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Abstract 
Nucleation and growth of crystalline substances from solution is ubiquitous in the production 

of active pharmaceutical ingredients. However, a basic understanding of nucleation is still 

lacking after many years of study. One major problem in studies is due to the stochastic 

nature of nucleation, causing direct observation to be challenging. One possible solution to 

this is to use optical tweezers to promote nucleation localised to the tweezer focus. Although 

temporospatial influence and control over nucleation is achievable, some secondary 

considerations not usually part of the design of crystallisation processes must be considered, 

with a focus on optical properties with the aim of limiting laser induced heating. 

A preliminary study was conducted to allow crystal nucleation and growth experiments 

performed using the optical tweezer setup to be fully understood within context, examining 

nucleation and growth kinetics up to a scale of 3 mL on high throughput platforms. This study 

examined the effect of deuterated solvent and doping with spherical microparticles. The use 

of deuterated solvents resulted in the reduction of primary nucleation rates. Its impact on 

secondary nucleation and growth depended on the crystallising material. Doping with 

spherical microparticles was particle material dependent, with silica promoting nucleation 

ŀƴŘ ǇƻƭȅǎǘȅǊŜƴŜΩǎ ŜŦŦŜŎǘ ōŜƛƴƎ ǎȅǎǘŜƳ ŀƴŘ ǎƻƭǾŜƴǘ ƛǎƻǘƻǇƻƭƻƎǳŜ ŘŜǇŜƴŘŜƴǘΦ 

Optical tweezers allow direct control over localised growth of macroscopic crystals with the 

effect being dependent upon the solvent isotopologue, when using low laser power. Higher 

laser power allows the time and position of nucleation to be controlled within certain 

conditions of supersaturation, laser power and relative location of the tweezing focus within 

the solution. As well as allowing the growth rates of crystals nucleated from bulk 

undersaturated solutions to be measured, suggesting the enhancement of the local solute 

concentration in the region surrounding the optical tweezing focus. 
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 Introduction 

1.1 Importance and History of Crystallisation  
Crystallisation is a process which has long been used by humanity to purify substances; early 

reports suggest this goes as far back as circa 2700 BCE to produce salt from water [1]. Ever 

since then, crystallisation has grown to play a vital role in the production of a range of 

products. However, this is especially true of pharmaceuticals as most active ingredients are 

present within approved drugs in the form of crystals [2]. 

In spite of how critical crystallisation has become and how long it has been utilised, it has 

been constantly stated that more study is needed, and this is still true today. 

1.2 Thesis Goal and Layout 
The overall aim of this thesis is to further the understanding of the influence that optical 

tweezing and associated particles have over crystallisation (nucleation and growth) from 

solution. This is accompanied by a body of preparatory work examining the consequences of 

various tweezing requirements on crystallisation in more commonly studied and better 

understood setups. Focusing on the use of deuterium oxide (commonly used with optical 

tweezers to limit laser induced heating) as the base solvent and the addition of tweezing 

microparticles, to fully contextualise investigations performed using the optical tweezers. 

Chapter 1 (this chapter) briefly introduces the thesis and explains its overall structure. 

Chapter 2 details the background theory of crystallisation (nucleation and crystal growth) 

and the impact that other additional materials (chemical and physical additives) can have on 

these processes. 

Chapter 3 details the principles behind optical tweezing, position, and force measurement, 

uses that optical tweezers have been put to, including some involving crystallisation. This also 

details some non-basic forms of optical traps where the focus of the optical trap is moved and 

the ability to have multiple traps in close proximity. 

Chapter 4 describes the equipment used for the results presented in the later chapters. 

Chapter 5 describes the impact of solute on the optical properties of solutions to estimate 

the temperature rise that the use of the tweezers would cause. As well as the impact of 

introducing tweezing particles into the tested  systems could also have on temperature and 

associated key crystallisation process metrics. 
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Chapter 6 details the effect of solvent isotopologue on nucleation and crystal growth 

characteristics upon the chosen systems, at various scales and agitation conditions, under 

commonly studied conditions. 

Chapter 7 investigates the impact that microparticles typically used in tweezing (silica and 

polystyrene) have on nucleation properties, the width of the metastable zone and the 

induction time distribution when the suspension solvent is made up of different solvent 

isotopologues. As well as in some cases when the addition of particles interferes with 

traditional measurement techniques. 

Chapter 8 examines the impact that tweezing focuses can have on the growth of 

macroscopically large crystals, as well as a preliminary look to see what occurs when a 

particle held with the trap is brought into contact with the surface of a seed crystal by either 

stage movement or allowing the seed to grow into the position which the trapped bead is 

occupying. 

Chapter 9 explains the effects that optical tweezing focuses can have on substances 

nucleating from solution at and in proximity to sessile droplet interfaces, including triple 

phase contact points. Examining the effects of solvent isotopologue, solution supersaturation 

laser power and polarisation, and lateral displacement from the sessile droplet edge. 

Chapter 10 summarises the main findings of the thesis, the conclusions that can be drawn 

from these findings, and some suggestions for future work to be conducted in this field. 

Additional material is contained with the appendices. 
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 Crystallisation 
This chapter details why and how solid crystalline materials nucleate and grow to larger 

volumes. In addition to how the formation of crystals is impacted by the presence of existing 

substances and the typical measurement methods used to determine crystallisation kinetics. 

2.1 Crystalline Materials 
Three regular states of matter exist: gases, liquids, and solids. Gases take the shape and 

volume of their container, can be compressed, and have a low viscosity. Liquids have a higher 

viscosity and may only partially occupy their container; liquid interfaces that are not in 

contact with the surface of the container are flat. Solids will keep their shape in a larger 

container as they can resist gravity. Solids can be further divided into two forms: amorphous 

and crystalline. Crystalline solids differ from amorphous solids in that the most basic units 

(atoms, molecules, or ions) form a long-range regular fixed pattern, known as the crystal 

lattice. Crystalline solids are anisotropic, meaning the substance's physical properties depend 

on the direction of measurement [3]. Amorphous solids can have some short-range ordering 

of the most basic units. Like liquids and gases, amorphous solids are isotropic. Amorphous 

ƳŀǘŜǊƛŀƭΩǎ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǘȅ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǊŜ ƴƻǘ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ƳŜŀǎǳǊŜƳŜƴǘ 

direction [4]. 

Crystallisation has two key ǎǘŀƎŜǎΦ CƛǊǎǘƭȅΣ ƴǳŎƭŜŀǘƛƻƴΣ ǿƘŜǊŜ ǘƘŜ άƳƛƴƛmum amount of new 

ǇƘŀǎŜ ŎŀǇŀōƭŜ ƻŦ ƛƴŘŜǇŜƴŘŜƴǘ ŜȄƛǎǘŜƴŎŜέ [5] is formed. This is followed by the growth phase, 

where particles that form the crystal structure are transported to the existing surface and 

incorporated into the crystalline structure. 

2.2 Why Crystals Form from Solution 
This thesis focuses on crystallisation of a solute from solution, using temperature induced 

supersaturation, rather than other methods, such as anti-solvent crystallisation or 

precipitation. However, the basics of these methods are detailed in section 2.3 to provide 

additional context. The formation of crystals (nucleation and crystal growth) from solution 

requires the concentration of the crystallising material to be higher than equilibrium 

conditions would permit. Thus, the chemical potential (‘) would be higher in that case than 

where dissolved solute would exist in equilibrium with excess solid solute. A supersaturated 

solution would then return to equilibrium by removing the excess solute from the solution 

by forming solid phase material. This excess in solution is known as supersaturation, also 

called supercooling. Cooling below the saturation temperature for the solution of that 
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composition in a system with standard temperature dependence, is one way to generate 

supersaturation. To quantify supersaturation, the temperature of the solution must be 

known as solubility (equilibrium concentration) is temperature-dependent [3]. The 

relationship between the actual concentration and the equilibrium concentration can be 

described in several ways. The first is concentration driving force (ɝὧὝ  as shown in 

Equation 2:1. This is equal to the difference between the actual concentration ὧ and the 

solubility at the solution temperature ὧz Ὕ . 

 

ɝὧὝ ὧ ὧz Ὕ 

Equation 2:1 

The second uses the supersaturation ratio ὛὝ Σ ŀƭǎƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ Ƨǳǎǘ ΨǎǳǇŜǊǎŀǘǳǊŀǘƛƻƴΣΩ 

which is the ratio of the actual concentration and the solubility, shown in Equation 2:2.  

ὛὝ
ὧ

ὧz Ὕ
 

Equation 2:2 

The final common way to which this is referred to is the relative supersaturation „Ὕ , 

which is the ratio between the concentration driving force and solubility, equivalent to the 

supersaturation ratio minus 1, shown in Equation 2:3. 

„Ὕ ὛὝ ρ
ὧ ὧz Ὕ

ὧz Ὕ

ɝὧὝ

ὧz Ὕ
 

Equation 2:3 

An important note is that the value given to any concentration driving force, supersaturation 

or the relative supersaturation can depend upon how the solubility is defined by either 

quantity in reference to the other part or the whole solution. i.e., identical solutions can be 

given different supersaturation values depending on how the solubility is defined, for 

example, gsolute/gsolvent and gsolute/gsolution. So, care must be taken to ensure what measurement 

system of solubility is used, especially when performing comparisons from various sources. 

One method that would be definitive would be to use mole fraction. 

The use of supersaturation as a measure is a straightforward way to quantify the composition 

of the solution. This can be used to determine the difference in chemical potential between 

the solution conditions ‘ and a saturated solution ‘z , which is described by the activity, 
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when making no assumptions, of the solutions in supersaturated and saturated conditions as 

shown in Equation 2:4 

‘ ‘ᶻ ὙὝὰὲ
‌

‌z
 

Equation 2:4 

The chemical potential can be linked to the supersaturation using activity coefficients ‎ 

through activity ‌ which describes the effective concentration to account for differences 

that would be observed in departures from ideality, as seen in Equation 2:5. 

‌

‌z

‎ὧ

‎zὧz Ὕ

‎

‎z
ὛὝ 

Equation 2:5 

Assuming that the activity coefficients or their ratio equal unity would be the case in an ideal 

solution. That assumption allows the supersaturation to be used to determine the difference 

in chemical potential, shown in Equation 2:6. 

‘ ‘z ὙὝὰὲὛὝ  

Equation 2:6 

Should higher accuracy measurements of the chemical potential be required the activity 

coefficients would need to be determined. Since these are typically not known, Equation 2:6 

is used and for many applications this is suitable [6]. The underlying assumption that allows 

for the use of this equation only holds at when the relative supersaturation is low. As the 

supersaturation continues to increase these activity coefficients would drift away from 1 by 

increasing or decreasing depending on the system being examined [7]. 

2.3 Crystal Formation Methods 
The formation of crystalline solids from solution can be accomplished using several methods 

discussed in this subsection. These methods include cooling, evaporative, precipitation, and 

anti-solvent crystallisation [8]. 

2.3.1 Cooling Crystallisation 
Cooling crystallisation is usually performed when a substance has highly temperature-

dependent solubility so that small temperature changes result in significant changes in 

solubility. Therefore, once the temperature is lowered, the solubility falls, causing the system 

to become liable to crystal nucleation. In industrial processes the temperature dependence 
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on solubility should be as steep as possible. Upper limits of the mass of crystalline product 

which can be produced, due to downstream process requirements, may require that a small 

quantity of solute remain in solution [8]. A simple cooling crystallisation is shown in progress 

from points A to D, as indicated in Figure 2:1. 

 

Figure 2:1: Basic Solubility Diagram. The progress of an elementary cooling crystallisation detailed by the green 
arrows and letter labelled points are detailed in the text below. 

A simple cooling crystallisation would begin with an undersaturated solution (Point A). This 

solution would be subjected to cooling, and once the solution had cooled enough, this 

solution would become saturated (Point B). Further cooling would make the solution 

increasingly supersaturated. Crossing the solubility curve would not cause the concentration 

in solution to fall immediately, as the system is metastable and not liable to crystallisation. 

Once the solution had cooled down enough to reach the edge of the metastable zone (Point 

C), crystals would then form immediately. Primary nucleation can occur between the 

solubility and metastable zone width; however, this could take a long time, depending upon 

the system[9], causing the nucleation of crystals through primary nucleation. This, alongside 

the growth of the crystals present in the solution, would reduce the concentration in 

solution. A possible final concentration is indicated if the solution is slightly further cooled 

upon nucleation (Point D). The final concentration in solution would depend upon the exact 

degree of cooling. Further solute extraction may be possible depending on the system 

undergoing crystallisation; methods to continue extraction are described in the remainder of 

this section, 2.3. 
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2.3.2 Evaporative Crystallisation 
The heating of a solution can induce the evaporation of the volatile components; in solutions, 

this is typically the solvent, causing the formation of the solid solute. Evaporative 

crystallisation is customarily used when there is little temperature dependence on solubility; 

therefore, cooling crystallisation is not viable. One downside of this method is that non-

volatile impurities are also concentrated alongside the target substance [8]. 

2.3.3 Precipitation 
Crystallisation via precipitation occurs when a reaction between at least two soluble 

substances produces an insoluble product. Precipitation is used when cooling, and 

evaporative crystallisation would not be suitable due to the low solubility of a crystal-forming 

substance. Due to the unique way precipitation crystallisation occurs, zones of significantly 

increased supersaturation can occur, potentially leading to the formation of alternative 

forms of the crystalline material, such as unwanted alternative polymorphs [8]. 

Polymorphism is discussed in section 2.4.3. 

2.3.4 Anti-Solvent Crystallisation 
Crystallisation can occur by adding an anti-solvent to the solution. This anti-solvent causes 

the solute to have a lower solubility in the new solvent mixture. However, this causes the 

dilution of the solute in what is now a solvent mixture, as the total mass of solvent is greater 

while the mass of solute remains unchanged. The decrease in solubility must be enough to 

compensate for the increased total solvent mass, as the solute is diluted with reference to 

the total mass of solvent [8]. 

2.4 Forms of Crystals 
Crystals can be described in several different fashions. These descriptions can be based on 

their external appearance or internal structure. 

2.4.1 Crystal Lattice 
²ƘŜƴ ŎƻƴǎƛŘŜǊŜŘ ŀ ƎŜƻƳŜǘǊƛŎ ǎƻƭƛŘΣ ŀ ŎǊȅǎǘŀƭΩǎ ƛƴǘŜǊƴŀƭ ǎǘǊǳŎǘǳǊŜ Ŏŀƴ ōŜ ŘŜǎŎǊƛōŜŘ ŀǎ ŀ Ǉƻƛƴǘ 

lattice, where the crystal-forming units (atoms, molecules, or ions) are lattice points. Six 

factors, three spatial dimensions (a, b & c) and three angles (‌ȟ‍ Ǫ ‎), are used to 

characterise the lattice of any chosen crystal. The repeating units that form the crystal lattice 

are described in such a way as to allow the lattice to continue indefinitely theoretically. From 

this, it can be ascertained that a range of different lattice arrangements are possible. It was 

demonstrated in 1848 by Bravais that only 14 such arrangements exist [4]. These 14 

structures can be grouped into seven crystal systems or six crystal families [10]. These crystal 
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systems are shown in Table 2:1, and an example of a simple crystal unit cell is shown in Figure 

2:2. 

 

Figure 2:2: Example of Crystal Lattice Unit Cell [11]. 

Table 2:1: Crystal Systems and Lattices [4], [10]. 

Crystal System Unit Cell 

Dimensions 

Unit Cell Angles  Lattices 

Cubic  ὥ ὦ ὧ ‌ ‍ ‎ ωπЈ ¶ Simple 

¶ Face Centred 

¶ Body Centred 

Tetragonal ὥ ὦ ὧ ‌ ‍ ‎ ωπЈ ¶ Simple 

¶ Body Centred 

Orthorhombic ὥ ὦ ὧ ‌ ‍ ‎ ωπЈ ¶ Simple 

¶ Body Centred 

¶ Base Centred 

¶ Face Centred 

Rhombohedral 

(Trigonal) 

ὥ ὦ ὧ ‌ ‍ ‎ ωπЈ ¶ Simple 

Hexagonal ὥ ὦ ὧ ‌ ‍ ωπЈ 

‎ ρςπ 

¶ Simple 

Monoclinic ὥ ‍ ‎ ‌ ‎ ωπЈ‍ ¶ Simple 

¶ Base Centred 

Triclinic ὥ ‍ ‎ ‌ ‍ ‎ ωπЈ ¶ Simple 
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2.4.2 Crystal Habit 
Section 2.4.1, which describes the internal structure of crystals, does not consider the 

outward physical appearance. This is where the crystal habit becomes useful. The 3D 

crystalline shapes are described by a type and factors that allow the description of the surface 

area and volume of the crystal by choosing the characteristic dimension of the crystal 

observed. 

Table 2:2: Crystal Habits and Associated Shape Factors [4]. 

Crystal Habit Shape Volume Shape 

Factor (‌) 

Area Shape Factor 

(‍) 

‍Ⱦ‌ 

Sphere 0.524 3.142 6 

Tetrahedron 0.182 2.309 12.7 

Octahedron 0.471 3.464 7.35 

Hexagonal Prism 2.6 11.2 4.31 

Cube  1 6 6 

Platelet 0.2 2.8 14 

Needle 10 42 4.2 

 

The factors (‌ Ǫ ‍) in Table 2:2 can determine the individual crystals' volume and surface 

areas using Equation 2:7 and Equation 2:8, respectively, where ὒ is the characteristic length 

of the crystal in question. 

ὠ ‌ὒ 

Equation 2:7 

ὃ ‍ὒ 

Equation 2:8 

It is possible for crystals with the same lattice can exhibit different morphologies and vice 

versa. Multiple factors can impact the crystal habit, such as growth rates, the solvent used, 

and impurities present. 

2.4.3 Polymorphism 
Polymorphs exist when a substance can form more than one crystalline form, with 

polymorphs having different lattice structures. Multiple forms of polymorphism exist, 

packing and conformational. Packing polymorphs are when rigid molecules that form the 
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crystal lattice arrange differently. Conformational polymorphs can exist when these 

molecules are not rigid, as the lattice can be built from the same molecule in different forms. 

An example is different lattice structures for each of the cis and trans isomers and a third 

containing a mix of both isomers [12], [13]. 

The number of polymorphs that exist for substances is not equal, and more are constantly 

being discovered. However, since some substances are studied more than others, this will 

influence the number of known polymorphs known for a particular substance. It has been 

said that the number of known polymorphs depends on the time and effort spent 

investigating a substance [14]. 

A commonly studied substance that forms polymorphs is the amino acid glycine. Glycine has 

three known polymorphic forms (‌ȟ‍ Ǫ ‎) that can exist at room temperature and pressure. 

Each of these polymorphs can be produced by changing the conditions from which it is 

generated. ‌ glycine can be created by dissolution into water and allowing the water to 

evaporate, ‎ glycine can be produced using the evaporation method with the addition of 

sodium chloride. ‍ glycine can be generated using a mixed solvent of water and ethanol. 

However, any ‍ glycine produced is very short-lived as ‍ quickly transforms to the more 

stable ‌ polymorph. Given the right humid ŎƻƴŘƛǘƛƻƴǎΣ ʰ Ŏŀƴ ǘǊŀƴǎŦƻǊƳ ƛƴǘƻ ǘƘŜ ƳƻǊŜ ǎǘŀōƭŜ 

again ‎ form [15]. 

By no means is there only a single way to produce each polymorph of a crystalline substance, 

as from more recent work, the ‎ glycine can be generated from aqueous solutions without 

the need for other chemical additives by heating the solution near to its boiling point and 

allowing this to cool down to below ambient temperature in the presence of a magnetic 

stirrer bar in quiescent conditions, where accompanying experiments performed without the 

presence of the stirrer bar only a small number of individual samples exhibit nucleation of 

any kind. Agitation of this solution using the stirrer bar, even at low speeds, produces ‌ form 

glycine in the vast majority of cases [16]. 

Metastable polymorphs (such as ‌ glycine) can transform into more stable forms due to a 

decrease in free energy that occurs with this transformation. Then why do metastable 

polymorphs form if it is favourable to form a more stable polymorph? Figure 2:3 explains. 

