical transfer function 

An important characteristic of all imaging systems is how well they transmit the 

image, or how much will the image be distorted by the imaging system. This is known 

as the optical transfer function (OTF) which is commonly divided into the phase 

transfer function (PTF) and the modulation transfer function (MTF). The PFT 

accounts for the distortion of phases of the images, which is of less concern for 

imaging, as most imaging systems do not discriminate between the phases of the 

illumination. The MFT is concerned with the resolution of fine details of images and is 

crucial for the quality images. An example of this is how easy it is to see a series of 

thick black and white lines in comparison to a series of narrow lines, as exemplified in 

figure 9.4.[184] 

The principle of the MTF has been used in paintings as part of the post-

impressionism style with a famous example of ñA Sunday Afternoon on the Island of 

La Grande Jatteò by Georges-Pierre Seurat (see Figure 9.3), where dots are used to 

create the painting. The painting itself is designed to be viewed from a distance, 
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making the individual dots blur together creating the image. This utilizes the optical 

properties of the human eye, and its limitations to construct the desired image.[300] 

 As an optical system, the human eye is analogous to imaging systems using digital 

cameras, as both will have limited precision both in terms of detection and their ability 

to accurately resolve images. This can be additionally evidenced by the use of optical 

lenses to counteract refractive errors, such as myalgia, astigmatism, etc.[301] 

 

Figure 9.3 ñA Sunday Afternoon on the Island of La Grande Jatteò by Georges-Pierre 

Seurat 1884-1886. This is a famous example of the post-impressionism style in 

painting, which uses small dots blurring together at a distance to create an image, 

without using any long strokes, or uniformly coloured surfaces. The physical 

characteristics human eye that are responsible for the MTF are utilised in order to 

achieve this effect. (Image copyright CC0 public domain) 
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Figure 9.4 A Schematic of different spatial frequencies of the modulation transfer 

function. The lines are made of black and white lines of the same width within each 

set, with sets of lines of 5mm, 0.5 mm, 0.3 mm, 0.2 mm and 0.1 mm per line. As the 

lines become thinner and closer to another line of the same colour, it becomes more 

and more difficult to optically resolve individual lines, as they blur together. 

Some of the qualities that influence the MTF of optical systems are the quality of the 

optical components and the number of pixels of the camera. The quality of the optical 

components determines the quality of the image itself, whereas the number and size 

of the pixels determine the capability of the camera to accurately record the image. In 

both cases the edges of the different features of the image are affected, and the finer 

details blur together as the different rays carrying the image are slightly distorted by 

the optical system, and the rays corresponding to the edges in an image are 

intermixed, reducing the clarity of fine edges, which is especially important for 

resolving the fine details of the image. 

9.3. Motion tracking software 

The Brownian motion software relies on the imaging of the droplet in the tweezers. 

The image is then converted into a grayscale image and then converted into a binary 

image by converting the grayscale values above a threshold to 1 and below to 0. This 

creates an image which could be analysed with the NI LabVIEW Vision package, 

which finds the centre of mass of the binary image of the droplet. This allows 

recording the x and y positions of the droplet in the images. As consecutive images 

are analysed the position of the droplet can be tracked, which can be analysed to 

track the changes in the position of the droplet, thus calculating the equilibrium 

position and using the Pythagoras theorem to find the displacement of the droplet. 

The time averaged displacement is then used to calculate the size of the particle 

based on the Brownian motion equations outlined earlier in this chapter. 

5 mm 0.5 mm 0.3 mm 0.2 mm 0.1 mm
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The downsides of using video imaging of the droplet to size the droplet using 

Brownian motion are the quality of the image itself and the intensity of the back 

lighting of the droplet. The intensity of the lighting is dependent on the fluctuations in 

the voltage supplied to the LED, which due to the nature of electrical circuits will 

always have some amount of fluctuation. The background lighting issue can be dealt 

with digitally, by correcting the brightness, gamma and contrast parameters of the 

image. This produces a more uniform sequence of images and reducing the variation 

of the size of the droplet on the binary mages, thus providing more consistent 

measurement of the position of the droplet. 