With the two potential polymorphs that could form, A and B, the formation of the A (Ὃ

Ὃ) form results in a greater free energy change than the formation of B (Ὃ Ὃ). However, 

the free energy barrier associated with A is greater than B (Ὃᶻ Ὃᶻ). In this case, the B 
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polymorph would form first, even though this is not thermodynamically the most stable. 

Given enough time, all the B polymorph present would eventually transform into the A 

polymorph. The rate at which this would occur would depend on the free energy barrier 

between the B and A polymorphs, not shown in Figure 2:3 [17]. 

 

Figure 2:3: Free Energy Barriers in the Formation of Crystal Polymorphs[17]. See accompanying text above for 
details of description of diagram. 

2.5 Nucleation 
Nucleation is the first crystallisation stage, where new nuclei are created. 

2.5.1 Primary Nucleation 
Primary nucleation can be divided into two types based on whether foreign materials are a 

factor in the nucleation. 

2.5.1.1 Homogeneous Nucleation 

Homogeneous nucleation is primary nucleation that occurs in the absence and, therefore, 

free from the influence of third materials. 

Classical Nucleation Theory 

One model used to explain nucleation is Classical Nucleation Theory (CNT); in a 

supersaturated solution, it is assumed that the concentration is uniform throughout its 

volume. However, there will always be statistical fluctuations of the local concentration of 

solute molecules, and CNT proposes that these fluctuations can lead to the appearance, in 

more concentrated regions, of ordered collections of molecules, i.e. crystal nuclei [18]. 

Crystals are assumed to be formed by the serial addition of individual new solute basic units 

into the crystalline lattice, be those molecules, ions, or atoms [5]. In creating new crystals, 

the size of these pre-nucleation clusters is critically important in determining their stability. 
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Once their size reaches a critical point, the nuclei become stable. However, these can dissolve 

if the nuclei are smaller, as dissolution reduces the cluster size ὶ due to the influence of the 

interfacial tension „ , which is favoured as it reduces the Gibbs free energy ɝὋ. This free 

energy change is described by Equation 2:9 if the cluster forming is assumed to be spherical. 

ɝὋ τ“ὶ„
τ“ὶɝὋ

σ
 

Equation 2:9 

Where: 

ɝὋ
ɝ‘

ὠ
 

Equation 2:10 

Given: 

ɝ‘  Difference in Chemical Potential 

ὠ   Molar Volume 

Once this critical size has been reached, the Gibbs free energy decreases as the crystal 

continues to grow. This is the case as the size of the cluster increases as the energy change 

associated with the volume becomes more influential than that of the change in the 

interfacial area [19], shown in a graphical format in Figure 2:4. The effect of supersaturation 

on this free energy change helps explain why the nucleation rate is higher at higher 

supersaturations due to reducing the critical nucleus size with increasing supersaturations. 

These critical points are shown as stationary points on the blue curves in Figure 2:4, which 

are shifted to smaller sizes with increasing supersaturation. 
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Figure 2:4: Free Energy Change Associated with Spherical Nuclei Formation according to Classical Nucleation 
Theory. Adapted from [20]Φ .ƭŀŎƪ˟ ǎǳǊŦŀŎŜ ŜȄŎŜǎǎ ŦǊŜŜ ŜƴŜǊƎȅ. wŜŘ {ƻƭƛŘ˟ ǾƻƭǳƳŜ ŜȄŎŜǎǎ ŦǊŜŜ ŜƴŜǊƎȅ ŀǘ ƘƛƎƘ 
supersaturation. wŜŘ 5ŀǎƘŜŘ˟ Ǿƻlume excess free energy at low supersaturation. .ƭǳŜ {ƻƭƛŘ˟ ŦǊŜŜ ŜƴŜǊƎȅ ŎƘŀƴƎŜ ŀǘ 
ƘƛƎƘ ǎǳǇŜǊǎŀǘǳǊŀǘƛƻƴ ŀƴŘ .ƭǳŜ 5ŀǎƘŜŘ˟ ŦǊŜŜ ŜƴŜǊƎȅ ŎƘŀƴƎŜ ŀǘ ƭƻǿ supersaturation. 

Two-Step Nucleation Model 

Due to the primary nucleation rate predictions of CNT being multiple orders of magnitude 

higher than physical observations, a new model was sought [8], [21] as this has even been 

observed in non-solution based crystallisation. This model is supported by the work of ten 

Wolde and Frenkel, where the formation of nuclei is a two-stage process is supported by the 

their simulations of homogeneous protein nucleation [22]. Unlike CNT, the crystal does not 

form directly from the solution but from a pre-existing dense liquid-like cluster [23]. 

 

Figure 2:5: Nucleation Model Formation Pathways 

Figure 2:5 is a graphical representation of the pathways of the nucleation models described 

up to this point. In both the CNT and the two-step model, crystals form from semi-ordered 

clusters. The differences between these theories are based on the source of these nuclei. In 
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the two-ǎǘŜǇ ƳƻŘŜƭΣ ǘƘƛǎ ƻǊŘŜǊŜŘ ŎƭǳǎǘŜǊ ŦƻǊƳǎ ŦǊƻƳ ŀƴ ŀƭǊŜŀŘȅ ŜȄƛǎǘƛƴƎ άƭƛǉǳƛŘ-ƭƛƪŜ ŎƭǳǎǘŜǊέ 

formed from the solute molecules in solution [5]. 

The free energy barrier associated with the formation of the dense cluster (ɝὋᶻ) can be larger 

than the free energy barrier associated with the formation of the nuclei (ɝὋᶻ) as shown in 

Figure 2:6. The rate of dense cluster formation is faster than the rate at which the dense 

clusters are transformed into nuclei. This is because the rate-determining step of the whole 

process is the kinetics involved in forming the nuclei [23], [24]. The dense clusters formed in 

the first of the two steps can be stable or unstable relative to the original supersaturated 

solution depending upon the free energy change involved in their formation. In the upper 

case shown in Figure 2:6, the free energy change is ɝὋ . In this case a decrease in free 

energy can be achieved by forming a nucleus but also by returning to the non-dense form 

found in solution. However, in the lower case shown in Figure 2:6, the formation of the dense 

liquid cluster form is stable relative to the solution as the free energy change involved with 

this formation (ɝὋ ) is negative and the only further decrease in free energy can only be 

achieved by the formation of a crystal. 

 

Figure 2:6: Energy Barriers Associated with the Two-Step Model [23]. Detailed description of free energy diagram 
given in text above. 

Alternative Nucleation Models 

Although the models discussed in sections 0 and 0 are commonly used to model nucleating 

systems, they are not all-encompassing. Molecular simulations of nucleating systems (in this 

case NaCl) of some ionic substances showed similarities with the two-step model as this 

ǎȅǎǘŜƳ ǿŀǎ ǎŜŜƴ ǘƻ ƴǳŎƭŜŀǘŜ ƛƴ άǘǿƻ ŘƛǎǘƛƴŎǘ ǎǘŜǇǎέ [25]. However, later simulations have 
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shown that this does not fit the two-step model completely. The formation of clusters does 

not require an energy barrier to be overcome, as the ions can be observed to aggregate in 

solution, modelled as a revised version of CNT, where the magnitude of the energy barrier is 

reduced depending on the aggregate size [26]. 

2.5.1.2 Heterogeneous Nucleation 

Foreign objects or substances can cause nucleation to occur at greater rates at lower 

supersaturations than in their absence. Even the surface (e.g., glass vial or the reactor wall) 

of the object which contains the solution could potentially trigger heterogeneous nucleation. 

This increase in nucleation is caused by a reduction in the critical free energy, the free energy 

change observed at the critical nuclei size [3]. This change is given by Equation 2:11. 

ɝὋᴂ ‰ɝὋ  

Equation 2:11 

The factor ‰  by which this critical free energy is reduced by determined by the wetting 

angle π — ρψπ, the angle made at the meeting point of all three phases involved, of 

the liquid phase on the surface of the heterogeneous nucleant  from the formula in Equation 

2:12. 

‰
ρ

τ
ς ὧέί—ρ ὧέί— 

Equation 2:12 

Resulting in a reduction in the free energy barrier associated with nucleation. Therefore, 

foreign material could be said to be a catalyst for nucleation [3]. 

2.5.2 Secondary Nucleation 
Botsaris defined secondary nucleation in 1976 as nucleation, which only occurs due to the 

presence of crystals of the material that is being crystallised. If no crystals were present, 

nucleation would not occur [27]. Secondary nucleation can be further classified; Myerson and 

Ginde presented one classification system that divided secondary nucleation into six 

mechanisms, shown in Table 2:3. However, it is worth noting that aspects of secondary 

nucleation are open to interpretation and further investigation to provide more accurate 

explanations. One aspect open to such speculation is the phenomenon of the secondary 

nucleation threshold, the level of supersaturation required for secondary nucleation to 

occur. Previous results have suggested its existence [28], [29]. However, more recent results 

suggest that this may not exist [30]. 
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Table 2:3: Secondary Nucleation Classification by Myerson and Ginde [4]. 

Initial Breeding Polycrystalline Breeding Macroabrasion 

Dendritic Fluid Shear Contact 

 

However, since no universal system exists, another classification system was developed by 

Agrawal and Paterson for use in industrial crystallisation units [31], based on two overarching 

mechanism sources, these being mechanical collisions and fluid shear. 

 

Figure 2:7: Secondary Nucleation Classification by Agrawal and Paterson [31]. 

Due to the multiple systems that exist classifying individual secondary nucleation 

mechanisms, some mechanism may be known by multiple names, describing the same or 

highly similar phenomena. 

Molecular simulations of a nucleating system show a mechanism by which a crystal can cause 

an existing molecular cluster to nucleate once the cluster encounters the crystal. Causing 

what was the cluster (now a newly formed crystal) to be weakly bonded to the crystal that 

induced nucleation. These crystals can then be separated, typically from a collision or fluid 

ǎƘŜŀǊΦ !ƭƭƻǿƛƴƎ ǘƘŀǘ ǎƛǘŜ ƻƴ ǘƘŜ ƻǊƛƎƛƴŀƭ ŎǊȅǎǘŀƭ ŀƴŘ ǘƘŜ ƴŜǿ ŎǊȅǎǘŀƭ ǘƻ άŎŀǘŀƭȅǎŜέ further 

nucleation [32]. 

Contact with the existing crystal surface is not always required, as multiple clusters can 

coagulate near its surface. This is possible as the very presence of this crystal attracts clusters 

through Van der Waals forces. Causing a higher concentration of clusters in the region 

surrounding the crystal. It is this higher concentration of clusters that leads to their 

coagulation. Allowing them to grow to a size beyond the critical size, at which point they 
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become stable. These are then moved to the bulk of the solution through a collision or fluid 

shear [33], [34]. 

2.5.2.1 Initial Breeding 

Nucleation through initial breeding is caused when small fragments of crystalline material or 

Řǳǎǘ ŀǊŜ άǿŀǎƘŜŘ ƻŦŦέ ƻŦ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ŎǊȅǎǘŀƭ ǿƘŜƴ ǘƘƛǎ ƛǎ ǊŜǘǳǊƴŜŘ ǘƻ ŀ ǎƻƭǳǘƛƻƴΦ Lǘ ƛǎ 

thought that these crystal fragments and/or dust become attached to the main crystal 

surface during the drying process. When washed off, they can grow in the bulk solution [35], 

[36]. 

2.5.2.2 Attrition 

Attrition typically occurs within a crystalliser when pre-existing crystals are involved in 

collisions (with either other crystals or interior parts of the crystalliser) or subjected to fluid 

shear. Which removes small sections of the crystalline material from the internal structure. 

As a result, the produced nuclei's size is negligible compared to the crystals from which they 

are generated [37], [38]. The attrition mechanism is like fragmentation, in that existing parts 

ƻŦ ǘƘŜ ƛƴǘŜǊƴŀƭ ǎǘǊǳŎǘǳǊŜ ōŜŎƻƳŜ ǘƘŜ άōǳƛƭŘƛƴƎ ōƭƻŎƪǎέ ƻŦ ƴŜǿ ŎǊȅǎǘŀƭǎΦ ¢ƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜƛƴƎ 

the relative size of the mother and daughter crystals. See section 2.5.2.5 for an explanation 

of fragmentation. 

2.5.2.3 Polycrystalline Breeding 

Growing crystals can sometimes exist in an agglomerated form (where several individual 

crystal grains are grouped together), where multiple crystals are attached to each other. 

These aggregates can separate of their own accord and then act as individual crystals. Since 

this is said to occur during stirring, this can be caused by either a collision or fluid shear [39]. 

2.5.2.4 Dendritic 

{ƘƻǳƭŘ ǘƘŜ ǎǳǇŜǊǎŀǘǳǊŀǘƛƻƴ ǳǎŜŘ ŦƻǊ ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ōŜ ƘƛƎƘ ŜƴƻǳƎƘΣ άŘŜƴŘǊƛǘŜ ƎǊƻǿǘƘΣέ 

branch or tree-like growths, appear on the surface of crystals. These growths are broken off 

from the surface via a collision or mechanical force caused by fluid shear [40], [41]. These 

would then operate as independent crystals, capable of inducing nucleation independently. 

2.5.2.5 Fragmentation 

Fragmentation is similar to the case of attrition. However, unlike attrition, when the daughter 

crystals are small, the crystal is broken into a small number of fragments equal in the order 

of magnitude in size to the mother crystal [42]. 
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2.5.2.6 Contact 

When contact is made between another object and the surface of a crystal, this can cause 

the further generation of new crystals without generating attrition particles. Testing with ‎-

glycine crystals being contacted with a rod can cause the generation of ‌ polymorph crystal. 

Since a less stable polymorph cannot be generated from the existing material of a more 

stable polymorph, it was thought that the contact with the rod caused disturbances in the 

boundary surface layer of solute molecules in solution [43]. It is also observed that as the 

contact force with the surface of the crystal increases, the number of new nuclei generated 

also rises, up to the point where the contact force is great enough to cause the crystal itself 

to shatter into multiple independent fragments [44]. Keeping the collision force equal and 

increasing the supersaturation of the suspending fluid allows for an increasing number of 

nuclei to be produced from a collision [44], [45]. The similarities between attrition (discussed 

in section 2.5.2.2) may be the same effect, with fragmentation (section 2.5.2.5) being similar 

only with forces large enough to break the whole crystal apart [46].  

2.6 Measurement of Primary Nucleation 
Multiple methods exist for the measurement of primary nucleation rate, the probability per 

unit time per unit volume of a nucleus being formed from solution. The methods differ in 

their setup and the conditions that these reflect. This choice of method could depend on 

what best resembles the configuration in which the nucleation is occurring. 

When nucleation studies are performed at small volumes, the observed nucleation process 

becomes stochastic, allowing primary nucleation rates to be studied [47]. An individual 

induction time is measured by holding a small volume of solution at a constant 

supersaturation and measuring the time taken for the solution in the vessel to nucleate since 

the beginning of the constant supersaturation [48]. This process is repeated many times to 

provide a statistical estimate of the nucleation rate at the experimental conditions. However, 

variations can be found between analysis sets, even in large sample sizes (~80). Increasing 

the number of induction time measurements taken can reduce the width of the probability 

density function of the nucleation rate [49]. In the Jiang and ter Horst model, the proportion 

of nucleated samples ὖὸ at time ὸ since the beginning of the constant supersaturation is 

measured, as described by Equation 2:13. Where ὓᶻὸ is the number of nucleated vials a 

time ὸ and ὓ is the total number of vials used for testing. 
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ὖὸ
ὓᶻὸ

ὓ
 

Equation 2:13 

From the points produced by Equation 2:13, a theoretical Poisson distribution model 

(Equation 2:14) is fitted to determine the primary nucleation rate ὐ which has been 

determined by monitoring multiple individual solution volumes ὠ. Where a correcting time 

factor is applied due to the delay between when nucleation occurs and when crystals can be 

detected; this is termed the growth time ὸ . 

ὖὸ ρ ÅØÐὐὠὸ ὸ  

Equation 2:14 

Measurements for induction time are typically made via the transmission of light. The 

formation of crystals causes the solution to become turbid, blocking the transmission of light, 

possible in crystal-free transparent solutions, allowing the point at which crystals can be 

detected to be determined. This method would not be able to be used in systems that are 

not transparent in the absence of crystalline material. An example would be when the impact 

ƻŦ ŀŘŘŜŘ ƳŀǘŜǊƛŀƭ ǎǳŎƘ ŀǎ ΨǘŜƳǇƭŀǘŜΩ ǇŀǊǘƛŎƭŜǎ ƻƴ ƴǳŎƭŜŀǘƛƻƴ ƛǎ ǎǘǳŘƛŜŘΣ ƛŦ the added material 

itself interferes with light transmission [50]. 

2.7 Inducement of Nucleation 
Several methods can induce nucleation, some of which expose the crystallising solution to 

outside phenomena, including electromagnetic radiation and ultrasonic sound waves. 

2.7.1 Laser-Induced Nucleation 
Pulsed laser light also can induce or enhance nucleation in samples where this would not 

otherwise be observed. In glycine solutions, this was observed when irradiated with pulsed 

NIR (‗ = 1060 nm) radiation [51]. This was observed to produce the most stable ‎ polymorph 

ƛƴ Ƴƻǎǘ ǘǊƛŀƭǎΣ ǿƛǘƘ ǘƘŜ ƳŜǘŀǎǘŀōƭŜ ʰ ŦƻǊƳ ƻƴƭȅ ōŜƛƴƎ ǇǊƻŘǳŎŜŘ ƛƴ ŀ ǎƳŀƭƭ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ŎŀǎŜǎΦ 

¢Ƙƛǎ ƳŜǘƘƻŘ ǊŜǉǳƛǊŜŘ ǘƘŜ ǇǳƭǎŜǎΩ ƛƴǘŜƴǎƛǘȅ ǘƻ ōŜ ǊŜƭŀǘƛǾŜƭȅ ƘƛƎƘ όḐ 0.7 GW/cm2). Lower-

intensity pulses (Ḑ 0.2 GW/cm2) did not induce nucleation. When this was first discovered, it 

was required that the samples be aged before being irradiated for the ability of lasers to 

induce nucleation to be observed. This was believed to be due to the pulses acting upon 

molecular clusters formed in the ageing process. When non-aged samples were irradiated, 

nucleation did not occur. However, later work incorporating nanofiltration before the 

irradiation found that this form of nucleation is partially suppressed, suggesting this is only 
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part of the effect. Following filtration, irradiated samples were found to have an increased 

nucleation rate over samples that were only filtered to remove any clusters formed and 

foreign material. Suggesting the ageing of samples is not a requirement but merely a factor 

in pulsed laser nucleation inducement [52], [53]. 

Using NIR radiation wavelengths, continuous lasers can also induce nucleation and influence 

further crystal growth. This has been observed when the laser beam is highly focused through 

a high-magnification microscope lens as part of an optical tweezing apparatus. This is 

discussed in section 3.8. 

2.7.2 Sonocrystallisation 
Although there is no consensus regarding the mechanism of sonocrystallisationΣ άǘƘŜ 

ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ǳƭǘǊŀǎƻǳƴŘ ǘƻ ǘƘŜ ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ǇǊƻŎŜǎǎέ ǳǎŜŘ ǘƻ ŎƻƴǘǊƻƭ ŎǊȅǎǘŀƭƭƛƴŜ ǇǊƻŘǳŎǘ 

properties, its effects are well documented [54], [55]. Sonocrystallisation is observed to 

shrink the distance between the metastable zone width and solubility curves as shown in 

section 2.3.1, reduce induction times observed and produce smaller-sized crystals with a 

smaller particle size distribution [54], [55]. 

Sonocrystallisation also can influence the polymorph produced. Altering the sonication 

length, intensity, or frequency can influence the polymorph [55]. The sonocrystallisation of 

calcium carbonate is impacted by altering the sonication conditions used as the intensity of 

sonication increases. With the calcite form being favoured over vaterite when using higher 

intensities of sonication and for longer sonication times. The sonication frequency also allows 

for the production of polymorphs that would not be produced in its absence. For example, 

when paracetamol is crystallised via sonication, the less stable form II is produced, compared 

with the form I produced when crystallised from solution when stirring [55]. 

The use of sonication also has an impact on pre-existing crystals including by inducing 

fragmentation [54], [56]. It is also possible for polycrystalline agglomerate structures to be 

created and destroyed. These agglomerates are often confused with aggregates which are 

formed by weak bonds that hold several individual crystals together. Agglomerates are 

formed from an aggregate that has then been subjected to a period of growth [57] 

2.8 Crystallisation in the Presence of Impurities  

2.8.1 Template Impacted Crystallisation 
Multiple studies have investigated the impact of small solid particulates on crystallisation 

[58]. For example, one study involved dynamic simulations of hard spheres of different 
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relativŜ ǎƛȊŜǎ ƻŦ ǘƘŜ ΨƴǳŎƭŜŀǘƛƴƎΩ ǎǇŜŎƛŜǎ ǎǇƘŜǊŜǎ, which in the simulation were monitored 

arranging themselves in a fixed regular pattern, ŀƴŘ ǘƘŜ ΨǘŜƳǇƭŀǘŜΩ ǎǇƘŜǊŜ, modelling a 

section of an introduced solid microparticle. When the radius of the template sphere is five 

times greater than the radius of the nucleating spheres, the free energy barrier associated 

with nucleation decreased. This reduction in the free energy barrier continued to decrease 

as the ratio of sizes between the templates and the nucleating spheres increased. In these 

ǎƛƳǳƭŀǘƛƻƴǎΣ ƛǘ ǿŀǎ ƴƻǘŜŘ ǘƘŀǘ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ŘŜǘŀŎƘƳŜƴǘ ƻŦ ǘƘŜ ƴǳŎƭŜƛ ŦǊƻƳ ǘƘŜ ǘŜƳǇƭŀǘŜΩǎ 

surface, crystal growth could occur in the direction of the template sphere. This growth could 

pƻǘŜƴǘƛŀƭƭȅ ƭƛƳƛǘ ǘƘŀǘ ǘŜƳǇƭŀǘŜΩǎ ŀōƛƭƛǘȅ ǘƻ act as a catalyst. However, this is unlikely to be the 

case in any real crystallisation scenario, as a collision would probably cause the separation of 

the crystal and the template particle [58], [59]. 

A similar setup was studied using physical microspheres using microscopy. It was noted that 

ǘƘŜ ƭŀǊƎŜǊ ǘƘŜ ǘŜƳǇƭŀǘŜ ǿŀǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ΨƴǳŎƭŜŀǘƛƴƎΩ ǎǇƘŜǊŜǎΣ ǘƘŜ ƳƻǊŜ ƭŀȅŜǊǎ ƻŦ ǘƘŜ 

nucleating spheres the template was able to support in a crystalline-like structure 

surrounding the template. When the size ratio ƻŦ ǘƘŜ άǘŜƳǇƭŀǘŜέ ǎǇƘŜǊŜ ŀƴŘ ǘƘŜ άƴǳŎƭŜŀǘƛƴƎέ 

ǎǇƘŜǊŜǎ ŘƛŀƳŜǘŜǊΩǎ was 15, the number of layers supportable was on the order of 1. As the 

ratio reached 38, a small number of layers could be supported. As this ratio reached 1370, 

ǘƘŜ ƴǳƳōŜǊ ƻŦ ƭŀȅŜǊǎ ǎǳǇǇƻǊǘŀōƭŜ ǿŜƴǘ ōŜȅƻƴŘ ǘƘŜ ƳƛŎǊƻǎŎƻǇȅ ǎŜǘǳǇΩǎ ŦƛŜƭŘ ƻŦ ǾƛŜǿΦ ¢Ƙƛǎ ǿŀǎ 

attributed to the decreasing curvature of the surface that these templates present to the 

nucleating substance [59]. 

Studies involving direct crystallisation of tobacco mosaic virus in the presence of polystyrene 

ƳƛŎǊƻǎǇƘŜǊŜǎ ŦƻǳƴŘ ǘƘŀǘ ǘƘŜ ǾƛǊǳǎ ΨŀƎƎǊŜƎŀǘŜǎΩ growth rate increased with increasing 

supersaturation. Also, increasing the concentration of polystyrene microspheres found a 

similar effect that allowed earlier detection of a measurable increase. However, increasing 

the size of the particles is inconclusive as testing was performed by increasing the size of the 

spheres while keeping the number concentration equal [60]. 

However, it is not just the surface area and its curvature that can impact the nucleation 

ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎΤ ǘƘƛǎ ǎǳǊŦŀŎŜΩǎ ǊƻǳƎƘƴŜǎǎ Ŏŀƴ ŀƭǎƻ Ǉƭŀȅ ŀ ǊƻƭŜΦ {ƘƻǳƭŘ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ŀ ǇŀǊǘƛŎƭŜ 

deviate from being perfectly smooth, this will further reduce the critical energy barrier that 

exists for nucleation to occur [61]. 

It has been argued that template induces nucleation occurs in several stages. First, the new 

nuclei grow on the template's surface until the crystal reaches a critical size. When this critical 



22 
 

size is reached, the crystal separates from the surface and grows in the bulk solution [62], 

[63]Φ {ŜŎƻƴŘΣ ǘƘŜ ŎǊȅǎǘŀƭΩǎ ƎǊƻǿǘƘ ƻƴ ǘƘŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ǘŜƳǇƭŀǘŜ ŎŀǳǎŜǎ ǘƘŜ ŎǊȅǎǘŀƭ ƭŀȅŜǊǎ ǘƻ 

grow in a curved fashion. Once the crystal reaches a critical size, the elastic force introduced 

by the curvature of the layers exceeds the adhesive force between the template and the 

growing crystal. Leading to the separation of the template and crystal, as the elastic force is 

released when the layers straighten out [64]. 

It is not just the presence of these particles; interactions involving present surface groups are 

important. When solutions of calcium sulphate are inoculated with a range of functionalised 

and non-functionalised silica particles, induction times observed can be altered compared to 

the non-inoculated samples [65]. Methyl and amino surface groups can reduce the induction 

times observed. However, some functional groups can act as nucleation inhibitors as the 

induction time is extended beyond what would be seen in the absence of particles. This 

inhibition of induction can be seen when the inoculation particles are functionalised with 

triaminetetraacetic acid. Believed to be caused as these surface groups act as chelating 

agents capable of trapping the calcium ions present in solution. This is also a concentration-

dependent feature as induction time increases proportionally to functional group 

concentration [65]. 

The impact can be limited by supersaturation even with these templates' presence. 

Furthermore, the particles may only have an impact up to a specific supersaturation, where 

any further increase in template concentration may not have any effect as the induction 

times observed plateaus in the measurement of nucleation rates[62]. 

2.8.2 Nucleation and Growth Altered by Additional Components  
Surfactants are one series of chemicals that can impact crystallising systems, even at 

extremely low concentrations. The nucleation rate decreases when the surfactant sodium 

dodecylbenzene sulfonate (SDBS) is present in a supersaturated solution of vitamin B1 nitrate 

[66]. A minimum concentration of SDBS must be present for the fall in nucleation rate to 

occur. At a supersaturation of 2 or 3, little meaningful change in nucleation rate of vitamin 

B1 nitrate is observed when a concentration of 0.1 mmol l-1 of SDBS is used. As the 

concentration of SDBS is increased beyond 0.1 mmol l-1, the nucleation rate is observed to 

fall, up to a surfactant concentration of 0.5 mmol l-1. In these cases, since the nucleation rate 

is measured using the method developed by Jiang and ter Horst described in section 2.6, 
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decreases in nucleation rate were accompanied by increases in growth time. Suggesting the 

inclusion of this surfactant also partially inhibits crystal growth [66]. 

However, the presence of surfactants does not always cause a decrease in nucleation rate. 

For example, adding the surfactant docusate sodium (DOSS) increases the primary nucleation 

rate when mefenamic acid is crystallised from a 40/60 solvent mixture of dimethylacetamide 

(DMA) and water [67]. Since this crystallisation was performed from a binary solvent, the 

proportion of each component of the binary mixture can be altered. When this was 

performed using a 30/70 solvent mixture, an insignificant effect on the nucleation was 

observed [67]. 

From examining these systems, it could be suggested that each system could have a different 

impact upon adding a surfactant in a sufficient concentration to impact the system. The effect 

ŎŀǳǎŜŘ ōȅ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ΨǘƘƛǊŘΩ ŎƘŜƳƛŎŀƭǎ Ƴŀȅ ƻƴƭȅ ōŜ ŘŜǘŜǊƳƛƴŀōƭŜ ǘƘǊƻǳƎƘ ǘƘƻǊƻǳƎƘ 

testing. 

The presence of polymers also can affect a nucleating system. For example, polymers can 

impact the nucleation rate in an aqueous solution of naproxen. This can change upon the 

polymer added to the system and solution supersaturation [68]. When the polymer PVP was 

added, an increase in the nucleation rate was observed at all levels of supersaturation tested. 

However, when a different polymer, HPMC, was added to the solution when ὛṂρȢσȟ the 

nucleation rate was higher than in the absence of the polymer. However, when Ὓ ṃρȢσȟ the 

nucleation rate falls below what would be expected in the absence of this polymer [68]. 

The growth of crystals can also be affected by impurity chemicals. For example, molecular 

simulations have shown that surfactants can inhibit the growth of crystals by inhibiting the 

incorporation of new crystal units [67]. These effects can be seen under electron microscopy 

as the morphology of the crystals is altered by the presence of the surfactant. As the 

morphology of the mefenamic acid were drastically altered by the presence of the DOSS 

surfactant [67]. 

Impurities can also alter the width of the dead zone,  the degree of supersaturation required 

to cause any measurable growth [28]. When low concentrations of potassium ferrocyanide 

are added to an aqueous sodium chloride solution, increases in the width of the dead zone 

are shown to increase with the concentration of potassium ferrocyanide. This increase in the 

dead zone width is two-sided as the magnitude of undersaturation required before the 
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crystal begins to dissolve also increases. However, the effect on either side of the solubility 

curve is unequal. The impact on the level of supersaturation required to initiate growth is 

much higher than the level of undersaturation required to begin the dissolution of the crystal 

[69]. 

2.9 Crystal Growth and Dissolution 
While solubility is a thermodynamic property, the dissolution of solids into solution is a 

kinetic property. The rate a solid will dissolve into a solvent depends on a range of factors, 

including the diffusion coefficient of that solute in that solvent or solvent mixture. The rate 

at which a solid dissolves into a solution is given by Equation 2:15 [70], [71] where the change 

in crystal mass over time  is determined by not only the concentration ὧ, the solubility 

ὧᶻὸ  but also the diffusion coefficient Ὀ , crystal surface area ὃ and the thickness of 

the boundary layer surrounding the crystal Ὤ as determined by Equation 2:16: 

ὓ‏

ὸ‏

Ὀὃ

Ὤ
ὧz Ὕ ὧ 

Equation 2:15 

However, the model described by Equation 2:15 does not acknowledge the existence of the 

dead zone as Equation 2:15, as this would predict that the mass of crystalline materials would 

grow or fall in a very slightly super or undersaturated solution, respectively [28], [69]. 

The thickness of the boundary layer surrounding the dissolving particle depends on the 

dynamics of the surrounding fluid. The thickness of this diffusion layer is given by Equation 

2:16. Which includes dimensionless Reynolds number, used to define the ratio of forces from 

viscous and inertial components and Schmidt number, used to quantify the ratio of viscosity 

and diffusivity [74]. 

From Equation 2:16, it can be deduced that increasing the surrounding fluid's velocity 

concerning the crystal increases the Reynolds number ὙὩ and thereby decreases the 

thickness of this layer Ὤ, increasing the rate at which the solid dissolves. However, this 

dissolving substance will impact the density and viscosity of the solution [72], where the 

Schmidt number Ὓὧ and the characteristic length of the crystal ὒ also impact on the 

thickness of the boundary layer that can be supported. 
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Equation 2:16 

Equation 2:15 can also apply to the growth of crystals if crystal growth is considered the 

inverse of crystal dissolution by the diffusive theory. Assuming a concentration gradient 

surrounding any present crystal allowing diffusion to occur from the bulk of the solution to 

the crystal surface [73]. When dissolution is occurring, this gradient is inverted where the 

concentration decreases as the distance from the crystal surface increases. 

The rate of crystal dissolution can be independent of bulk solute concentration. For example, 

if the solution is very undersaturated (i.e., Ὓ < 0.15), then the dissolution rate can be 

described by Equation 2:17 [74]. 
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Equation 2:17 

Models developed by Abegg et al. allow for the dimension of single crystals to be included 

into the model describing their growth and dissolution. However, these models are empirical 

and require that the specific correlation be determined for each solute/solvent system at the 

tested environmental conditions. The form of the model is given by Equation 2:18 [75]. In 

this model, the growth rate depends upon the crystal's actual size. 

ὶ ὯὛὝ ὒ 

Equation 2:18 

Where:  

Ὧ Growth Rate Constant 

ὛὝ Supersaturation Ratio 

ὒ Crystal Characteristic Dimension 

ὥȟὦ Exponential Parameters 

However, when in suspension in a solution, the size of particles can influence the solubility 

these tiny particles experience. This is seen where particles on the scale of attrition particles 

can be subject to a solubility higher than the thermodynamic solubility. Since this can alter 

the solubility experienced, this will alter the supersaturation. Therefore, small particles that 

would typically be expected to grow due to the supersaturated bulk solution could behave 
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as if suspended in an undersaturated solution and therefore dissolving. The solubility that 

these particles experience is given by Equation 2:19 [76]ς[78]. 

ὧᶻ Ὕ ὧᶻὝÅØÐ
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Equation 2:19 

With attrition particles being produced in collisions involving the crystal and other parts of 

the suspension or crystalliser, even when the surrounding solution is undersaturated. 

However, when undersaturated solutions are used, these attrition particles are observed to 

dissolve [79]. Therefore, even the bulk solution may be supersaturated. Attrition particles 

could theoretically experience a solubility corresponding to a supersaturation of less than 

one given a particular bulk concentration, allowing a particle in a supersaturated solution to 

dissolve. Therefore, increasing the supersaturation would mean that more attrition particles 

ǿƻǳƭŘ ΨŜȄǇŜǊƛŜƴŎŜΩ ŀ ǎǳǇŜǊǎŀǘǳǊŀǘŜŘ ǎƻƭǳǘƛƻƴ ǘƘŀǘ ǿƻǳƭŘ ŀƭƭƻǿ ǘƘŜǎŜ ŀǘǘǊƛǘƛƻƴ ǇŀǊǘƛŎƭŜǎ ǘƻ 

grow in the bulk solution. 

  



27 
 

 Optical Tweezing 
¢ƘŜ ƭŀǘŜ !ǊǘƘǳǊ !ǎƘƪƛƴ ǿƻƴ ǘƘŜ нлму bƻōŜƭ tǊƛȊŜ ƛƴ tƘȅǎƛŎǎ άŦƻǊ ǘƘŜ ƻǇǘƛŎŀƭ ǘǿŜŜȊŜǊǎ ŀƴŘ 

ǘƘŜƛǊ ŀǇǇƭƛŎŀǘƛƻƴ ǘƻ ōƛƻƭƻƎƛŎŀƭ ǎȅǎǘŜƳǎέ [80]. The development of optical tweezers was not a 

single event but occurred through a series of discoveries and developments over many years. 

3.1 Development 
The first step in optical tweezers development was in 1970 when Ashkin was able to control 

the position of spherical particles along 2 Cartesian axes on the plane perpendicular to beam 

propagation. Using a Gaussian beam, which has the brightest point at the centre and 

decreases in intensity following a Gaussian profile as the radius from the centre of the beam 

increases. Control was not yet possible in the third axis (the beam path) due to beam induced 

scattering [81]. This level of control in these circumstances is only possible if the trapped 

particle acts as a converging lens when the particle has a higher refractive index than its 

surroundings. If the particle acts as a diverging lens (when the refractive index of the particle 

is lower than its surrounding material), this will cause the particle to be pushed out of the 

laser beam. This was checked using air bubbles generated in an 80/20 mixture of glycerol and 

water. The air bubbles observed were pushed from the centre of the beam while being 

pushed in the direction of beam propagation [81]. An obvious method to trap a particle in all 

three Cartesian axes is to use an identical beam propagated opposite to the first, as the 

scattering forces from each beam would negate each other. Without focusing one beam, any 

particle that comes into the path of the beam will be propelled by the beam along its path. 

The ability of a single beam to keep the particle centred is dependent upon the ratio of the 

refractive indices of the particle and its suspending fluid. 

The single laser setup can ΨholdΩ a particle in all three axes if the trapping beam is shone from 

below the particle. This would apply the same gradient force keeping the particle at the 

centre of the beam at some point along its path. Like previously a scattering force is applied, 

ǿƘƛŎƘ ƛƴ ǘƘƛǎ ŎŀǎŜ ƛǎ ŎŀƴŎŜƭƭŜŘ ōȅ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ ǿŜƛƎƘǘΦ When this was performed in a vacuum, 

trapped particles fall to a new equilibrium position compared to trapping performed in a 

suspending media, indicating that the forces on the system have changed. Since trapped 

particles are typically only partially absorbing, the top of the sphere is slightly hotter than the 

bottom, giving rise to a radiometric force operating in the opposite direction to the laser 

propagation. In non-vacuum cases, the surrounding fluid acts as a coolant, and the 

magnitude of this radiometric force applied to the trapped object is proportional to the 
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environmental surrounding the trapped sphere [82], [83]. This setup can study droplet 

interactions as liquid drops can be supported in gaseous surroundings. Trapped droplets can 

be struck from above and below by heavier and lighter droplets, respectively [84]. 

It is possible to induce the trapping along all three Cartesian axes without requiring the 

weight of the particle to be countered by the beam induced scattering. A resultant force  can 

be applied based upon the conservation of momentum, performed by passing the trapping 

beam through a highly converging lens before passing through the trapped particle [85]. The 

lens used in this scenario is a high-magnification microscope lens (x60 or x100) with a high 

numerical aperture. This is when the wavelength of the trapping laser is smaller than the 

particle being trapped, discussed in greater detail in section 3.2.1. In the opposite case, 

where the trapping object is smaller than the wavelength of electromagnetic radiation, this 

is discussed in section 3.2.2. 

3.2 Principles of Operation 
The explanation of how the tweezers operate depends on the relative size ratio of the object 

being trapped and the wavelength of the radiation being used for trapping. 

3.2.1 Ray Optics Regime 
When Ashkin developed the forerunner of optical tweezers in 1970, this used particle that 

was larger than the wavelength of the radiation used to trap it Ὠ ‗. Ray optics describe 

how particles are trapped using pairs of rays passing through the spherical object trapped 

[81], [86]Φ ! Dŀǳǎǎƛŀƴ ōŜŀƳ ƪŜŜǇǎ ǘƘŜ ǇŀǊǘƛŎƭŜ ǊŀŘƛŀƭƭȅ όƭŀǘŜǊŀƭƭȅύ ǎǘŀōƭŜΣ ǿƘŜǊŜ ǘƘŜ ōŜŀƳΩǎ 

intensity is highest at the centre and decreases with increasing radius. Should the trapped 

object drift from the beam's centre, for example when an external net force is applied to the 

trapped particle, the trapping beam's refraction creates a restoring force that returns the 

particle to the centre of the beam. This force is generated as the refraction generates the 

axial momentum of the photons. An example of this is shown in Figure 3:1. 
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Figure 3:1: Radial Stability Example [87] 

In the example shown in Figure 3:1, the particle has drifted out of the centre of the beam by 

ŦŀƭƭƛƴƎ ōŜƭƻǿ ǘƘŜ ǊŜƎƛƻƴ ƻŦ ǘƘŜ ƘƛƎƘŜǎǘ ōŜŀƳ ƛƴǘŜƴǎƛǘȅΦ Lƴ ǘƘƛǎ ǎŎŜƴŀǊƛƻΣ Ǌŀȅ άŀέ ƛǎ ǊŜŦǊŀŎǘŜŘ 

ŘƻǿƴΣ ŀƴŘ Ǌŀȅ άōέ ƛǎ ǊŜŦǊŀŎǘŜŘ ǳǇΤ ƘƻǿŜǾŜǊΣ ǘƘŜǎŜ Ǌŀys are not equally intense. 