A much harder issue to deal with is the quality of the image is harder to deal with, as 

it relies on the physical characteristics of the imaging system. This becomes a 

significant issue, when precipitation or crystallization occurs. One of the examples of 

this is during the reaction producing CaCO3, as due to nebulization some amount of 

both solutions deposit on the sides of the trapping cell, which includes the 

replaceable bottom coverslip. Thus, the reaction happens not only in the droplet itself 

but also on the coverslip, depositing a thin layer of CaCO3 on it. The layer of CaCO3 

will than distort the image of the droplet, blurring it, drastically reducing the quality of 

the image, altering the OTF of the system. This has a major consequence on the 

ability of the software to size the droplet, as the blurred image does not have a well-

defined contour of the droplet, necessary for the motion tracking software to function 

properly.  

9.3.1. Comparison of principles of motion tracking with WGMs  

Comparing the WGMs with Brownian motion tracking approaches for sizing aerosol 

droplets, it is important to firstly distinguish the two methods as they rely on 

completely different physical phenomena. This can be advantageous, as both 

approaches could be used complementary, providing a toolkit capable of overcoming 

the drawbacks of one another. An example of this would be during the formation of 

CaCO3 the precipitate inclusion can disrupt the WGMs, however if it is still possible to 

use video imaging the droplet can still be sized. This is important in the analysis of 

chemical reactions in aerosol droplets, specifically when a precipitate is formed. (see 

Figure 9.10) On the other hand, the WGMs can be used to accurately determine the 

size of the droplet and therefore used to test and calibrate the Brownian motion 
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software, as it depends on the microcavity enhanced frequencies rather than 

imaging. 

A possible benefit of combining the two approaches is that by looking both WGMs 

and Brownian motion it would be possible to size inclusions and core-shell aerosol 

droplets, where the inclusions or the core of the aerosol droplet does not allow sizing 

it using WGMs (i.e. with a radius of less than 1 ɛm). This would require distinguishing 

the inclusion from the rest of the droplet, and that the inclusion does not disturb the 

morphology too severely, as that would destroy the WGMs. A similar effect could be 

achieved purely using the video imaging, however the combination of WGMs and 

image analysis provides internal calibration for the image analysis. 

9.3.2. Image analysis 

Image analysis of optically tweezed aerosol droplets can be used to provide many 

insights into the dropletôs physical properties. Apart from Brownian motion it is 

possible to interrogate the phase functions produced by optically trapped droplets, 

which can be compared with Mie theory calculations in order to size the droplet. 

Another option that can be accessed via image analysis is the analysis of the 

diffraction patterns produced by the optically trapped particle. This approach has 

been shown to be capable of sizing both spherical and rough particles.[302,303] 

As mentioned previously this work focuses on the Brownian motion of the droplet and 

the necessary image analysis. Note the pre-programmed and inbuilt algorithms refer 

to the ready-to-use functions in NI LabView. 

The image analysis is designed to happen in several stages. The first stage is the 

image correction, which alter the Brightness, gamma and contrast (BCG) of the 

image, increasing the contrast between light and dark areas of the image, as well as 

improving the sharpness of the borders between light and dark parts of the image. 

The second stage is the conversion of the image from colour to grayscale, which 

converts the originally coloured image in to a black and white image (see Figure 9.5). 

the third stage of is the conversion of the grayscale image to a binary image, which 

has only black and white pixels, whereas the grayscale image has a gradient from 

black to white.  