{ƛƴŎŜ ǘƘŜ άŀέ Ǌŀȅ ŎƻƳŜǎ ŦǊƻƳ ƴŜŀǊŜǊ ǘƘŜ ōŜŀƳΩǎ ŎŜƴǘǊŜΣ ǘƘƛǎ Ǌŀȅ ǿƻǳƭŘ ƘŀǾŜ ŀ ƘƛƎƘŜǊ ƛƴǘŜƴǎƛǘȅ 

consisting of more photons. Resulting in a net change of radial (lateral) force down on the 

photons. To obey the conservation of momentum, a net upward momentum must also be 

created, on the trapped particle. Thus, causing the particle to move up back to the centre of 

the beam reducing the restoring force applied to the trapped object. This would continue 

until the net force applied to the sphere is zero, returning the trapped particle to the trap's 

centre. However, this would still result in the particle being pushed along the centre of the 

beam. 

While a Gaussian beam alone only allows trapping in two Cartesian axes since scattering 

causes the trapped object to be propelled in the direction of beam propagation, unless 

countered by another force, e.g., gravity. However, this can be countered by highly focusing 

the beam before being refracted by the trapped particle. How this highly focused beam 

interacts with a trapped particle is shown in Figure 3:2. 
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Figure 3:2: Axial Stability Example [86] 

In the direction of beam propagation, the axial momentum of the photons is altered by the 

refraction caused by the trapping particle. The refraction causes the axial momentum of the 

photons to increase in the beam propagation direction. Like the stability in the radial or 

lateral axes, the principle of the conservation of momentum must be obeyed, resulting in a 

net momentum in the direction opposite beam propagation which must be imparted to the 

trapped particle [85], [86]. The imparted momentum opposes the scattering force generated 

by the absorption of a small quantity of the photons imparted to the trapped object. 

When used in combination, stability in all three Cartesian axes is gained, and the position of 

the trapped particle can be controlled. Simple equations can be used to quantify the forces 

applied to the particle by the trap shown in Equation 3:1 [88]ς[90]. Using only the refractive 

index of the suspending medium ὲ , the speed of light ὧ, beam power ὖ  and the 

trapping efficiency ὗ , which typically has a value between 0.03 and 0.1 [86] 

Ὂ
ὲὗὖ

ὧ
 

Equation 3:1 

Since it is possible for a set of tweezers to have a differing trapping efficiency (allowing the 

trap to be stronger in one axis than another) in each of the three Cartesian axes (this could 

be due to a misaligned beam, alteration of the beam profile or if the beam is linearly 
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polarised), and in each of these three axes, the trapping efficiency can change depending 

ǳǇƻƴ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ Ǉƻǎƛǘƛƻƴ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ŜǉǳƛƭƛōǊƛǳƳ Ǉƻƛƴǘ ƻŦ ǘƘŜ ǘǊŀǇǇŜŘ ƻōƧŜŎǘ [91]. 

3.2.2 Rayleigh Regime 
Unlike the ray optics regime in section 3.2.1, interaction between an object whose size is 

smaller than the wavelength of electromagnetic radiation that it interacts with Ὠ ‗ [86] 

is governed by Rayleigh scattering. When operating in the Rayleigh regime the ray optics 

explanations are no longer suitable due to the differences in scattering that are observed 

when the relative dimension of the scattering object and wavelength of radiation that is 

being scattered change. Therefore, the electric field surrounding the trapped particle should 

be considered for the calculation of the component forces, the first of which is scattering. 

This propels the particle in the direction of beam propagation. The scattering force can be 

determined analytically in Equation 3:2 using the beam intensity Ὅ , speed of light ὧ, 

particle radius ὶ, beam wavelength ‗, refractive indices ratio ὔ  and the 

refractive index of the suspending medium ὲ [86]. 
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Equation 3:2 

The gradient force which returns the particle to the equilibrium point can also be determined 

analytically in Equation 3:3 [86], [92], which requires the addition of the electric field density 

Ὁ. 
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Equation 3:3 

To trap an object, the gradient force applied to a particle must be greater than the scattering 

force Ὂ Ὂ . Since both the scattering force and the gradient force scale linearly with 

beam power, simply increasing the beam power will not allow a particle to be trapped that 

cannot be trapped at low power. To achieve trapping in these circumstancesΣ ǘƘŜ ōŜŀƳΩǎ 

focusing must be altered, by using a trapping objective lens with a higher numerical aperture 

(which commonly utilise oil immersion). However, since this is standard practice in the 

operation of optical tweezers this is unlikely to pose any issues [86]. 
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3.3 Making Measurements 
One of the major uses of optical tweezers are for the measurement of force at the microscale. 

Before forces can be quantified, the instantaneous displacement from the equilibrium 

position in each axis must be determined. From this measurement of the distance in each 

axis component parts of the overall force applied to a particle can be determined.  

3.3.1 Position Calibration and Determination 
Quadrant diodes can be used to determine the trapped object's position from the trap's 

centre. Each quadrant of the diode produces a voltage based upon the forward scattering (in 

this case, as backscattering can also be used) of the trapping beam which strikes each section 

of the diode. These individual voltages can then be combined and compared to determine 

the displacement from the trap's centre. One calibration ƳŜǘƘƻŘ ǊŜǉǳƛǊŜǎ ǘƘŀǘ ŀ ΨǎǘǳŎƪΩ 

particle be moved across each axis in the radial (lateral) plane formed by x and y axes 

indicated in Figure 3:3. 

 

Figure 3:3: Coordinate system typically employed in particle trapping. Showing the Cartesian axes (Blue Arrows), 
Tweezing Beam (Red Hyperbola) which follows the path of the z-axis and the trapped particle (Magenta Circle) 
located at the origin. 

From this movement the pairwise voltage difference signal produced recorded as the particle 

is moved through the path of the beam [93], [94]. A region in this trace will form an S-curve 

that will have a linear region in its centre. The gradient of this linear portion can be used to 

convert the voltage signal into a displacement [95]. An alternative method allows the position 

to be determined through secondary analysis of the power spectral density method of force 

z 

y 

x 
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calibration, this is discussed in detail in section 3.3.2.2. Using the low frequency plateau value 

of this spectrum Ὓ  and the determined corner frequency used to determine the strength 

of a particular trapping setup Ὢ  also written as Ὢ , which is the force required per unit 

distance of the displacement of a trapped bead, shown in Figure 3:4 alongside the 

temperature ὝΣ .ƻƭǘȊƳŀƴƴΩǎ Ŏƻƴǎǘŀƴǘ Ὧ , fluid viscosity – and trapped particle radius 

ὶ the position calibration value can be determined by Equation 3:4 allowing the distance 

voltage conversion factor ‏ to be determined which is used to convert the pair wise sum 

voltage output from the quadrant photodiode to the displacement experienced by the 

trapped bead. 

‏
ὯὝ
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Equation 3:4 

3.3.2 Force Calibration 
Numerous methods exist to calibrate the optical tweezers that allow forces involving the 

trapped particle to be measured. In addition, methods can be employed simultaneously to 

check one another to ensure accurate and precise force measurements. 

3.3.2.1 Equipartition Method 

{ƛƴŎŜ ǘƘŜ ǘǊŀǇǇƛƴƎ ƻŦ ǇŀǊǘƛŎƭŜǎ ǘȅǇƛŎŀƭƭȅ ƻŎŎǳǊǎ ƛƴ ŀ ƳŜŘƛǳƳ˟ ŎŀǳǎŜǎ ǘƘŜ ǇŀǊǘƛŎƭŜΩǎ Ƴƻǘƛƻƴ ǘƻ 

be dampened. In any medium, the trapped particle will fluctuate around the focus of the 

ǘǿŜŜȊŜǊ ŦǊƻƳ ǘƘŜ ǘƘŜǊƳŀƭ ŜƴŜǊƎȅ ƻŦ ǘƘŜ ƳƻǾŜƳŜƴǘ ƻŦ ǘƘŜ ƳŜŘƛǳƳΩǎ ƳƻƭŜŎǳƭŜǎΦ hōǎŜǊǾŀǘƛƻƴǎ 

of the trapped particle over a period allow the trap's strength to be determined. The variance 

ǇŀǊǘƛŎƭŜΩǎ ǇƻǎƛǘƛƻƴộὼỚ  in a radial axis allows the trap stiffness (the force required per unit 

distance to cause the displacement of a particle from its equilibrium positionὯ ) in that axis 

(indicated by the subscript Ὥ) to be determined by Equation 3:5 [96], [97]. 
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Equation 3:5 

Since this method is independent of viscous force measurements, fewer system parameters, 

such as the fluid viscosity or the distance to the nearest surface, need to be known. The side 

effect is that since less is required to be known, this also provides fewer outputs, such as the 

dampening characteristics [93]. However, it is required to track the position of the particles 

over a period. The more frequently and precisely this can be measured, the more accurate 
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representation of the trap [94]. However, this method is limited because it is only genuinely 

applicable when trapping spherical particles due to the dynamics involved [91].  

3.3.2.2 Power Spectral Density Method 

The power spectral density method is an alternative and one of the most common methods 

used for determining the trap's stiffness. Where trapped particles are examined, their motion 

can be described as dampened. Modelled by Equation 3:6 [93], [98] where the speed of the 

particle ὼ is also included in the determination of the applied force. 

Ὧὼ ‍ὼ Ὂ 

Equation 3:6 

Where ‍ in Equation 3:6 can be described by Equation 3:7. 

‍ φ“–ὶ 

Equation 3:7 

This allows the variation in the position of the trapped particles to be tracked. In this case, 

the Lorentzian power spectrum of the pairwise voltage, an example of which is shown in 

Figure 3:4, observed is fitted to determine the roll-off frequency, also known as the corner 

frequency, as shown by Equation 3:8. 

 

Figure 3:4: Example Power spectral Density graph. Computed PSD of pairwise voltage signal (Red), fitting of 
Equation 3:8 (Black). Spectrum produced by trapping a 3 micron diameter polystyrene bead [99]. Low frequency 
plateau value also indicated. Ὢ ὧὥὲ ὥὰίέ ὦὩ ύὶὭὸὸὩὲ ὥί ὪȢ 
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Equation 3:8 

The roll-off frequency determination determines the trap's stiffness in each axis in Equation 

3:9. However, this reǉǳƛǊŜǎ ǘƘŀǘ ǘƘŜ ŦƭǳƛŘΩǎ ǾƛǎŎƻǎƛǘȅ ŀƴŘ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ǘǊŀǇǇŜŘ ǇŀǊǘƛŎƭŜ ōŜ 

known. These are not required by the equipartition method described in section 3.3.2.1 

[100]. 

Ὧ ς“Ὢ‍ 

Equation 3:9 

Depending upon the proximity of the trapped particle to a surface, this can mean that the ‍ 

factor used in the calibration of the tweezers be altered to use Equation 3:10 in place of 

Equation 3:7 [101]. 
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Equation 3:10 

Once the  ratio (the ratio of the distance from the centre of the trapped sphere to the flat 

surface Ὤ and ǘƘŜ ǎǇƘŜǊŜΩǎ radiusὶ) exceeds ~3, the impact of the surface is small. 

Therefore, when this distance criterion is true this factor can be neglected, allowing the 

standard beta to be used, shown in Equation 3:9 [94], [102]. 

It is also possible for a particle to be subjected to movement from an outside source, typically 

the stage, in a known fashion. This sine or triangular wave movement provides a way to more 

directly measure the stiffness of forces applied to the trapped particle and, therefore, the 

trap [93]. 

3.3.3 !ǇǇƭƛŎŀōƛƭƛǘȅ ƻŦ IƻƻƪŜΩǎ [ŀǿ 
Once the stiffness of the trap has been determined, the net force applied to the trapped 

particle can be measured. The force applied to a particle causes a specific displacement from 

the equilibrium position in the linear response region. This can be likened to the movement 

ƻŦ ŀ ǎǇǊƛƴƎΣ ǿƘƛŎƘ ƛǎ ŘŜǎŎǊƛōŜŘ ǳǎƛƴƎ IƻƻƪŜΩǎ [ŀǿ ǎƘƻǿƴ ƛƴ Equation 3:11 [97]. 

Ὂ Ὧὼ 

Equation 3:11 
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The stiffness is dependent on the exact tweezing setup used, i.e., different particle material 

sizes and materials, laser power and the numerical aperture of the focusing objective, ideally 

the stiffness of the trap should be independent from the direction in which it is measured. 

When the stiffness of each axis is significantly different from the others, this can be a sign of 

issues with the tweezers, such as the beam diverging from the expected Gaussian profile.  

3.4 Laser-Induced Heating 
Shortly following the use of optical tweezers it was noticed that their use can cause the 

temperature in the region surrounding the focus to rise [103]. Heating can impact the 

trapping conditions as one key factor that is temperature dependent is viscosity of the 

suspension material. In majority of cases these changes are ignored in simple analysis. Many 

crystallisation processes are very temperature sensitive and therefore if the use of the 

tweezers will cause the local temperature to rise, if it cannot be avoided then at least the 

magnitude must be known.  

3.4.1 Heating Models 
Controlling the temperature of the sample being tweezed has also been the focus of 

research. Heating is relatively simple, performed using the tweezers themselves by 

examining the solvent's absorption spectrum and selecting a laser wavelength with a 

relatively high absorption coefficient. This could be the trapping laser, and the heating is a 

secondary effect. Alternatively, a second laser could be used for this purpose. It has been 

possible to fit each objective lens of a tweezing system with a hollow copper plate within 

which chilled water can be circulated to remove excess heat introduced by the trap if this is 

unwanted [104]. These setups are typically very confined. How practical this would be in a 

wide range of setups is still to be seen. 

Multiple models exist for the localised heating induced by the focus of the tweezers. 

However, there are similarities between these models. Some depend on knowing at which 

distance radially from the centre of the trap the temperature can be considered to be 

ambient [104]. Another model devised by Peterman et al. uses the distance axially (z-axis in 

Figure 3:3) from the nearest surface and its temperature to determine the temperature rise 

at the focus of the tweezers [105]. This is given by Equation 3:12 this requires a number of 

factors about the trap (the wavelength of the trapping beam ‗  and the axial distance 

from the surface acting as the heatsink Ὀ ) and the medium (the absorption coefficient at 
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the wavelength of the trapping laser ‌ ‗  and its thermal conductivityὑ ) in 

which it is operating. 
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Equation 3:12 

This model has been used to predict the temperature rise caused by the focus of the 

ǘǿŜŜȊŜǊǎΣ ǇŜǊŦƻǊƳŜŘ ōȅ ǘŀƪƛƴƎ ǘƘŜ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǘǊŀǇΩǎ ŦƻŎǳǎ ŀƴŘ ǘƘŜ ƛƴƴŜǊ ǎǳǊŦŀŎŜ 

of the coverslip. However, the presence of a trapped particle can affect the expected 

temperature rise. Since the trapped particle, with a radius ὶ  is at the focus of a tweezer, 

where the highest irradiance is located, this is almost certain to have a different absorption 

coefficient and thermal conductivity than the suspending fluid. To account for any potential 

difference, a correcting factor must be applied, as seen in Equation 3:13. 
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Equation 3:13 

Where: 

ɝ
‌

ς“ὑ

‌

ς“ὑ

‌

ς“ὑ
 

Therefore, the temperature rise experienced when a trapped particle is held within a trap 

would be determined by Equation 3:14. 

ɝὝ ɝὝ ɝὝ 

Equation 3:14 

The models discussed here are just some of those which have previously been developed, 

and others developed by Walton [106] and Catala [107] do exist and have been used and do 

not appear to directly correct for the presence of a trapped particle.  

3.4.2 Solvent Choice Considerations 
Solvent choice can significantly impact the localised heating induced by the tweezers and the 

wavelength of the laser chosen for the same solvent using a different laser wavelength. 
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Altering the proportion of laser light that the solvent would absorb. This, in turn, would alter 

the temperature rise experienced by the solvent at the focus of the tweezers. This is a 

significant factor for the reported use of D2O in a vast majority of studies which investigate 

nucleation induced by optical tweezers, discussed in detail in section 3.8. Measurement of 

the temperature at the focus of the tweezers using the implementation of Raman 

spectroscopy, by introducing a second probe laser to examine the shift observed, at the focus 

of the tweezers when monitoring the intensity ratio of Stokes-Anti-Stokes scattering [108], 

[109]. 

 

Figure 3:5: Absorption Spectrum of Water in the visible and NIR regions [110]. 

Figure 3:5 shows that water will absorb this in differing proportions for differing wavelengths 

of electromagnetic radiation over a fixed length of a medium. Using a laser in the visible 

region of the EM spectrum would minimise any temperature rise. However, altering the 

wavelength of the laser used, especially in an optical tweezing setup, can be non-trivial. This 

may require changing many other expensive optical components, such as beam splitters and 

other dichroic elements, and replacing the laser source. 

The absorption coefficient can also be determined from the complex part of the refractive 

index using Equation 3:15. This complex part of the refractive index is the extinction 

coefficient [111]. 

‌
τ“ὲ

‗
 

Equation 3:15 
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However, other factors much be considered. Even though using a 975 nm wavelength laser 

in decaline effectively generates no heating in proximity to the trap, other factors much be 

considered. Typical objects that are trapped, in aqueous suspensions, silica and polystyrene 

spheres, a highly common test system. The refractive index of decaline is higher than either 

of these two materials. Therefore, these substances would be pushed out of the trapping 

beam. Furthermore, the particles used must not be soluble in the liquid used. Highlighting 

the issue that it is possible for crystallisation experiments involving optical tweezers to have 

multiple, sometimes opposing constraints. 

3.5 Correction for Non-Isothermal Surroundings  
Due to laser-induced heating, the fluid surrounding the trapped particle is likely to no longer 

be isothermal. This lack of isothermal surroundings complicates thermal motion of some 

particles that have been studied. The surroundings are assumed to be isothermal. It requires 

that this be, at least, considered to accurately describe the forces to which a trapped particle 

is subjected. Non-ƛǎƻǘƘŜǊƳŀƭ ǎǳǊǊƻǳƴŘƛƴƎǎ Ŏŀƴ ōŜ ŀŎŎƻǳƴǘŜŘ ŦƻǊ ǳǎƛƴƎ άIƻǘ .Ǌƻǿƴƛŀƴ 

aƻǘƛƻƴΣέ ǿƘƛŎƘ ŀǘǘǊƛōǳǘŜǎ ŀ ǎƛƴƎƭŜ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǾƛǎŎƻǎƛǘȅ ǘƘŀǘ ǿƻǳƭŘ ƘŀǾŜ ǘƘŜ ǎŀƳŜ ŜŦŦŜŎǘ 

as the non-isothermal system. These are known as the Hot Brownian Motion Temperature 

and Viscosity [112], [113]. Assuming that the localised temperature rise is less than the 

starting temperature, a simplified equation can determine the Hot Brownian Motion 

Temperature shown in Equation 3:16. The HBM viscosity is determined by Equation 3:17 

[114]. 
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Equation 3:17 

Specific constants for Equation 3:16 and Equation 3:17 depend on the solvents used for 

deuterium oxide. The Vogel-Fulcher-Tammann constants are shown in Table 3:1. Where: 

Ὕ  Hot Brownian Motion Temperature  

Ὕz Ὕ Ὕ    

Ὕ Ambient Temperature  
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ɝὝ Induced Temperature Rise  

Ὕ  VogelςFulcherςTammann Law Parameter 

–  Hot Brownian Motion Viscosity 

– Ambient Viscosity 

–  VogelςFulcherςTammann Law Parameter 

ὃ VogelςFulcherςTammann Law Parameter 

Table 3:1: VogelςFulcherςTammann Parameters for Deuterium Oxide. Calculated from NIST (National Institute of 
Standards and Technology) Webbook [115]. 

ὃ 406.9 K 

Ὕ  171.1 K 

–  4.46x10-5 Pa s 

 

Typically, these models are also supplied with a method for determining the variation in 

temperature with increasing distance from the particle's surface. However, these were 

created assuming that the trapped particle would have higher absorption than the 

surrounding medium. Since the typical case is seen with trapped silica or polystyrene, the 

reverse is true where these models to determine the temperature profile surrounding the 

particle have been discounted.  

Elementary calculations have shown that potential impacts would be negligible and therefore 

do not require further consideration. A summary of the final outcomes is shown in Appendix 

I. 

3.6 Alternative Traps 
Multiple optical traps can be used in proximity to each other. An obvious method uses 

multiple sets of optical trapping apparatus near each other. However, more novel methods 

can allow a single beam source to generate multiple traps [116]. It is also possible to use a 

light beam to indirectly trap particles, as in the case of optoelectronic tweezers. 

3.6.1 Time-Sharing Traps 
Trapping multiple objects using a single focus is achievable by moving the focus quickly 

between them. However, the trapped objects impose a limit on the system to return to a 

specific object before it has drifted too far from its original position, requiring the trap to 
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cycle continuously through all the trapped objects. This system has the limitation that all 

trapped objects are located on the same radial (lateral) plane. The trap can be redirected 

using mirrors controlled using galvanometers or piezo motors. The smaller the trapped 

particles ŀǊŜ ǘƘŜ ƳƻǊŜ ŦǊŜǉǳŜƴǘƭȅ ǘƘŜ ǘǊŀǇ ǿƻǳƭŘ ōŜ ǊŜǉǳƛǊŜŘ ǘƻ ΨǾƛǎƛǘΩ ǘƘŜ ǇŀǊǘƛŎƭŜ. The 

frequency of visitation required can be limited by the setup used. Much higher frequencies 

can be achieved by using acousto-optic or electro-optic deflection. However, as the switching 

frequency increases, this also increases the trap locationΩs resolution as much smaller 

movements are possible. Therefore, should multiple traps be required, the requirements of 

the situation will determine what methods could be used [92], [117]. Therefore, there is no 

solution which can be employed which would be suitable for every possible situation. 

3.6.2 Beam Splitting Traps 
As can be ascertained from the time-splitting traps (section 3.6.1), the ability to trap multiple 

objects without the limitations of the time-sharing traps would be beneficial. This is what 

holographic optical tweezers accomplish. Allowing multiple optical traps to be generated 

simultaneously. A spatial light modulator allows patterns of individual traps to be generated 

in arbitrary patterns, modified through time [118]. Another benefit of beam-splitting traps is 

that the patterns generated are not limited to the same radial (lateral) plane as 3D patterns 

can be accomplished. This method can generate a 3D path through which particles can travel. 

Multiple particles can traverse this path simultaneously, with each particle at a different 

point in the path [119]. 

3.6.3 Optoelectronic Tweezers 
More recent advancements in microparticle tweezers were the development of 

optoelectronic tweezers. Using a chamber surrounded by hydrogenated silicon and indium 

tin oxide layers, an alternating current is applied. In this system, light is applied to the layer 

of silicon. However, this does not have the same intensity requirements as optical tweezing. 

Instead of using an optical force, these optoelectronic tweezers utilise a non-uniform electric 

field to act on a dielectric particle [120], [121]. Like tweezers, forces applied to trapped 

particles can be measured by observing the displacement between the particle and a plate 

section boundary between the silicon and indium tin oxide [121]. This form of tweezing has 

been used in situations where the impact of heating in tweezers must be avoided at any cost, 

such as the manipulation and separation of living cells and dead cells, since living cells can 

maintain a difference in ion concentration from their surroundings resulting in a difference 

in conductivity [122]. The use of optoelectronic tweezers would have the benefit of 
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eliminating the heating effects of the tweezing apparatus. However, examining the setup 

required, the indium tin oxide layers are spaced between 15 µm and 150 µm apart. This 

spacing poses practical limitations on the apparatus used; therefore, mounting a crystal 

would be impracticable without causing damage to the crystal itself [121], [123]. Also 

requires specifically designed and created microcells created using hydrogen-doped 

amorphous silicon and indium tin oxide [123]. A diagram of an optoelectronic ǘǿŜŜȊŜǊΩǎ setup 

required being used to manipulate biological cells is shown in Figure 3:6 

 

Figure 3:6: Setup required to operate optoelectronic tweezers [121]. 

3.7 Alternative Uses of Optical Tweezers 
Optical tweezers have been extensively used in a range of other fields. However, these have 

been exploited extensively in investigating biological systems, down to the scale of single 

cells, leading to a wide range of studies investigating biological systems. An example is the 

studies performed on haematids (red blood cells). These have used forces directly applied by 

the tweezers and trappable particles. By using optical tweezers, the mechanical properties 

of red blood cells can be determined. This can be of use as some medical conditions cause 

alterations to the mechanical properties of red blood cells of effected ƛƴŘƛǾƛŘǳŀƭΩǎ ƘŀŜƳŀǘƛŘǎ, 

allowing optical tweezing to be used as a diagnostic tool. Optical tweezers have also been 

used to investigate the side effects of common medications, as the drug Atorvastatin, used 

ǘƻ ƭƻǿŜǊ ŎƘƻƭŜǎǘŜǊƻƭΣ Ƙŀǎ ōŜŜƴ ƻōǎŜǊǾŜŘ ǘƻ άǎƻŦǘŜƴέ ǘƘŜ ŎŜƭƭ ƳŜƳōǊŀƴŜ ƻŦ ǊŜŘ ōƭƻƻŘ ŎŜƭƭǎ 

[91]. 

Optical tweezers also allow for the holding and manipulation of micromachines. In one case, 

a basic pump was created and controlled when two spherical birefringent particles were held 
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on either side of a narrow channel [124], [125]. These particles can be rotated as the circularly 

polarised light possesses angular momentum, transferred to the trapped particles [124]ς

[126]. By altering the trapping power of the laser used, the rotation frequency of the trapped 

ǇŀǊǘƛŎƭŜǎ ŎƻǳƭŘ ōŜ ŀƭǘŜǊŜŘΦ ¢ƘŜ ŦƭƻǿǊŀǘŜ ƻŦ ǘƘŜ άǇǳƳǇέ ǿŀǎ ƳƻƴƛǘƻǊŜŘ ǳǎƛƴƎ ŀ ǘǊacer particle. 

Where the speed at which the tracer moved through the channel was linearly proportional 

ǘƻ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ƻŦ ǘǊŀǇǇŜŘ ǇŀǊǘƛŎƭŜǎΩ ǊƻǘŀǘƛƻƴΦ 

3.8 Optical Tweezing and Crystallisation 
Using optical tweezers, the nucleation and growth of substances can be impacted to induce 

this to occur in places that can be controlled. 

3.8.1 Optical Tweezing-Induced Nucleation 
In a similar fashion to pulsed laser-induced nucleation (section 2.7.1), the original work which 

discovered nucleation induced by optical tweezers required the solutions used to be aged 

[127], [128].  

3.8.1.1 Theory and Proposed Mechanism 

The mechanism by which tweezers can induce nucleation from solution is still a matter of 

active debate. However, there are several hypotheses which currently exist. One major 

ǇǊƻǇƻǎŀƭ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǘƘŜ ǘǿŜŜȊƛƴƎ ŦƻŎǳǎ Ŏŀƴ άƎŀǘƘŜǊέ ǎƻƭǳǘŜ ƳŀǘŜǊƛŀƭ ŎƭǳǎǘŜǊǎ ŦǊƻƳ ǘƘŜ 

solutionΩs bulk. When the focus is located at the air solution interface, this alters the 

relationship between the two forces applied to a trapped object by the tweezing focus. In 

that, the scattering force, which typically pushes objects out of the focus, acts to push objects 

towards the interface, from which there is nowhere else to go. The gradient force still acts 

the same attracting objects radially around the tweezing beam. In this scenario, the two 

forces that usually work against each other are working together [129]. A diagram of this 

scenario is shown in Figure 3:7. This factor of accelerating particles towards the interface was 

used in cases where the numerical aperture was not strong enough to generate the gradient 

force. 
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Figure 3:7: Schematic diagram of the forces operating at flat solution interface. Solution air interface (Blue), 
tweezing beam focus (Red Hyperbola), Gradient force direction (Black Arrows) and Scattering force direction 
(Orange Arrows). The gradient force would operate rotationally around the axis of the beam, this  cannot be shown 
in this 2D diagram, this would have the effect of drawing objects into the plane shown from in front and behind 
the plane of this diagram.. 

The ability of molecular clusters, small numbers of molecules which are in proximity and 

exhibit a localised degree of structuring/order[18], to be trapped has been a point of debate, 

mainly with regards over whether the net trapping force supplied by the tweezers would be 

sufficient to overcome Brownian motion [130]. But it has been observed optical tweezing can 

suppress the Brownian motion experienced by low-mass molecules, as observed using 

fluorescent dyes [131], [132]. 

Nevertheless, this has been rebutted by Liao et al. has been countered by the suggestion that 

any forces from laser-induced heating would be much greater than any trapping forces [130]. 

This heating has commonly been minimised using D2O in many cases. However, the trapping 

of even single atoms has been observed (rubidium) to act as a quantum qubit [133]. 

Therefore, the magnitude that these effects (trapping forces and increased thermal motion) 

would have compared with each other would be critical in determining the ability to trap a 

particle.  

Calculations show that it would be possible to attract clusters to the centre of the focus at 

distances orders of magnitude greater than their own size dimension [18] [134].  

Air 

Solution 
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Other observations have shown that it is possible to separate the components of a binary 

mixture where these two components have a difference in refractive index when operating 

in proximity to specific points in the phase diagram, where the depletion of one component 

following the cooling, after the deactivation of the tweezers. Since the diffusion of mass is 

approximately three orders of magnitude slower than the diffusion of heat, this allows the 

phase to become metastable. This effect can be directly observed when fluorescence 

microscopy shows a region of enhanced concentration of a single component compared to 

the rest of the mixture surrounding the focus of the tweezers [135]Φ ¢ƘŜ ΨŎƻƭƭŜŎǘƛƴƎΩ ƻŦ 

polymer molecules could be measured using a second laser integrated into the optical setup 

whose high-angle backscattering was measured. From this, the signal increased as the 

trapping laser was active [136]. With more recent work showing that concentration of 

fluorescence tagged lysozyme is concentrated at and surrounding the focus as irradiation 

time increased as measured by an increase in fluorescence in the region surrounding the 

focus of the optical tweezers, giving further weight to the idea that optical tweezers are able 

to selectively concentrate a component of a mixture around the focus [137]. With the 

concentration enhancement surrounding the focus occurring more rapidly with increasing 

laser power and bulk solution concentration. 

The significant mechanisms discussed so far, in essence, work on the same principle that the 

tweezing focus can selectively gather one component of the solution or mixture based on the 

difference in the refractive index between the components.  

A completely different hypothesis exists where it has been posited that optical tweezers are 

only capable of acting upon already existing relatively large amorphous solute molecular 

clusters, which was determined to be the case through measurement of the Raman spectra 

produced in situ from the object seen entering the focus, as the Raman spectrometer was 

integrated into the tweezing optics [108]. Following a period trapped by the focus, this 

amorphous cluster is observed to become crystalline through the change of the spectra 

observed, where the amorphous glycine cluster is determined to be transformed into either 

the ‌ or ‎ polymorph [108] which are observed to grow in the solution. 

One other hypothesis is that the use of the optical tweezers requires the addition of an 

additional term Ὅὲ , where Ὅ is the laser intensity and ὲ is the refractive index, to the 

free energy equation, which if assumed to be determined by CNT would be adding the term 

Ὅὲ  to Equation 2:9, this would further reduce the systemΩs free energy, increasing the 
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favourability of the crystalline state [138]. This has the additional advantage in that this does 

not require interactions or even the presence of molecular clusters, which is a point of debate 

and would be a universally applicable factor [129], [130].  

3.8.1.2 Experimental Observations 

When the focus of an optical trap is positioned on the air-solution interface, nucleation is 

observed. In contrast, when the trapΩs focus is elsewhere on the solution, nucleation is not 

observed to occur, including at the solution-container interface [139]. At the solution-

container interface, the trapΩs activation leads to a small region of increased concentration. 

¢Ƙƛǎ ǊŜƎƛƻƴ ǿƛƭƭ ŎƻƴǘƛƴǳŜ ǘƻ ōŜ ǇǊŜǎŜƴǘΣ ǇǊƻǾƛŘŜŘ ǘƘŜ ǘǿŜŜȊŜǊǎ ǊŜƳŀƛƴ ŀŎǘƛǾŀǘŜŘΦ ¢Ƙƛǎ άōŜŀŘέ 

of higher concentration can be made to crystallise instantaneously if the bead is then moved 

to the solution-air interface [140], suggesting that operating at or in-close proximity to the 

interface is key. The hypothesis is that the tweezers can generate a region of increased 

supersaturation because nucleation can be induced to occur in undersaturated solutions 

[141]. This hypothesis is supported by measurements of the increase of refractive index of 

the solution at the focus of the tweezers and DLS (Dynamic Light Scattering) confirming an 

increase in the concentration of large molecular clusters [134], [140]. Tweezers have also 

ōŜŜƴ ƻōǎŜǊǾŜŘ ǘƻ άŎƻƭƭŜŎǘέ ǇƻƭȅǎǘȅǊŜƴŜ ǇŀǊǘƛŎƭŜǎ ŦǊƻƳ ǘƘŜ ōǳƭƪ ƻŦ ǎƻƭǳǘƛƻƴǎΣ ǿƛǘƘ ǘƘŜ ƴǳƳōŜǊ 

of individual particles increasing with time [142]. 

3.8.1.3 Heating Effects 

To limit the effects of laser-induced heating discussed in section 3.4, deuterium oxide is 

typically used as the solvent when experimenting with nucleation and crystal growth directly 

caused by optical tweezers. If the EM radiation used for the optical trap not be focused near 

to the diffraction limit, the laser induced heating can be neglected [128], [143]. An extensive 

range of optical tweezing-induced nucleation and crystal growth have been performed using 

a laser with a 1064 nm wavelength, performed to limit the possible heating effects and alter 

the solubility experienced by the solute, thereby the supersaturation [144]. 

3.8.1.4 Polymorph and Pseudopolymorph Control 

Optical tweezers allow for the position of the nucleation event to be controlled and the  

polymorph of the nucleated crystal. Optical tweezers have been observed to selectively 

ƴǳŎƭŜŀǘŜ ōƻǘƘ ʰ ŀƴŘ ʴ ǇƻƭȅƳƻǊǇƘǎ ƻŦ ƎƭȅŎƛƴŜΦ 5ŜǇŜƴŘƛƴƎ ǳǇƻƴ ǘƘŜ ǎƻƭǳǘƛƻƴΩs supersaturation, 

altering the trapΩs power and the laserΩs polarisation can alter the polymorph produced as 

different light polarisation states are thought to the different behaviour possible when 

trapping different cluster forms [145], [146]. When Ὓ ρ, linearly polarised light produces 
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ǘƘŜ ʰ ǇƻƭȅƳƻǊǇƘΣ ǿƘŜǊŜŀǎ ŎƛǊŎǳƭŀǊƭȅ ǇƻƭŀǊƛǎŜŘ ƭƛƎƘǘ ǇǊƻŘǳŎŜǎ ǘƘŜ ʴ ǇƻƭȅƳƻǊǇƘΦ IƻǿŜǾŜǊΣ 

optical tweezers can induce nucleation in undersaturated solutions [141]. When the 

solutions are exposed to a tweezing focus, the polymorph produced depending upon the 

ǇƻƭŀǊƛǎŀǘƛƻƴ ƛǎ ǊŜǾŜǊǎŜŘΦ Lƴ ǳƴŘŜǊǎŀǘǳǊŀǘŜŘ ǎƻƭǳǘƛƻƴǎΣ ƭƛƴŜŀǊƭȅ ǇƻƭŀǊƛǎŜŘ ƭƛƎƘǘ ǇǊƻŘǳŎŜŘ ʴ 

glycine, and circularly polaǊƛǎŀǘƛƻƴ ǇǊƻŘǳŎŜŘ ǘƘŜ ʰ ǇƻƭȅƳƻǊǇƘΦ !ǎ ǿŜƭƭ ŀǎ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ ŎƻƴǘǊƻƭ 

crystal polymorph, pseudo-polymorph control is also possible on either side of the saturation 

line regardless of the laser power or polarisation that only one pseudo-polymorph will form 

when Ὓ ρ the monohydrate form of L-Phenylalanine, however when Ὓ ρ the anhydrous 

crystal form will be produced. The proportion of each pseudo-polymorph produced when 

saturated solution is used can be altered depending upon the laser power and polarisation 

used to generate the tweezers [147]. Not only can the chemical form be controlled, but the 

morphological form of the crystal produced can be impacted to allow some control over this 

by being able to have some impact on the morphological form of potassium chloride [148]. 

With work now beginning to explore the possibility of enantiomorph control [149]. 

Most research that has been performed upon optical tweezing-induced nucleation was 

performed in organic molecules, especially amino acids such as glycine [128], [139], [141], 

[145], [150], L-phenylalanine [151]ς[153] and lysozyme [154]ς[156]. Nucleation induced by 

optical tweezers is not only limited to organic substances. Lead halide perovskites have been 

observed to nucleate from N, N-dimethylformamide [157]. 

3.8.2 Crystal Growth Influenced by Optical Tweezing 
The crystalline growth of a single crystal can also be altered using the focus of an optical trap. 

When the focus of the trap is positioned in proximity to a crystal not generated by irradiation 

by the tweezers, the growth rate of individual crystal faces can be altered. It is suspected this 

is caused by the trap causing pre-existing clusters to gather at and surround the focus of the 

trap locally. This is partly supported by a hypothesis presented by Tu et al. [154], where it is 

proposed that the tweezing focus is surrounded by a region that has become enriched in the 

solute compared to the bulk solution, as evidenced by the increase in crystal growth rate that 

is experienced. However, this region can also be highly regimented, as evidenced by the fact 

that at first, the growth rate measured when under the influence of the tweezers is partially 

inhibited and that the enhancement of the growth rate only occurs following a structural 

άǊŜƻǊƎŀƴƛǎŀǘƛƻƴέ of the trapped clusters in to a less organised or fixed pattern [154], [158]. 

The crystal face growth rates change depending upon laser power and the length of time of 

irradiation [154]. The hypothesis that the trap contains and is surrounded by a region of 
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higher concentration of crystal-forming units is supported by work performed by Yuyama et 

al. and Singer et al. [136], [151]. 

3.8.3 Indirectly Influenced Nucleation with Optical Tweezers 
Optical tweezing can also influence nucleation outside of the trapΩs focus following the 

cessation of irradiation. A 2018 study was performed by Yuyama et al. to investigate the 

position of nuclei generated surrounding the location of the focus of the tweezers following 

the irradiation [155]. When a hen egg white lysozyme sample was irradiated for one hour for 

1064 nm radiation, the number of nuclei generated was equal to the number generated in 

24 hours in a non-irradiated sample while altering the position where nucleation events 

occurred within the control volume. Use of the tweezers caused the average distance where 

nuclei were observed as the average distance between the nuclei and the focus at the centre 

decreased from 4.7 mm to 2.3 mm though using the tweezers. This also caused the standard 

deviation of the distance to the chamberΩs centre to halve from 2.4 mm to 1.2 mm. Visual 

observation of the nucleation in the absence of the tweezers could describe the position of 

the nuclei as random. In contrast, when the tweezers were used, the position of the nuclei 

was highly concentrated around the position where the trap focus was located. 
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 Methodology and Materials 
This chapter describes the equipment used in this thesis to perform the experimental work 

contained. 

4.1 Crystal16 
The Crystal16, manufactured by Technobis, is a piece of equipment that monitors the 

transmissivity of a beam of light passing through a sample of known composition. This can 

run four sets of four 1 mL samples. Each set of samples can   be set to run through a pre-

programmed temperature and agitation cycle. Measurement of clear and cloud points allows 

the determination of solubility curves, metastable zone widths, and induction times, 

depending upon the programmed cycles. The Crystal16 is shown in Figure 4:1. 

 

Figure 4:1: The Crystal16 Apparatus. 

4.2 Crystalline 
The Crystalline, manufactured by Technobis, has eight individual reactors which can hold an 

8 ml glass vial. The temperature and stirring profile of each reactor can be controlled 

individually. Each reactor can monitor the transmissivity of the vessel used as well as 

monitoring the size and number of solid particles through image analysis. Agitation can be 

performed using a stirrer bar or overhead stirring, allowing different forms of agitator to be 

used depending upon circumstances. The Crystalline apparatus is shown in Figure 4:2. 
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Figure 4:2: The Crystalline Apparatus. 