The image processing steps are used to enable the use of the pre-programmed blob 

detection algorithm, which detects white areas on the binary image and is used in 
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this case to detect the position of centre of these white areas on the X and Y axes of 

the image, as well as quantify the size of the white area. The BCG image correction 

step plays a crucial role in this blob detection as at least partially corrects for the 

lighting intensity of the LED used for imaging, and increases the intensity of the 

centre of the droplet, both of which heavily contribute to the ability of the blob 

detection algorithm to consistently find the middle of the droplet across each frame of 

the analysed video. The usefulness of the blob detection algorithm is two-fold, as it 

allows tracking the positions of the particles of the image and helps with filtering out 

any particles that do not correspond to the droplet. These particles are potentially 

caused by some of the aerosol particles settling on the cover slips of the trapping cell 

and any dust on the optics, etc.  

Once the data is filtered off (see Figure 9.6 and figure 9.7) it can then be used to find 

the average position of the droplet, as an average of all of the positions of the droplet 

over time. after that is accounted for the resulting positions will correspond to the 

displacement of the droplet along X and Y axes converted from pixels to the 

corresponding distance, using a graticule and an inbuilt line profile analysis algorithm 

(see Figure 9.8). Assuming that the droplet moves linearly, the Pythagorean theorem 

can be used to calculate the distance of displacement (see Figure 9.9), that can be 

used to size the droplet once the necessary corrections to this values are applied.  
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Figure 9.5 Processed images of a video of a droplet in an optical tweezer. A ï a 

frame of the video without any correction. B ï a frame converted to grayscale and 

corrected by adjusting brightness, contrast and gamma (BCG correction) of the 

image in order to produce a clear large particle on a binary image (D). C ï an 

example frame of an error in the BCG correction of a video frame, which are most 

likely caused by the fluctuations in the intensity of the lighting. D ï a binary image 

constructed using the BCG corrected grayscale image (B), produced by setting a 

brightness threshold on the grayscale image, converting the image to a series of 

black and white pixels. The binary image is later used in the blob detection algorithm 

(pre-programmed in the LabView environment), calculating the centre of mass of the 

blob, which allows tracking the position of the particle (white blob on the binary 

image) at a sub-pixel level, and is a way of correcting for the OTF of the imaging 

system. 

C

A B
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Figure 9.6 A plot of the position of the droplet on a full image. In this image the 

movement of the droplet is not noticeable at this scale (corresponding to the 

resolution of the original video).  

 

Figure 9.7 A zoomed in version of the Figure 9.6. This demonstrates the amount of 

movement detectable on the video image. 
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Figure 9.8 The relative position of the droplet based on the average position of the 

droplet (the average position of the droplet across all frames is taken as 0,0 position). 

 

Figure 9.9 The distance of the displacement from the average position in Figure 9.8, 

calculated using the Pythagorean theorem. 
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Figure 9.10 Examples of images of an aerosol droplet before the reaction (left) and 

after the formation of CaCO3 (right). This demonstrates that additional computational 

image refinement is necessary to visually distinguish the droplet from its background. 

9.3.3. Current issues 

The issue of this analysis of aerosol droplets using the motion tracking software 

described in this chapter are: the lack of calibration, reliability of the image correction 

in the motion tracking software, and the measurements of the Brownian motion of the 

aerosol droplet along the Z axis. 

The reliability of the image correction can be solved by designing an algorithm that 

would correct the image in a way that would produce similar histograms of the 

grayscale image, which simply quantify the number of the pixels of a certain 

brightness. The crucial parameters of that histogram would be the total width of the 

histogram, as even with correction no pixels reach the maximal brightness values 

(with the values being between the 0 and 255, an 8-bit value), and distribution of the 

pixels on the histogram. Maintaining the distribution of pixels would also be 

important, as it is possible to increase the brightness of the image, however on its 

own the brightness would not achieve the image enhancement effect necessary in 

order for the blob detection algorithm to consistently detect the centre of the droplet 

and for it to be the largest particle detected by the algorithm on a binary image. 

The motion of the droplet along the Z axis could be measured by detecting the 

concentric ringed structure of the aerosol droplet. This concentric diffraction pattern is 

extremely similar to an airy disc, likely resulting from the Phase Function (PF)[304,305] 

predicted by Mie scattering theory, which in itself can be used as a way of sizing the 
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aerosol droplet. (see Figure 9.11) On the other hand, by increasing and decreasing 

the laser power it is possible to purposefully move the droplet along the Z axis, as 

that would change the gradient and scattering forces acting on the droplet, it is also 

possible to observe that the distance of the first concentric ring of the PF also moves 

relative to the centre of the droplet, which could be potentially used to determine the 

motion of the particle along the Z axis. This is likely caused by the different parts of 

the droplet coming in and out of focus, as the imaging system has no moving 

components. 

 

Figure 9.11 Images of the same aerosol droplet at different laser power. The images 

are taken from a video file 2 seconds apart. The red bars are of the same length and 

are used to highlight the different distances between the centre of the droplet and the 

first ring that likely corresponds to the PF. 

9.4. Conclusion 

Image analysis of optically trapped aerosols is a powerful tool for analysing the 

physical properties of the trapped particles. This approach is capable of utilising 

multiple ways of sizing such as the interrogation of the phase transfer function, 

Brownian motion and the analysis of the diffraction pattern. The diffraction pattern 

analysis is also a potential tool for analysing the contents of the droplet. 

At present the software is capable of tracking a clearly visible particle, when there is 

no need to enhance the image to correct for any precipitate forming on the coverslip, 

however it is not yet capable of fully sizing a droplet based on its Brownian motion. In 

order to be able to size the software also needs to be calibrated, comparing the 

calculated results to the sizing data obtained using the WGMs. The calibration will 



 
213 

 

allow fully sizing the droplets, that are not obscured by precipitates forming on the 

trapping chamberôs coverslips, thus useful for sizing the droplet without the need for 

a Raman spectrograph. This could potentially bring down the cost of the instrument 

necessary to build hygroscopic growth curves. 

In order to solve the issue of precipitates forming on the coverslip of the trapping 

chamber, a high degree of image enhancement would be necessary to consistently 

find the dropletôs centre. Due to the relatively large number of frames necessary to 

obtain a reliable measurement of the Brownian motion of the droplet, it would be 

impractical to rely on a researcher to manually analyse each frame. Therefore, a 

narrow AI would be necessary to enhance the image, ensuing consistent detection of 

the dropletôs centre. This will most likely be based on a loping system controlling the 

BCG correction, specifically the histogram of the grayscale values, and the binary 

threshold (grayscale to binary conversion) values. In this case the loop will act as a 

quality assurance mechanism, ensuring that the Brownian motion of the droplet is 

measured consistently.  

Both of these methods suffer from the same issue of the unpredictable change of the 

dropletôs optical properties and the MTF caused by the formation of CaCO3 inside the 

droplet and on the sides of the trapping cell. In this case the use of Brownian motion 

approach is more beneficial as it is likely possible enhance the image to the point 

where a part of the droplet (ideally the centre) could be consistently imaged on a 

binary image, therefore allowing to track it.  The same image enhancement 

procedure could also be beneficial to the diffraction pattern analysis of the aerosol 

droplet. However, the diffraction pattern analysis may require further image 

enhancement, beyond what is necessary for the Brownian motion analysis, making 

the Brownian motion analysis a better practical solution.  
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Chapter 10 Summary, Conclusions and Future Prospects 

In this thesis a seemingly simple chemical reaction between CaCl2 and Na2CO3 was 

examined to various extents from the points of view of hygroscopic growth, Raman 

spectroscopy and video imaging. Each of requiring different software approaches 

and demonstrating that even the simplest reactions such as an ion exchange 

reaction can pose many challenges, and that the study of these reactions can shed 

light on more complex phenomena. However, in order to achieve this one must not 

only look at the reaction but also carefully examine the tools utilised, and when 

necessary create new ones in order to gain a more complete understanding of the 

studied phenomenon and the mechanisms responsible for its deterministic outcome.  