4.3 ThorLabs Modular Optical Tweezers 
The Modular Optical Tweezers manufactured by ThorLabs were used for tweezing 

experiments in this project. The tweezers were supplied with a 330 mW 975 nm trapping 

laser was brought to a focus using a 100x NA=1.25 oil-immersion objective lens. The original 

setup is shown in Figure 4:3 with a schematic of the base set up, including the additional units 

detailed in section 4.4, is shown in Figure 4:4. 

 

Figure 4:3: The Base setup of the ThorLabs OTKB/M modular optical tweezers. 
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Figure 4:4: Schematic diagram of base optical tweezers OTKB/M, OTKBFM and OTKBFM-CAL  

In the base setup of the tweezers the beam path begins at the diode which is connected to a 

collimator using a single mode patch cable. The beam path is then passed through a beam 

expander and then redirected vertically, following a short pass dichroic, using a pair of 

dielectric mirrors after which it is passed through the objective lens to the trapping plane. 

Following the trapping plane the condensing lens will capture the beam following trapping, 

from here the beam is redirected horizontally again using a short pass dichroic. Once 

horizontal again the beam passes through an imaging lens and neutral density filter to 

position the forward scattering of the trapping beam on to the quadrant photodiode. The 

recorded signal from the quadrant photodiode is then sent to an accompanying PC. The visual 

light to allow video to be recorded is counter propagated to the trapping beam. Following 

the imaging LED source, the light passes through the short pass dichroic and then through 

the condensing and objective lens, then through the steering mirrors and the first short pass 

dichroic that the trapping beam passed through. After this dichroic the light passes through 

a short pass filter, there to protect the camera from laser induced damage, and a tube lens 

to allow imaging to be performed. The video captured is recorded by the same PC used to 

monitor the voltage signal from the quadrant photodiode. 

4.4 Optical Tweezers Additional Units 
The two additional installed modules (OTKBFM and OTKBFM-CAL) do not come with the base 

Modular Optical Tweezing setup. The Back Focal Plane Detection Module (OTKBFM) consists 

of a quadrant photodiode used to determine the displacement of any trapped particle from 

the equilibrium position. Strain gauges allow the stage to operate in closed-loop mode to get 

total control regarding the positioning of the stage. The Force Acquisition Module (OTKBFM-
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CAL) is a device that interfaces between the entire optical tweezing setup and a computer to 

allow calibration of the trap and the logging of data from the system, made up of the 

ThorLabs OTKBFM and the OTKBFM-CAL modules. Allowing the tweezerΩs stiffness to be 

calibrated according to the PSD method also allows the detectorΩs sensitivity in each axis to 

be determined. Photographs of these units are shown in Figure 4:5 and Figure 4:6, 

respectively. 

 

Figure 4:5: ThorLabs OTKBFM. 

 

Figure 4:6: ThorLabs OTKBFM-CAL. 
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4.5 Modified Optical Tweezers 
To allow a more powerful laser to be used in conjunction with the existing setup, slight 

modifications were introduced to allow the 1064 nm laser to be introduced to the beam path. 

The used laser was supplied by CNI and is shown in Figure 4:7. The existing optics and other 

components supplied with the base OTKB and two additional units OTKBFM and OTKBFM-

CAL were also suitable for used with the as the quadrant photodiode was still relatively 

sensitive at 1064 nm. 

 

Figure 4:7: 2 W CNI 1064 nm Gaussian Laser. 

4.6 Crystal Cell 
Solutions exposed to the tweezers focus or being tested examined using only the microscopy 

available with the tweezers was done using a cell constructed of a Grace Bio-Labs Press-To-

Seal-Silicone Isolator, without pressure seal adhesive, seals were achieved by applying 

pressure between the coverslip and isolator. These have a 13 mm diameter well that was 2.5 

mm deep. Each side of this well was closed using a 22 mm by 22 mm #1.5 thickness 

borosilicate glass coverslip. If the cell was to be seeded, this was added following washing, 

and then the solution of interest was pipetted into the well using a Gibson pipette with a 

maximum volume of 200 ˃L. An empty uncovered well, lower coverslip in place, is shown in 

Figure 4:8 as well as a schematic diagram of the complete isolator used in Figure 4:9. How 

the crystal cell is arranged with respect to the objective and condensing lenses is also shown 

in Figure 4:10. 
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Figure 4:8: Crystal Cell Apparatus within a custom 3D-printed mount. 

 

 

 

 

 

 

Figure 4:9: Schematic diagram of silicon isolator used. 
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Figure 4:10: Schematic diagram of the wider trap set-up. Number 1, Objective Lens (Nikon x100 NA=1.25) used for 
focusing trapping laser; Number 2, Condensing Lens (x10); Yellow Solid, Immersion Oil; Blue Diagonal Stripes, 
Number 1.5 thickness silica microscope coverslips and Brown Vertical Stripe, Silicone Gasket. Red Solid Arrow, Path 
of Trapping Laser and Blue Dashed Arrow, Path of Light Source for Imaging Illumination. 

 

4.7 Polar Bear Plus Crystal 
A Polar Bear Plus Crystal, shown in Figure 4:11, was used to put small volumes of solution not 

subjected to agitation through temperature cycles. A machined aluminium block covered by 

an insulating rubber was used on the heating pad to hold and surround the vials used to hold 

a supersaturated solution. The temperature within the block was controlled using a 

thermocouple placed into a drilled hole used to control the blockΩs temperature by altering 

the plateΩs temperature. The Plus Crystal version of this equipment is programmable to 

perform a specific temperature cycles. 

2 

1 
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Figure 4:11: The Polar Bear Apparatus. 

4.8 Cary5000 
The Cary5000 Photospectrometer manufactured by Agilent can measure absorption from the 

UV region of the EM spectrum to the NIR wavelengths. This equipment can measure the 

absorption of both solids and liquids. In cases where this has been used here, measurements 

were performed on solutions. These solutions are held within a Hellma 3.5 mL (Optical Glass, 

optical path length 10 mm) cuvette. The form of cuvette used can differ depending upon the 

measurement made. The choice of cuvette is typically dependent upon the region of the EM 

spectrum under investigation; in this case of this thesis, the cuvette material was optical 

glass. The Cary5000 is shown in Figure 4:12, and the Hellma cuvette in Figure 4:13. 
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Figure 4:12: The Cary5000 Photospectrometer. 

 

 

Figure 4:13: Hellma Optical Glass Cuvette (1 cm Path length). 

measurements were made using the Cary5000 spectrophotometer. This required smaller 

volumes of solution (~3.5 ml) to be tested. Samples were run using a Hellma optical glass 

cuvette with an optical path length of 10 mm. Testing was performed using an averaging time 

of 0.1 s and data interval of 1 nm at a scanning rate of 600 nm/min between a 1200 nm and 

800 nm. A zero-baseline correction was used where two baselines were collected, where 100 

% transmission measurement was taken where the spectrophotometer was empty. The 

second baseline was taken using a 0 % transmission measurement where the beamΩs path 
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was blocked using an opaque plastic puck. Measurements were again taken in random order. 

Since the cuvette was reused before the solution to be measured was inserted, measures to 

wash the cuvette were taken. When solutions with a deionised water solvent were used, the 

cuvette was first rinsed three times using deionised water, then twice using the test solution 

to be measured. The cuvette was filled for a third time using the test solution, and only then 

was this inserted into the spectrophotometer for measurements to be made. When the 

solution used deuterium oxide as a solvent was measured, the solution was first removed 

from the cuvette. This was then rinsed three times using deionised water, then twice using 

acetone. The acetone was then left to evaporate. Once the cuvette was completely dry, the 

following sample was pipetted into the cuvette. In all cases, a new pipette tip was used for 

each solution to prevent any potential cross-contamination between samples. To eliminate 

the cuvetteΩs impact on absorption measurements, dry, empty cuvette measurements were 

taken to correct this impact. 

 

4.9 Matrix-F 
The Matrix-F, manufactured by Bruker, is a NIR spectrometer that can measure multiple 

properties, including but not limited to transmission or transflectance in the NIR region of 

the electromagnetic spectrum, as shown in Figure 4:14. The Matrix-F operates using a Falcata 

XP 12 probe manufactured by Hellma, with multiple tips that can be utilized, allowing the 

optical properties of different path lengths to be measured. The probe is shown in Figure 

4:15. 

 

Figure 4:14: The Matrix-F Spectrometer. 
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Figure 4:15: Falcata XP 12 Transflectance Probe. 

Measurements with the Matrix-F, the Falcata-12 XP probe was used with the 5 mm path 

length tip. Samples were tested by inserting the probe tip into a volume of solution. Samples 

were tested with a background of air, with 32 scans for both the background and sample with 

a scan resolution of 8 cm-1 between 12000 cm-1 and 4000 cm-1 (833 nm to 2500 nm). Samples 

were tested in a random order to eliminate any potential systematic error. Between each 

sample, the probe tip was washed using multiple deionised water rinses. The probe tip was 

dried using paper towels and left to dry entirely before insertion into the following sample. 

Since the tip of the Falcata-12 probe is tightened each time this is used, there is the possibility 

that the path length deviates slightly from the advertised path length. Therefore, the path 

length used for calculations was determined from the pure water measurement at the 

wavelength of interest, 975 nm. Multiple absorption measurements allow linear best-fit 

trends to be determined. 

4.10 Tensor II 
The Tensor II, manufactured by Bruker, is a Fourier Transform Infrared spectrometer, this 

was used to measure infrared absorption of solid samples, powders, and single solid 

particles. By measuring absorption across a wide spectral range of a sample, which can be 

used to determine the form (i.e., the polymorph) of the present material. The Tensor II is 

shown in Figure 4:16. 

 

Figure 4:16: The TensorII FTIR Infrared Spectrometer. 
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Measurements were examined with FTIR using an average of 32 scans at a resolution of 1 

cm-1 between 4000 cm-1 and 400 cm-1 for the background as well as the actual material scan. 

4.11 XRPD 
X-ray powder diffraction was performed using a D8 Discover, manufactured by Bruker, this 

utilizes Cu K‌  and Cu K‌  radiation. This uses a multiwell plate where the samples are 

supported using 7.5 ‘m thick Kapton film secured to the plate using silicon grease. Samples 

were prepared by manual grinding in a pestle and mortar. Ground samples were loaded into 

the wells to an individual uniform single sample height. Intensity data was collected on a —Ⱦ— 

transmission-based geometry with a focusing global mirror.  

XRPD analysis was performed using Cu K‌ and K‌ radiation from the Bruker D8 Discover 

diffractometer between the 2— angles of 4 ° and 35 ° using a step size of 0.017 ° with a scan 

time of 0.5 s per step, on a multiwall plate supported by Kapton film (7.5 ‘m). 

4.12 Power Meter 
The laser beam power was measured by a ThorLabs PT160T laser, where the meter was first 

calibrated using the cover supplied when set to the wavelength of the laser being tested. This 

is shown in Figure 4:17. 

 

Figure 4:17: ThorLabs PT160T Power Meter. 
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4.13 Contact Angle 
Measurement of contact angles was performed using a DSA30 manufactured by Kruss. A 0.8 

mm outer diameter non-bevelled needle allows a single droplet of liquid or solution to be 

dropped onto the surface of interest. The accompanying software allowed the contact angle 

to be determined automatically by determining a baseline, where ellipse fitting is used in 

conjunction with the sessile droplet orientation. The DSA30 is shown in Figure 4:18 

 

Figure 4:18: The Kruss DSA30 Contact Angle. 

4.14 Materials 
A range of materials were used to study the effect of particles and optical tweezing focǳǎŜǎΩ 

on nucleation from solution. 

4.14.1 Glycine 
Glycine is a small organic molecule that has been used for a range of nucleation studies [30], 

[159] as it is the simplest amino acid. This has also been used in a large range of studies 

involving crystallisation induced by optical tweezers [128], [139], [141], [145], [150]. All of 

the glycine used in this thesis was sourced from Sigma Aldrich (< 99 %, for electrophoresis, 

powder) was used without further purification. 

4.14.2 Sodium Chloride 
NaCl was used in this these to act as an inorganic comparison to the experiments involving 

glycine as well to be a system that was not subject to isotope exchange when dissolved in 
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D2O. The NaCl used in this thesis was sourced from Sigma Aldrich (ACS Reagent,  99 %, 

powder) was used without further purification. 

4.14.3 Sodium Bromate 
Further to the tweezing experiments performed using glycine and NaCl as a test substance, 

testing was performed with sodium bromate to determine whether it could nucleate 

individual chiral crystal forms selectively [160]. This compound was selected to allow for in 

situ determination of the chiral form without any offline testing. Factors examined included 

the trapping beam polarisation, solution concentration, solvent isotopologue, and the 

relative position of the beam focus within the solution droplet. The NaBrO3 used in this thesis 

was bought from Sigma Aldrich (for synthesis,  99%, powder) and used without further 

purification. 

4.14.4 Silica Particles 
Silica particles were supplied as a suspension from Duke Scientific, via Fisher Scientific (Series 

8000 Silica Particle Size Standards, 8150) for the purpose of determining their impact on the 

crystallisation of NaCl and glycine from solution when agitated and being held by optical 

tweezing focus. These particles had a diameter of 1.57 ‘m  0.02 ‘ά supplied as suspension 

in H2O at a concentration of 2 % silica, these were used as supplied. 

4.14.5 Polystyrene Particles 
To determine the impact of the material of the particle a second particle material was sought 

as close in size to the original. These polystyrene particles were sourced from microparticles 

GMBH. The particles used were 1.59 ‘ά  0.05 ‘m diameter particles supplied in a 10 % 

solids suspension in H2O (Monodisperse Particles for Research Purposes, PS-R-KM178), and 

were used as supplied. 

4.14.6 Water 
De-ionised water was taken from one of two in house sources; Millipore Ultrapure (18.2 MҠ 

cm) and Millipore Elix 5 (> 5 MҠ cm). 

4.14.7 Deuterium Oxide 
To act as a comparison to regular water deuterium oxide (D2O) was used. This was chosen as 

this is also typically used in optical tweezing setups to eliminate laser induced heating as 

much as possible. Deuterium Oxide (> 99.9 % D Atom, Sigma Aldrich) was used in all cases 

where D2O was used in this thesis without further purification. 
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 Heat Absorption of Tweezing Beams and Trapping Particles 
This chapter primarily examines the temperature effects caused by optical tweezing focuses 

and associated trapped particles. Using a pre-existing Peterman heating model [105], 

absorption measurement at tweezing wavelengths were performed to estimate the 

temperature rises at tweezing focuses. This was performed to determine the potential for 

temperature rises on any tweezing experiment performed. Work later in this thesis examines 

the suitability for substrates for crystallisation experiments in optical tweezers using mainly 

optical criteria particularly when doped with third material microparticles. 

Shortly following the development of optical tweezers, it was noticed that optical traps can 

increase the temperature in proximity to the trapΩs focus [85], [103]. This poses a question 

regarding the temperature that would be in the focus of a highly focused Gaussian beam, 

especially when dealing with highly temperature-sensitive systems/fields. In many cases, this 

temperature rise could impact the trap stiffness as this is dependent on temperature. 

However, when investigating crystallisation from solution, this temperature rise can affect 

the supersaturation experienced when the focus of an optical trap is activated in a solution. 

The solubility of the dissolved species depends on temperature. Therefore, knowing the 

effects of optical tweezers on local temperature is necessary, as temperature control is 

critical during crystallisation operations. 

5.1 Impact of Temperature on Solubility 
To allow nucleation studies to be meaningful requires that the conditions under which the 

kinetics are observed be well defined and for the nucleation to occur within a observable 

timeframe (not over vast periods) Since it can be observed in section 5.7 that optical tweezers 

can increase the local temperature which in turn effects the solubility that any solute would 

experience, thereby changing the ascribed supersaturation and as can be seen from Figure 

5:18 and Figure 5:19 these temperature rises have the potential to be significant. 

To determine how sensitive the supersaturation was to changes in temperature, the 

supersaturation of a range of fixed concentration solutions with supersaturations between 

ρȢρφ Ὓ ρȢςτ at 20 Јὅ was calculated at temperatures up to 30 Јὅ. One of the examples 

shown in Figure 5:1 had a  Ὓ ρȢςτ at 20 Јὅ which was reduced to Ὓ ρȢρφ, the level of the 

secondary nucleation threshold (SNT) of glycine in water [30] as defined through the method 

initially described by Briuglia et al. [29]),  when the temperature was raised 2.5 Јὅ to 22.5 ЈὅȢ 

This decrease in supersaturation is due to an increase in solubility with increasing 



64 
 

temperature as indicated with the fall in supersaturation from arrow 1 to 2 as indicated in 

Figure 5:1. 

 

 

Figure 5:1: Impact of Temperature on Supersaturation of Alpha Glycine in Deuterium Oxide (Calculated using 
Solubility data from [161]) 

In the case of the sodium chloride solution in deuterium oxide, the supersaturation's 

sensitivity is much less sensitive to changes in temperature. Exemplified by the greater than 

10 K temperature rise needed to reduce the supersaturation by 0.01, from 1.04 to 1.03, as 

seen in Figure 5:2. 

1 

2 
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Figure 5:2: Impact of Temperature on Supersaturation on Sodium Chloride in Deuterium Oxide (Calculated using 
solubility data from [162]) 

It is observed that supersaturation levels are much more stable with respect to temperature 

in solutions of NaCl than glycine due to the much shallower solubility curve. 

Estimates of the effects on supersaturation based of this heating model are shown in chapter 

8, using measurements of the solubility of glycine and NaCl in both H2O and D2O made in 

chapter 6. 

5.2 Solubility Impacted by Solvent Isotopologue 
Optical properties are not the only difference that can be observed between isotopologues 

of the same chemical substances. When crystallising from solution, the critical factor which 

needs to be controlled is solubility, which can be different when using different isotopologues 

of the same solvent [161]. 
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Figure 5:3: Comparison of Solubility of NaCl in Normal Water and Heavy Water (Data from Perry's [180]; Eddy 
[162]; Antropoff [181]; Blasdale [182] & de Coppet [183]). Hollow symbols indicate solubility in water, and filled 
symbols indicate deuterium oxide. 

 

Figure 5:4: Comparison of Solubility of glycine in different isotopes of water (Data from WŜƭƛƵǎƪŀ-Kazimierczuk [161] 
and Park [184]) Hollow symbols indicate solubility in water, and filled symbols indicate deuterium oxide. 

Figure 5:3 and Figure 5:4 shows the solubility of sodium chloride and glycine in different 

isotopologues of water. In these solutes, the solubility is lower when deuterium is used as a 

solvent than in regular water. The solubility changes for both solutes appears to be a fixed 

amount when above 20 °C for each solute when the isotope of the solvent is switched from 

H2O to D2O. In the case of glycine, the spread of results that exists above a solubility of 

approximately 350 gsolute/kgsolvent is consistent with other results that have been published 

that are included in Figure 5:4 and other research publications. 
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5.3 Solvent and Particle Absorption 

Different suspension and trapping materials will have different absorption coefficients 

depending on the trapping laserΩs wavelength, and at the same wavelengths, varied materials 

have different absorption coefficients. 

 

Figure 5:5: Absorption Coefficient of Selected Common Solvents (Water , Heavy Water, Toluene and Ethanol) [110]. 
The two trapping laser wavelengths used are indicated. 

Figure 5:5 shows the differences between absorption coefficients across a range of common 

trapping wavelengths, hƛƎƘƭƛƎƘǘƛƴƎ ǘƘŜ ǳǎŜŘ ǘǊŀǇǇƛƴƎ ƭŀǎŜǊǎΩ ǿŀǾŜƭŜƴƎǘƘǎ όфтр ƴƳ ƻǊ млсп 

nm), see chapters 8 and 9. Deuterium Oxide, shown in red, has a much lower absorption 

coefficient at the trapping wavelengths, as shown in Figure 5:5. Since it is clear that the use 

of optical tweezers can induce heating [103]; which in many cases does not pose such a 

significant impact, but this is not the case as temperature control is key in crystallisation 

processes. One way of minimising the temperature rise is to use a solvent/laser combination 

with a low absorption coefficient at the wavelength of the trapping laser. The values shown 

in Figure 5:5 only apply to pure solvents, the addition of solute impacts the overall absorption 

coefficient, which is discussed in section 5.5. The two solvents used in this thesis (H2O and 

D2O) are shown alongside two alternates that are also common solvents to provide additional 

context however it seems like at either of the trapping wavelengths that one of the non-used 

solvents would offer a much lower absorption but can be rejected on grounds of thermal 

conductivity (ethanol) or safety (toluene). 
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Should we desire to trap a particle, this trapped material will have its own absorption 

coefficient for the trapping laserΩs wavelength. Figure 5:6 shows these absorption 

coefficients for four selected common trapping materials, again highlighting the wavelengths 

of the trapping laser. This shows that although the silica particles have the lowest absorption 

of the selected common trapping materials this is not the only criterion for suitability as the 

refractive index must be higher than that of the solvent or solution to which these particles 

are suspended, other criterial may also have to be considered depending upon the exact 

chemical systems chosen. 

 

Figure 5:6: Absorption Coefficient of Selected Common Trapping Materials. Silica [163]. Polystyrene [164]. Soda 
Lime [165]. PMMA [166]. 

As previously stated, with the solvents indicated, one way to minimise the potential 

temperature rises when holding a particle is to trap a particle whose absorption coefficient 

is low at the wavelength of the trapping laser. However, this is not the only factor which must 

be considered. Investigations performed for micro-rheological studies have used lasers with 

a wavelength of 830 nm [167] or 532 nm [168], [169]. When trapping using a 532 nm laser, 

water use would be preferable to heavy water as this has a lower absorption coefficient. 

Alternatively, in situations where limitations are caused by a lack of alternative optics and 

diodes when water would be used as a solvent, this would require that deuterium oxide be 

substituted. D2O has been widely utilised in studies where sets of optical tweezers have been 

used to directly induce nucleation with the trapΩs focus [128], [145], indicating that no one 

optical tweezing set-up would be suitable for all tests which could be envisaged. Therefore, 

due to having the lowest absorption the silica particle would be the ideal candidate for the 
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use when trapping this has the additional benefit of simplifying the calculations used in 

determining the temperature rises, this is discussed later in section 5.6. 

5.4 Refractive Index of Solvents and Particles 

Since many tweezing experiments involve holding a spherical particle at the focus of the 

tweezers. To allow the trapping to occur the refractive index of this particle must be greater 

than that of the suspension material. The refractive indices of common solvents are shown 

in Figure 5:7. 

 

Figure 5:7: Refractive Index of Selected Solvents [110] 

Over the range of wavelengths considered from 500 to 1600 nm, the refractive index is stable 

for these selected common solvents, with each slightly decreasing as the wavelength of the 

EM radiation passing through these mediums increases, as shown in Figure 5:7. One aspect 

to note is the refractive indices of normal water and deuterium oxide. At the shorter end of 

the wavelengths examined, normal water has a higher refractive index than D2O. Whereas at 

the longer end of the wavelengths examined, the regular waterΩs refractive index is lower 

than that of the D2O. Comparing the refractive indices of both the trapped particle and the 

liquid in which it is suspended is essential to trap a particle. However, across the range of 

wavelengths examined, the value of the refractive index was approximately equal, and 

therefore not significant.  
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Figure 5:8: Refractive indices of selected trapping materials. (Data from Silica [170]; Polystyrene [171]; PMMA 
[171]; Soda-Lime [165]) 

For investigations involving particle trapping in aqueous systems, silica particles should be 

suitable as this has a low absorption coefficient and a higher refractive index than the 

ǎǳǊǊƻǳƴŘƛƴƎ ƳŜŘƛŀ ŀǘ ǘƘŜ ǘǊŀǇǇƛƴƎ ƭŀǎŜǊΩǎ ǿŀǾŜƭŜƴƎǘƘΦ IƻǿŜǾŜǊΣ ǘƘƛǎ ǿƻǳƭŘ ƴƻǘ ōŜ ǎǳƛǘŀōƭŜ 

for carbon disulphide. As indicated in Figure 5:7 the refractive index of the carbon disulphide 

is higher than any of the common trapping materials shown in Figure 5:8, this is even before 

there chemical compatibility is considered. 

One potential scenario is when trapping a particle in an ethanol-based suspension media 

requiring a strong trap, it would first be thought of to use a polystyrene particle to have a 

particle whose refractive index is higher than the surrounding fluid for this difference to be 

as large as possible. Even though it could be thought to work, it would not, due to polystyrene 

being soluble in ethanol, requiring an alternate particle material to be used and compensated 

for using a higher laser power to generate a trap with enough stiffness. This does not even 

account for any limitations imposed by laser-induced heating, which could be highly 

situationally dependent. 

Under standard trapping conditions, using a Gaussian beam would not permit particles (of 

the materials shown in Figure 5:8) to be trapped firmly in carbon disulphide, even without 

accounting for laser-induced heating. 

Therefore, given the conditions discussed in this section and section 5.3 use of silica 

suspended in D2O based solutions would be the case where it would have the lowest impact. 
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5.5 Impact of Solute on Refractive Index and Absorption Coefficient 

The absorption coefficient of the solvent may be the main component of the absorption 

coefficient of the suspending solution. However, it is not the only factor as the solute can 

impact the overall coefficient, depending on the solute material and quantity dissolved and 

the wavelength of interest. 

 

Figure 5:9: Absorption coefficient of aqueous sodium chloride solution at a range of concentrations between 0 and 
0.360 g/g [172]. Determined by examining the transmissivity and reflected light through a sample of a known 
thickness of a solution of known concentration. 

From Figure 5:9 concentration of sodium chloride directly impacts the absorption coefficient, 

as determined from the complex component of the refractive index. Although the impact of 

the concentration is independent of the wavelength within the range examined in Figure 5:9 

on the refractive ƛƴŘŜȄΩǎ complex component. When the complex component is converted 

to determine the absorption coefficient the absorption has some slight dependence on 

wavelength due to way the conversion involves wavelength as seen from Equation 3:15. 

However, Li et al. [172] do not provide constants for equations detailing the complex 

component of the refractive index , at 975 nm or 1064 nm. Thereby preventing estimates of 

the associated temperature rises being made from this source. To allow temperature rise 

estimates to be made for the trapping wavelengths of the laser used in this thesis absorption 

measurements were required to be performed, which are reported in section 5.7 and have 

not been performed for glycine solutions at either of the wavelengths of interest. 
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Figure 5:10: Refractive Index of Aqueous Sodium Chloride Solution [172] (Determined by examining the 
transmissivity and reflected light through a sample of a known thickness of a solution of known concentration.) 

The refractive index of the pure solvents is the first step that must be considered to trap 

particles. In this case, it may be possible for a particle to be trapped in a pure solvent. 

However, this may change depending on whether solute is dissolved into the solvent, what 

that solvent is, and the wavelength under examination. In the case of sodium chloride 

solution, even at concentrations nearing the solubility, the refractive index, shown in Figure 

5:10, will be below that of any of the particles shown in Figure 5:6, indicating that any of 

these materials could be trapped using a laser at the wavelength of 975 nm or 1064 nm. It is 

possible that this increase in refractive index of the solution could limit the ability of inducing 

nucleation from solution as one stated hypothesis relies on a difference in refractive index to 

allow the separation to occur [138]. 

5.6 Peterman Heating Model 

The theoretical model developed by Peterman et al. models the temperature experienced at 

the trapΩs centre [105] by modelling the light cone geometry and incorporating the heat 

generated by absorption of the fluid as well as that of the trapped particle, which appears to 

be more important than the particle itself. This prediction first neglects any trapped particleΩs 

presence and then considers this as a correcting factor applied to the temperature rise 

predicted when using a laser with a Gaussian profile. Equation 5:1 and Equation 5:2 can be 

written regarding the temperature rise per watt of laser power used. The temperature rises 

that this heating model predict are with reference to the coverslipΩs interior temperature 

shown in Figure 5:11, this was the environment temperature. Models that have been 
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developed by others (Mao et al. and Haro-Gonzalez et al.) do not directly account for the 

impact of any trapped particle [104], [173]. These  models (Mao et al. and Haro-Gonzalez et 

al.) appear not to be as suitable as trapping either occurs in an exceptionally thin liquid 

chamber [173], or unlike this setup where the trapping occurs much closer to one surface 

than the other as this is a limitation of the tweezing equipment as was used in chapters 8 and 

9. Furthermore, the model developed by Mao et al. determines temperature based on 

horizontal temperature change, which is more difficult to determine with the setup as used 

in this thesis [104]. The Peterman model estimates the temperature at the trapΩs centre, or 

when a particle is trapped at the trapped particleΩs centre, indicated by the red rhombus in 

Figure 5:11. This temperature rise is determined by adding the rises predicted by Equation 

5:1 and Equation 5:2, therefore ɝὝ ɝὝ Ὕ Ὕ where Ὕ and Ὕ are the heat sink and 

trap centre temperatures, respectively. How this related to the trap geometry setup is shown 

in Figure 4:10. 

ɝὝ
‌

ς“ὑ
ÌÎ
ς“ὤ

‗
ρὖ 

Equation 5:1 [105] 

Where: 

ɝὝ Temperature Rise Component from Beam (K) 

‌  Absorption Coefficient of Suspension Material (1/m) 

ὑ  Thermal Conductivity of Suspension Material (W/ (m K)) 

ὤ Distance to Heat Sink (m) 

‗ Wavelength of Trapping Laser (m) 

ὖ Power of Trapping Laser (W) 
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Figure 5:11: Geometry Used by Peterman Heating Model [105]. Green Circle, Particle trapped by Laser; Blue Line, 
Interior Surface of Glass Coverslip acting as a heat sink; Black Curves, Focused Trapping Laser and Red Rhombus, 
centre of Trap Geometry. T0, temperature at the trapΩs centre and TD, the temperature at the coverslips inside 
surface acting as the heatsink. Diagram not to scale. A larger-scale diagram of the trapping apparatus is shown 
in Figure 4:10. 

When a particle is trapped, the correcting factor that is required: 

ɝὝ ɝ
‌

ς“ὑ

ÌÎ
ς“ὶ

‗
ρ

ς
ὖ 

Equation 5:2 [105] 

ɝὝ     Temperature Rise Compenent from Particle (K) 

ɝ  Difference between brackets contents of particle 

and suspension Material 

‌  Particle Absorption Coefficient (1/m) 

ὑ  Particle Thermal Conductivity (W/ (m K)) 

ὶ     Particle Radius (m)    

  

Measurements of the heating induced by a 975 nm laser found that the temperature rises 

when trapping a 1000 nm radius silica particle observed using StokesΩ drag methods are 

comparable to the predictions made by the Peterman model in the same circumstances, 

where the force required to move a particle of a known size a determined speed is used to 

determine the viscosity, therefore the temperature of the suspending fluid. This temperature 

rise is an order of magnitude higher in comparison to trappings performed in deuterium 

T0 

TD 

‌ȟὑ  ‌ ȟὑ  

Z 

rp 
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oxide [104]. The implications of individual solvent and particle choice on the heating induced 

by using the trapping laser are discussed in section 5.7. 

However, this is not the temperature that the solution would experience at the interface with 

the particle, as indicated by the green circle in Figure 5:11. As the distance from the centre 

of the trap increases, the temperature elevation from that of the heat sink decreases. This 

change in temperature within the particle can be ignored when the calculations involve silica 

particles as seen in Figure 5:12. This was explained by the fact that the value of ‌Ⱦὑ for silica 

is low and that most of the absorption occurs in the surrounding suspension medium [105]. 

The absorption coefficients and the thermal conductivities of the pure solvent materials and 

the particle materials are given in Table 5:1, as well as a factor used to compare systems at 

individual wavelengths. 

Table 5:1: List of Absorption Coefficients and thermal conductivity at 293 K of solvents and common trapping 
materials. 

Material ♪  

Absorption 

Coefficient 

at 975 nm 

(m-1) 

♪  

Absorption 

Coefficient 

at 1064 nm 

(m-1) 

╚  Thermal 

conductivity 

at 293 K (W/ 

(m K)) 

♪

╚
 

(K/W) 

♪

╚
 

(K/W) 

Solvents 

Water 47.6 [110] 14.4 [110] 0.590 [115] 80.68 24.41 

D2O 1.26 [110] 1.16 [110] 0.589 [115] 2.14 1.97 

Ethanol 6.56 [110] 1.14 [110] 0.167 [174] 39.28 6.83 

Toluene 0.794 [110] 2.16 [110] 1.358 [174] 0.58 1.59 

Particles 

Silica 1.32 [163] 0.71 [163] 1.4 [174] 0.94 0.51 

Soda Lime 56.6[165] 57.5 [165] 0.98 [174] 57.766 58.67 

Polystyrene 2.82 [164] 7.89 [164] 0.12 [105] 23.5 65.75 

PMMA 8 [166] N/A 0.19 [175] 42.1 N/A 
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Figure 5:12: Simulated temperature profile as a function of ” (lateral plane (x-y plane from Figure 3:3) 
displacement) from the centre of the trap geometry of 2-micron diameter particles of selected materials. Also 
shown are measurements of the temperature rise when trapping particles of various material, Filled squares. 
Orange Solid, Melamine Resin (MR); Green Solid, Polystyrene (PS); Blue Solid, Silica (Si); Red Solid (Water), absence 
of particle. The grey band indicates the standard deviation observed in the polystyrene measurements [176]. B is 
a measurement of the temperature rise. 

The use of silica particles allows the temperature at the particle-solution interface to be 

determined without additional considerations, see section 5.7.3, ŀǎ ƛǘ ƛǎ Ŝǉǳŀƭ ǘƻ ǘƘŜ ΨŎƻǊŜΩ 

temperature. However, these simulations may require validation against in situ temperature 

rises under various conditions. Figure 5:12 also shows that when using a 1064 nm wavelength 

laser, the temperature observed at the interface between the particle and the surrounding 

suspension medium is for the materials observed approximately equal (within an order of 

magnitude). When the temperature rises shown in Figure 5:12 are compared with those in 

Figure 5:13, the solvent material significantly impacts the heating. The creators also made 

this observation regarding the heating model [105]. 

Measurements of temperature rises shown in Figure 5:12 and Figure 5:13 were made using 

a trap with a wavelength of 1064 nm. At the wavelength of 1064 nm, glycerol and water have 

an absorption coefficient of 0.214 cm-1 [176] and 0.144 cm-1, respectively [110]. 
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However, as shown in Equation 5:1, thermal conductivity also plays a role in the temperature 

rise and can make what would otherwise be a low-heating scenario be highly heating, as can 

be seen with the case at 975 nm, with ethanol and water. Even though the absorption of 

ethanol is much lower than that of H2O, the thermal conductivity is also lower in ethanol, 

which also has an impact on the temperature rise predicted. 

 

Figure 5:13: Comparison between the Peterman model and actual temperature measurements made through 
viscosity measurements via Stokes drag [176]. Orange lines are predictions made using the Peterman model 
trapping polystyrene particles of varying sizes with two solvents: upper; glycerol, and lower water. Individual 
points are physical measurement of temperature rises when polystyrene particles of a selection of radii were 
suspended in water trapping using an objective with a NA = 1.2 (Triangles) and NA = 1.3 (Inverted Triangles) and 
when suspended in glycerol and trapped using a NA = 1.2 objective (Circles). 

Figure 5:13 compares the heating observed with an actual particle trapped in a beam and the 

predicted temperature rise observed by the Peterman model. Although the Peterman et al. 

modelΩs predictions offer a reasonably accurate method that appears to improve in water 

with increasing particle size, this allows an estimate of the temperature at the interface 

between the suspending solution and the particle to be determined within reasonable 

accuracy. 

Although some discrepancy exists between the temperature rise predicted by the Peterman 

model and the measurements made in Figure 5:13 however it would appear that this model 

can at least determine the order of magnitude of the heating produced. Furthermore, this 

temperature rise would also have minimal impact on the solubility provided the substance 

has a low dependence upon temperature, which is detailed in section 5.1. This slight 

temperature rise would have a minor impact on the stiffness of the trap, this is discussed in 

section 5.7.2. 

ɝ
Ὕ
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5.7 Predicted Temperature Effects in Tweezer Experiments from 

Measurement of Absorption 

Using tŜǘŜǊƳŀƴΩǎ ƳƻŘŜƭΣ as examined in section 5.6 allows the temperature rises when 

tweezing in experimental conditions to be estimated. This f requires that absorption 

measurements be made of solutions at the range of solution conditions which were to be 

used in the tweezers to examine nucleation and growth as these have not been determined 

previously before temperature rise estimates can be performed. 

5.7.1 Absorption of Solutions 

Absorption of solutions was measured using two independent methods to verify each other 

and allow averages to be calculated at each concentration evaluated to determine the 

trends. Since the absorption of the pure solvents (H2O and D2O) are well known, this allows 

for any systematic error to be corrected [110]. 

Known concentrations of sodium chloride and glycine solutions in H2O and D2O were made 

ǳǇΦ ¢ƘŜ ǎƻƭǳǘƛƻƴǎΩ ŀōǎƻǊǇǘƛƻƴ ǿŀǎ ǘŜǎǘŜŘ ƻƴ ǘǿƻ ǇƛŜŎŜǎ ƻŦ ŜǉǳƛǇƳŜƴǘΣ ǘƘŜ /ŀǊȅрллл ¦±-Vis-

NIR Spectrophotometer and the Bruker Matrix-F spectrometer. 

Samples which used deuterium oxide as the solvent were not performed using the Matrix-F 

due to the prohibitive nature of the large solution volume required for testing. 

The absorption coefficient for sodium chloride solutions in water and deuterium oxide are 

shown in Figure 5:14 and Figure 5:15 alongside the relative changes of absorption coefficient 

as the concentration of the solvent was increased with reference to the base pure solvent. 

 

Figure 5:14: Left; Absorption Coefficient of Solutions of Sodium Chloride in Deionised water between 
concentrations of 0 g/g and 0.3 g/g at 975 nm and 1064 nm. Right: relative change of absorption coefficient from 
the pure solvent with increasing solute concentration. 
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In the case of each wavelength examined here, as the concentration of sodium chloride 

increases, the absorption of the solution decreases. The concentration increase impacts the 

measurements made at 1064 nm as the magnitude of the decrease is greater. 

Although the base absorption when using D2O is lower than when using H2O, the addition of 

NaCl to the D2O still causes the absorption coefficient to fall with increasing concentration of 

NaCl at both wavelengths examined, as shown in Figure 5:15. The relative change between 

the two wavelengths was much reduced in the examination of solutions in D2O than H2O. 

 

Figure 5:15: Left; Absorption Coefficient of Solutions of Sodium Chloride in Deuterium Oxide between 
concentrations of 0 g/g and 0.3 g/g at 975 nm and 1064 nm. Right: relative change of absorption coefficient from 
the pure solvent with increasing solute concentration. 

Figure 5:14 and Figure 5:15 shows linear or almost linear changes in absorption coefficient 

are in line with the previous measurements, as determined for a range of concentrations of 

sodium chloride in water between 300 nm and 700 nm [172]. However, at the wavelength of 

975 nm, it appears that, unlike the measurements between 300 nm and 700 nm at 975 nm, 

increasing the concentration causes the absorption coefficient to decrease almost linearly 

with concentration across a wide range of wavelengths. However, the relative increase in 

absorption decreases as the wavelength increases from approximately 460 nm to 700 nm 

[172]. When examining the relative change in the case of both solvents, however, at the same 

concentrations, both the absorption of the wavelengths is different, and the relative impact 

of the presence of sodium chloride is different. The primary reason for this difference is the 

order of magnitude difference observed in both pure solvents at this wavelength (975 nm) 

[110]. Another set of runs has been completed using glycine in water to compare different 

solutes on the absorption of the pure solvent. This is shown in Figure 5:16 and Figure 5:17 
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for glycine solutions in H2O and D2O, respectively alongside relative changes of the trends 

determined.  

 

Figure 5:16: Left; Absorption Coefficient of glycine solutions in deionised water between concentrations of 0 g/g 
and 0.2 g/g at 975 nm and 1064 nm. Right: relative change of absorption coefficient from the pure solvent with 
increasing solute concentration. 