10.1. Summary 

In this thesis the hygroscopic parameter models: the Kreidenweis model and ə-

Kohler model are compared as well as the process of finding optimized 

hygroscopicity parameters using a system of equations and the Generalized 

Reduced Gradient algorithm built into the MS Excel Solver add-on. (see Chapter 5 

for the details on the software, assumptions made, and its validation based on data 

artificially produced using E-AIM, Chapter 4 for the details on the aerosol hygroscopic 

response and models used and Chapter 6 on its application to real data). The overall 

software provides a potentially useful tool for deriving hygroscopic parameters based 

only on the hygroscopic response of several droplets assuming the validity of the 
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hygroscopic model. The same software also provides the capability of assessing the 

necessity of any changes to the hygroscopic models to account for the formation of 

hydrated crystal states. The same software also demonstrates that the RH range 

over which the experimental data was obtained can have an impact on the optimized 

hygroscopicity parameters, potentially explaining the difference in the values 

between different research groups. The same software is demonstrated to be usable 

with data obtained by both DVS and AOT methods. 

All of this demonstrates the various aspects of determining the hygroscopic response 

of a single solute aerosol droplet, however the main focus of this thesis is the 

exploration of the formation of insoluble CaCO3 by reacting CaCl2 with Na2CO3 in an 

aerosol droplet. As stated in this thesis this reaction produces soluble NaCl as a by-

product. In chapter 6 it is proposed that the reaction could be quantified by the use of 

the ZSR assumption, treating the insoluble CaCO3 as a single component, and 

calculating the amount of CaCO3 produced as the difference in the hygroscopic 

response between the initial CaCl2 droplet and the resulting CaCl2 + NaCl + CaCO3 

droplet, assuming that 100% of Na2CO3 is consumed in the reaction. This concept 

also provides a way of quantifying the hygroscopic response of solution with solute-

solute interaction, by treating the formed solute-solute complex as a single 

hygroscopic component in a mixture with other single components such as one of the 

interacting solutes and any reaction by-products, if there are any. 

Another way of viewing the formation CaCO3 is by using the Raman scattering of the 

droplet. In the Raman spectra of the chemical reaction it is possible to notice that 

several polymorphs of CaCO3 namely calcite vaterite and ikaite can be produced by 

reacting CaCl2 and Na2CO3. It is possible to differentiate between these polymorphs 

and an aqueous solution of Na2CO3 based on the Raman shift of the v1 vibrational 

mode peak position. It is also possible to rule out the formation of another anhydrous 

polymer of CaCO3 - aragonite, by the position of the v4 vibrational mode peak, which 

also suggests that the temperature of the aerosol droplet was not sufficient to 

produce aragonite. By adding various amounts of Na2CO3 to CaCl2 droplets it was 

possible to produce different polymorphs, based on the relative amounts of 

components in the resulting droplet. By measuring the pH of the solutions of CaCl2 

and Na2CO3 it was possible to establish the approximate boundaries of the reaction 

in terms of pH, and the formation of the different polymorphs based on the relative 
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amounts of CaCl2 and Na2CO3 in the reacting droplet would be consistent with the 

literature on the influence of the pH on the formation of vaterite and ikaite. This 

established that pH is a determining factor in the formation of ikaite and vaterite, as 

well as the factor determining the kinetics of the transformation between the 

discussed polymorphs. In these experiments the direct formation of calcite was 

observed for the first time in inorganic systems[216,306], at very low amounts of Na2CO3 

relative to the amounts of CaCl2 present in the droplets, which corresponds to the pH 

ranges much lower than this reaction is typically studied at[307]. A decomposition of 

the maps of spectra recorded pre-, during and post- reaction can be used to study 

the presence of multiple polymorphs in a mixture, providing a powerful tool for 

studying the transformation of one polymorph in to the other, when it will be possible 

to account for the influence of pH on the kinetics and thermodynamics of chemical 

reaction. 

The decomposition analysis also provides additional insight into the structure of the 

calcite crystals formed. From the literature it is possible to determine that calcite has 

a highly ordered structure, which can be related to the width of the v1 peak of calcite. 

In the process of the decomposition of the map of spectra in the reactions where only 

calcite is formed it is possible to notice the decrease in the width of the peak as time 

progresses suggesting that calcite initially forms with a more disordered structure, 

and later slowly equilibrates into a more ordered crystal structure. 

In this thesis a conjecture viewing interactions based on the electromagnetic fields 

produced by the components of the system, namely: solute ions/molecules, pH ions 

and water molecules. This conjecture also provides a novel view of concentration, as 

the distance between solute ions/molecules, the electromagnetic fields produced by 

them, and interacting with its surroundings, with saturation being the shortest 

distance between the solute ions/molecules in solution at which stable nucleation 

does not occur. The approach used in this conjecture would provide an explanation 

to the effects of additional ions on crystal formation, supersaturation in aerosols, and 

a potential way of reformulating the equations in chemical kinetics and 

thermodynamics to account for pH effects, a potentially easier way of accounting for 

temperature effects, as well as including a way of modifying them in order to account 

for other effects, such as external electromagnetic fields and quantum mechanical 

effects, such as Casimir forces. 
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A drawback of the studied chemical reaction is that the inclusion of CaCO3 disturbs 

the internal morphology of the aerosol droplet, destroying the WGMs that are 

normally used for sizing aerosol droplets in AOT. To circumvent this issue an 

approach based on imaging the droplet and calculating the size of the droplet based 

on its Brownian motion was attempted. This however was complicated by the 

formation of a thin layer of CaCO3 on the coverslip of the trapping chamber, altering 

the resulting image of the droplet. An incomplete program was built in NI LabView 

that with proper calibration should be capable of handling the necessary image 

processing and computational aspects necessary to size the aerosol droplets despite 

any inclusions or image distortion caused by CaCO3 forming on the coverslip. 

10.2. Conclusions 

The aims of this work, stated in chapter 1 are:  

¶ Investigate and compare single optically tweezed aerosol droplet and dynamic 

vapour sorption (DVS) methods of investigating the hygroscopic properties of 

chemical compounds. 

¶ Produce and analyse a phase transition ion exchange chemical reaction 

between CaCl2 and Na2CO3 forming CaCO3 polymorphs in an optically 

tweezed aerosol droplet using Raman spectroscopy and video imaging. 

Comparing the AOT and DVS both techniques are capable of measuring the 

hygroscopic response of compounds, as demonstrated in chapter 7. The difference 

between the two techniques arises with the fact that DVS is not capable of accessing 

the supersaturated states that can be accessed by AOT. This is a consequence of 

the DVS having direct contact with the sample, whereas AOT uses a tightly focussed 

laser to maintain. However, this also provides the DVS with a benefit, as it allows 

easier access to low RH conditions and allows confirming that substances form 

hydrated crystals after efflorescence, as it can be seen in the example of CaCl2. In 

the case of AOT it is hard to maintain the droplet/formed crystal trapped as it 

effloresces, rapidly changing its refractive index, thus its interaction with the balance 

of the gradient and scattering forces acting on it. To an extent the same thing 

happens with a droplet as a precipitate forms as it can be seen in the formation of 

CaCO3. 
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A novel way of determining the hygroscopic parameters of an aerosol based on 

extracting the parameters themselves and the dry size of the droplet as latent 

variables of mathematical models of hygroscopic growth: the Kreidenweis and ə-

Kohler models[121,122]. This provides additional benefits as it is capable of deriving the 

hygroscopic parameters from the size of the droplet and the corresponding RH, 

without the need for additional calculation or explicit necessity for a theoretical model. 

This allows exploring the hygroscopic properties of compounds that are not yet 

computationally predicted by theoretical models. Additionally, it provides a benefit of 

LARA being more sensitive to the changes in size rather than RI, relying solely on 

the size measurement, while the RI measurements can be used to find errors in the 

LARA processed data. Finally, it eliminates the human error of the need to pick a 

specific measurement, assuming its accuracy, and determining the dry size of the 

droplet based on that one measurement, by being dependent on all of the 

measurements simultaneously, thus in a sense independent of the individual 

measurements. This also ensures that random error do not have a significant impact 

on determining the hygroscopicity parameters. This way of determining the 

hygroscopic parameters also demonstrates that the range of RH values over which 

the data is gathered can also influence the values of the determined hygroscopic 

parameters, thus influencing their accuracy. 

The chemical reaction between Na2CO3 and CaCl2 was examined from multiple 

perspectives: hygroscopic change, spectroscopic tracking and video imaging.  

In this thesis a model for tracking the completeness of a chemical reaction based on 

the ZSR assumption is proposed. This model is based on the fact that CaCO3 is 

insoluble in water, hence this newly formed solute-solute complex should be treated 

as a single hygroscopic entity. This model would be capable of determining the 

amounts of reagents transformed by the deviation of the hygroscopic properties of 

the post-reaction droplet compared to the initial droplet. The principle underlaying this 

model could also be used to describe the behaviour of any solute-solute complexes, 

not just CaCO3, thus it is likely that it will prove useful in studying other solute-solute 

interactions in the hygroscopic growth of aerosols. 

The tracking of the chemical reaction via the changing chemical signature of the 

CO3
2- ion in different environments, in water as dissolved Na2CO3, and polymorphs of 

CaCO3: calcite, vaterite and ikaite. In this thesis 2 programmes are used to fit the 
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experimental spectra with various line profiles, demonstrating their capability to 

analyse data, allowing a more detailed tracking of the chemical reaction and 

identification of trends in chemical reactions. In the investigation of the formation of 

CaCO3 polymorphs the reaction had demonstrated several reaction pathways by 

forming ikaite, vaterite transforming into ikaite, stable vaterite, vaterite transforming 

into calcite, and a novel pathway in inorganic systems direct formation of calcite. By 

decomposing the maps of spectra, it is also possible to observe the formation of 

substructures in the amorphous CaCO3, which correspond to the polymorphs that will 

form from the ACC.  In the decomposition the direct formation of calcite it is also 

possible to notice a decrease in the width of the calcite peak over the entire time that 

the reaction was monitored, suggesting that in the initial formation of calcite there are 

small defects in the crystalline structure, which with time equilibrate to form a more 

uniform crystal. This demonstrates that the process of crystal formation is complex 

consisting from multiple steps, explaining the differences in peak widths of freshly 

formed calcite and naturally formed mineral calcite. 

The chemical reaction was also observed using video imaging and analysed with 

motion tracking software, as a way of circumventing the difficulties with sizing the 

optically trapped aerosol droplet using the WGMs. While the motion tracking and 

Brownian motion analysis software is at this stage is not fully capable of 

accomplishing the task it is intended for, it demonstrates the utility of software in 

uncovering the effects that can be missed by a human observer. Additionally, the 

description of the possible pathways of overcoming the issues with the current state 

of the software, provides a good starting point and direction for future development. 

In the analysis of the literature and experimental data it was noted that pH plays a 

major role in determining the polymorph of calcite formed as the result of the 

reaction. Form the analysis of the literature on chemical kinetics and thermodynamics 

it was determined that neither are fully capable of accounting for the effects of the 

pH. Thus, a conjecture that could serve as a basis for reformulating the chemical 

kinetics and thermodynamics was proposed. In this conjecture a new way of treating 

ions in an aqueous solution was proposed based on the charge of the ion and its 

interactions with the surrounding dipole molecules of water and passing pH (H+ and 

OH-) ions. The conjecture also describes a way of viewing concentration of solute in 

the solution as well as: ways of the pH ions interacting with other ions, affecting their 