When examining solutions of glycine in H2O increasing the concentration of the solute, the 

effect on the absorption appears to depend on the examined wavelength, as shown in Figure 

5:16. As at 975 nm, the absorption coefficient decreases, and it increases at 1064 nm with 

increasing concentration of glycine from the pure solvent value. However, when glycine 

solution based on D2O were examined at the two wavelengths, the absorption appeared to 

decrease with increasing concentration. At the same time, the changeΩs magnitude 

depended on the wavelength of the light being used for testing, where the decrease was 

much greater when testing with 975 nm than 1064 nm, as shown in Figure 5:17. 
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Figure 5:17: Left; Absorption Coefficient of glycine solutions in deuterium oxide between concentrations of 0 g/g 
and 0.2 g/g at wavelengths of 975 nm and 1064 nm. Right: relative change of absorption coefficient from the pure 
solvent with increasing solute concentration. 

¢ƘŜ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ ǎƻƭǳǘƛƻƴǎΩ ŀōǎƻǊǇǘƛƻƴǎ ŀƭƭƻǿǎ ǘŜƳǇŜǊŀǘǳǊŜ ǊƛǎŜǎ ǘƻ ōŜ ŜǎǘƛƳŀǘŜŘ 

from the linear fists of the data gathered for concentrations that were not directly examined. 

It may be said that the linear fit for the data Figure 5:17 may not be entirely suitable but was 

decided that it would be used due to the use of linear fittings on the remainder of the 

absorption data which gave decent fittings to the data gathered. The fittings of the 

absorption coefficient when using D2O were not performed with as many data points as those 

performed with H2O, therefore it is likely that the errors involved with the fittings are higher 

than that those when H2O was tested. Although since the changes in the temperature rise 

that are predicted when altering concentration are small, even if significant errors are made 

with the exact nature of the trend. It is highly unlikely that this would have a meaningful 

impact on the temperature rises predicted. 
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5.7.2 Impact of Changing Solvent 

  

Figure 5:18: Left; Predicted temperature rise from Peterman model at the interface of silica particles in suspension 
medium of a sodium chloride solution in deuterium oxide at different concentrations of sodium chloride (0-0.30 
gsolute/gsolvent). Trapped using a 975 nm laser (Solid Lines) and 1064 nm laser (Dashed Lines). Right; Predicted 
temperature rise from Peterman model at the interface of silica particles in suspension medium of a glycine 
solution in deuterium oxide at different concentrations of glycine (0-0.15 gsolute/gsolvent). Trapped using a 975 nm 
laser (Solid Lines) and 1064 nm laser (Dashed Lines) 

Using the determined absorption for the ranges of solutions reported in section 5.7.1 as well 

as the known thermal conductivities of these species in solution [177], [178], the Peterman 

model used in Equation 3:14 was used to determine the temperature rises with and without 

the presence of particles held at the centre of the trap geometry. In all cases examined, the 

ΨǇǳǊŜΩ ǎƻƭǾŜƴǘ ŎŀǎŜǎ ǿŜǊŜ ǘƘŜ άǿƻǊǎǘ-ŎŀǎŜ ǎŎŜƴŀǊƛƻǎέ ŦƻǊ ƭŀǎŜǊ-induced heating where the 

increasing concentration caused the temperature rise predicted to decrease. If a silica 

particle was introduced to a particle free trap this would reduce the overall temperature rise 

that would be observed across the range of concentrations examined. When trapping a 

particle of any size in this range, it can also be observed that increasing the concentration of 

the solution will decrease the observed temperature rise. With the maximum possible laser 

power of the two lasers used in this thesis being 330 mW and 2 W for 975 nm and 1064 nm 

respectively could result in a ~0.5 K when using the 975 nm laser and a ~4 K for the 1064 

laser, before accounting for any power losses in the transmission of the laser through the 

optics of the tweezers. 

When normal water (H2O) is used in place of deuterium oxide (D2O), the temperature rise 

that would be observed would be approximately 2-3 higher. This is shown in Figure 5:19. One 

point of note would be that even though the absorption of solutions of glycine in water at 

1064 nm increases with concentration, the predicted temperature rise decreases, due to the 

also increasing thermal conductivity increasing to more than enough to compensate for this 
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increasing absorption, therefore it is clear that factors other than the absorption must be 

considered. 

 

Figure 5:19: Left; Predicted temperature rise from Peterman model at the interface of silica particles in suspension 
medium of a sodium chloride solution in water at different concentrations of sodium chloride (0-0.30 gsolute/gsolvent). 
Trapped using a 975 nm laser (Solid Lines) and 1064 nm laser (Dashed Lines). Right; Predicted temperature rise 
from Peterman model at the interface of Silica Particles in suspension medium of a glycine solution in water at 
different glycine concentrations (0-0.20 gsolute/gsolvent). Trapped using a 975 nm laser (Solid Lines) and 1064 nm 
laser (Dashed Lines) 

To allow a direct comparison the maximum possible temperature rises, per Watt of laser 

power in the case of each pure solvent isotopologue wavelength combination are shown in 

Table 5:2 when operating at the maximum possible trapping distances, the vertical distance 

from the coverslip to the centre of the trap geometry, as the maximum possible distance 

would maximise any potential temperature rise, the case of the objective lens supplied with 

the OTKB setup this was 60 µm as determine from the working distance of the objective lens 

and the thickness of the coverslip used. 

Table 5:2: Predicted maximum temperature rises in pure solvent per Watt of laser power used. 

Predicted Temperature 

Rises (K/W) 

Wavelength (nm) 

975 1064 

H2O 63.3 19.1 

D2O 1.7 1.6 

 

These slight increases in temperature would have a minimal impact on the determined trap 

stiffness and the dissolved substanceΩs solubility. If it were to be assumed that the trap 

stiffness determined is using the equipartition method. Linking the variance in a trapped 

particleΩs position in one axis to the absolute temperature experienced by the system: 
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If assumed that the variance in position is determined through measurements, the only other 

factor that must be determined is temperature. Since this is in the units of Kelvin and 

occurring at room temperature (20 °C or 293.15 K) 
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Therefore, each Kelvin of heating that the system would be subjected to would only result in 

a 0.34 % change in trap stiffness. Therefore, when the trap-induced heating is low, this would 

result in a minimal change to the traǇΩs stiffness. And in the cases of the temperature rises 

given in Table 5:2 the change in the trap stiffness that would occur at the maximum powers 

(330 mW for 975 nm and 2 W for 1064 nm, with the additional assumption that the variance 

in the position of the particles would be fixed to allow a comparison) of the lasers from a 

solution that would exist before the action of the tweezers at 25 °C is given in Table 5:3. 

Table 5:3 Example Changes in Trap Stiffness with increases in temperature. 

Change in Trap Stiffness (%) Wavelength (nm) 

975 1064 

H2O 7 13 

D2O ~0 1 
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This ability to neglect the temperature increase caused by the laser is similar to other 

investigations in crystallisation directly induced by optical tweezers [128], [145]. 

Measurements of temperature rises in deuterium oxide caused by a 1064 nm laser using 

fluorescence where the absorption coefficient is approximately equal to that at 975 nm show 

that temperature rises were found to be on the same order of magnitude predicted by the 

Peterman model [143]. Examinations of conductance in a nanopore have agreed with 

temperature rises predicted by the Peterman model [179]. Even if this temperature rise were 

used as the prediction, the laser's low power would still only give rise to less than a 1 K rise 

in temperature, which would have a negligible impact on the stiffness of the trap. 

Since sodium chloride has very minimal temperature dependence, i.e. large changes in 

temperature has very little impact on the solubility experienced [180]ς[183] while glycine 

would be more impacted due to the solubility being more temperature dependent. This 

temperature rise would also have a negligible impact on the solubility experienced this is 

discussed more in section 5.1. 

5.7.3 Impact of Trapping Material and Trapping Distance 

As demonstrated by Catala [107], shown in Figure 5:12 when materials other than silica are 

used as trapping media the internal structure of the trapped bead is no longer isothermal. 

Therefore, the temperature at the centre of the trapped bead would be different to that at 

its surface with the suspension medium. This adds a further layer of complexity where the 

model developed by Peterman et al. [105] deals with the temperature at the centre of the 

trap geometry. This would not be the temperature that would be experienced by the solution 

in contact with the surface of the bead. This surface temperature would be the accurate 

temperature to use to determine what the solubility and therefore the supersaturation 

would be of the solution at this point. In the soda-lime glass calculation, the calculation of 

the interface temperature involves an additional step than that of the silica, as the soda-lime 

glass has not been demonstrated to be isothermal through the radius of the trapped particle,  

as was the case with silica as shown in Figure 5:12 [176]. The interface temperature between 

the liquid/solution and sphere was approximated using the geometry in Figure 5:20, where 

R1 is the radius from the centre of the geometry to the radius of the volume of the focus 

[105], [107], R2 is the radius of the trapped particle (ὶ in Figure 5:11, and requires that ὶ

ὶΣ ŘǳŜ ǘƻ ǘƘŜ ŀǎǎǳƳǇǘƛƻƴǎ ƳŀŘŜ ƛƴ ǘƘŜ ƳƻŘŜƭΩǎ ŘŜǾŜƭƻǇƳŜƴǘ as the particle has  to have a 

larger radius than the focus) and R3 is the distance from the centre of the trap geometry to 
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the heat sink (Z in Figure 5:11). This heatsink was assumed to be present in the suspending 

substance in all directions at Z distance away from the centre of the trap geometry which 

would exist at Ὕ, in essence the vast relative quantity of material further away from the 

ǘǊŀǇΩǎ ŎŜƴǘǊŜ ŀǘ ƎǊŜŀǘŜǊ ŘƛǎǘŀƴŎŜǎ ǿŀǎ ŀǎǎǳƳŜŘ ǘƻ ōŜ ŜǉǳƛǾŀƭŜƴǘ ǘƻ ǘƘŜ ƘŜŀǘǎƛƴƪΦ In this 

system, the rate of energy transfer is assumed to be constant. This heat transfer was 

considered in two separate sections: the transfer through the particle ὗ  and the 

transfer through the surrounding fluid ὗ  [143]. Were ὝȟὝ Ǫ Ὕ are the corresponding 

temperatures at positions ὶȟὶ Ǫ ὶ respectively. The temperature at ὶ is approximated 

with the temperature at centre as determined by the Peterman model where at radii less 

than ὶ the temperature is assumed to be isothermal. This model also assumes a point source 

for the heat supplied therefore ὗ ὗ . 

 

 

Figure 5:20: Simplified Geometry of the thermal system of a trapped particle and its surrounding suspension 
material. Blue Vertical Grid Area, solute subject to soda lime thermal conductivity (K) and Red Diagonal Grid Area, 
volume subject to suspension materials thermal conductivity of the suspension material. Explanation of 
Dimensions and Temperatures given above in the text. Ὑ; radius of trap centre volume (155 nm for 975 nm laser 
and 169 nm for 1064 nm).Ὑ ; radius of trapped particle. Ὑ ; radius of spherical shell at the distance of the coverslip 
acting as the heat sink, assumed to be 60 ‘ά.  
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Where: 

Ὧ  Thermal Conductivity of the Trapped Particle (W/(m K)) 

Ὧ  Thermal Conductivity of the Suspension Material; (W/(m K)) 

When ὗ  and ὗ  are considered equal; this allows the interface temperature to be 

determined by:  
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In the case of soda-lime glass, the predicted temperature rise at the particle solution 

interface is shown in Figure 5:21. It can be seen that the absorption and thermal properties 

of the surrounding liquid or solution have a much more significant impact than that of the 

trapped particle, as the modelling for a particle with a significantly higher absorption only 

has a minor impact on the maximum temperature that would be experienced at the interface 

of the suspension fluid and the particle. 

Based upon the work the Peterman model it has been possible to determine the temperature 

that would exist at the centre of the trap geometry, however as this would not be what would 

be experience at the surface of the particle and therefore by the solvent directly in contact 

with the trapped particle. 

Figure 5:21 describes the associated temperature rise estimate from that of the heatsink at 

the surface of the non-silica, and therefore non isothermal, particles, as this would be the 
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maximum temperature that would be experienced by the suspending material, which in the 

case of a crystallising system what would be the source of the nuclei, when trapping was 

performed using either a 975 nm or 1064 nm laser. Where the temperature appears to peak 

regardless of the concentration used at ~5.5 K/W when trapping a ~400 nm radius sphere. 

Due to the assumptions that were made in the development of the model determining the 

temperature rises for smaller particles is not possible as this requires that the radius 

attributed to the focal volume be smaller than that of the particle (ὶ ὶ), therefore this is 

a limitation of this model. This limiting factor also applies to the rises determined in Figure 

5:22. 

 

Figure 5:21: Temperature rise predicted at the interfaces of soda lime particles at their interface with the 
suspension media. Calculated in this case of solutions of NaCl in D2O up to a concentration of 0.30 g/g when the 
focus is located 60 ‘m from the heatsink with the trapping performed using a 975 nm laser (solid vertical line, 
giving an ὶ = 155 nm) and 1064 nm laser (dashed vertical lines, giving an ὶ = 169 nm). 
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Figure 5:22: Left; Comparison between the centre temperature rise from that of the heatsink of a trapped soda-
lime particle and the temperature that would exist at the interface with suspension solution when trapped using 
a 975 nm laser in a 0 and 0.30 gsolute/gsolvent solute of NaCl using D2O as a solvent. Right; Comparison between the 
centre temperature rise from that of the heatsink of a trapped soda-lime particle and the temperature that would 
exist at the interface with suspension solution when trapped using a 975 nm laser in a 0 and 0.15 gsolute/gsolvent 
solute of Glycine using D2O as a solvent. 

From Figure 5:22, it is important to note that the temperature at the centre of the trapped 

particle increases steadily as the particle's radius increases. This is due to the particle's higher 

absorption and lower thermal conductivity. However, the temperature at the interface 

between the particle and the suspension material does not increase continuously with size. 

When NaCl is added as a solute at a concentration of 0.30 gsolute/gsolvent, there is minimal 

impact on either temperature, indicating minimal change due to the dissolved species. One 

aspect of this that is highlighted by Figure 5:22 is that as the particle continues to grow in size 

the temperature experience at the core continues to rise given equivalent trapping 

conditions therefore this may limit the power that can be used to trap such particles as they 

may become unstable due to the heating experienced. 

The estimates of temperature rises made in Figure 5:18, Figure 5:19, Figure 5:21 and Figure 

5:22 were made using the maximum theoretical trapping distance (60 µm) possible using the 

Modular Optical Tweezers. It was also assumed that this heatsink temperature existed in all 

directions surrounding the centre of the optical tweezers, partially due to this being the 

closest surface and in all other directions the environment would continue much further than 

in the direction to the heatsink. 

Figure 5:23 shows that as the distance between the trapped object and the inner surface 

decreases, the temperature rises for any given situation decreases. Therefore, in any actual 

trapping experiments, these temperatures rise are the maximum expected to occur. This has 

the built in assumption that since the lower coverslip is in contact with the relatively large 
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mass of the tweezing optomechanics and is therefore isothermal in nature, allowing this to 

be modelled as an isothermal heat sink. 

 

Figure 5:23: Left; Predicted Temperature Rise of Differing Radius Silica Particles in Pure Deuterium oxide at various 
trapping distances trapped using a 975 nm laser (Solid Lines) and a 1064 nm laser (Dashed Lines). Right; Predicted 
Temperature Rise of Differing Radius Silica Particles in pure water at various trapping distances trapped using a 
975 nm laser (Solid Lines) and a 1064 nm laser (Dashed Lines). 

Although it is important to understand heat transfer in the geometry surrounding the 

tweezing focus, Figure 5:23  highlights the ability of a nearby surface acting as a heatsink to 

dominate this relationship. Therefore, this distance (between the focus and heatsink) 

becomes one of the most important factors. Varying this distance can induce significant 

differences, especially when using H2O as a solvent (suspension medium), which is ever more 

needed when using a highly heating wavelength (975 nm). 

5.8 Conclusions 

To allow crystallisation to be studied in the context of optically trapping including with 

spherical particles requires multiple considerations not usually part of the design of any 

crystallisation process. The main two being the refractive indices and absorption of 

components to one allow any trapping to occur and to determine the magnitude of any laser 

induced heating, respectively. In an ideal situation, this would allow a wavelength to be 

chosen to allow the trapping to occur while minimising the predicted temperature rise. 

However, in typical situations, the main restriction placed upon systems is the lasers and 

other optics available. Therefore, standard water can be substituted with deuterium oxide in 

aqueous systems for common trapping wavelengths should the laser wavelength caused 

excessive heating. The heating caused can be estimated in these situations, and its effects 

are considered. Therefore, based on the calculations in this chapter it would be possible to 
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neglect any heating when using D2O as the base solvent. Due to the low temperature 

elevations predicted in cases of typically trapping powers.  
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 Comparison of Nucleation and Growth Kinetics in Water and 

Deuterium Oxide 
 

Sections of this chapter have been published as part of 

J. Hoffmann, J. Flannigan, A. Cashmore, M.L. Briuglia, R.R.E. Steendam C.J.J. Gerard, M.D. 
Haw, J. Sefcik, J.H. ter Horst. The Unexpected Dominance of Secondary over Primary 
Nucleation. Faraday Discussions, 2022, 235, 109-131. DOI: 10.1039/D1FD00098E  

To allow any results from the optical tweezers to be fully understood within the appropriate 

context, any impact of non-typical solvent isotopologues, in this case, deuterium oxide (D2O), 

on crystallisation characteristics (solubility, nucleation and growth) must be fully understood 

on its own. Since it is possible that the effects on crystallisation can be highly specific to 

individual solvent/solvent systems, each of these is required to be explored to some extent. 

In this chapter, two solutes (NaCl and glycine) were tested to understand the impact of 

ŘŜǳǘŜǊƛǳƳ ƻȄƛŘŜ ƻƴ ǘƘŜƛǊ ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ŦǊƻƳ ǎƻƭǳǘƛƻƴ ŎƻƳǇŀǊŜŘ ǘƻ ǊŜƎǳƭŀǊ ΨƭƛƎƘǘΩ ǿŀǘŜǊ 

(H2O). In addition to allowing results elsewhere in this thesis to be interpreted within an 

appropriate context, these results are of interest in their own right as the effect of D2O are 

not typically studied in other general crystallisation investigations. 

6.1 Experimental 

6.1.1 Solubility and Metastable Zone Width 
Metastable zone width measurements were performed with two different solutes (glycine 

and NaCl) using two different solvents (H2O and D2O), using the Crystal16 apparatus, where 

1 g of solvent was added to a 1.5 ml HPLC glass vial. An appropriate mass of solute was added 

to each vial to get the range of concentrations required to determine solubility and 

metastable zone width. Each vial was subjected to the heating and cooling cycle shown in 

Figure 6:1, where the temperature is altered at a rate of 0.3 K per minute, increasing and 

decreasing after reaching 70 °C the first time. Holds at both 70 °C and 5 °C were held for 30 

minutes, with the first rapid heating ramp not used for analysis. 
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Figure 6:1: Temperature Cycle used for Solubility and Metastable Zone Width Determinations. 

Through the cycle shown in Figure 6:1, each vial was agitated using a 2 mm Teflon-coated 

magnetic stirrer bar set at 700 RPM. Transmissivity measurements were taken at one-second 

intervals. At the end of each high-temperature hold, the instrument was tuned (the 

transmissivity reading taken at that point was considered to be 100 % transmissivity). To be 

considered valid, measurements, changes in transmissivity for cloud points (MSZW) and clear 

points (Solubility) had to have occurred during the temperature ramps, and measurements 

of clear or cloud points (changes in transmissivity) during either hold, low or high 

temperatures, were not considered valid and were excluded from the analysis. 

6.1.2 Induction Time Measurements 
From the solubilities measured in section 6.1.1, supersaturations were selected according to 

ǘƘŜ ƛƴŘƛŎŀǘŜŘ ±ŀƴΩǘ IƻŦŦ Ŧƛǘǎ (fitting the natural logarithm of the mole fraction against the 

inverse of the absolute temperature), and induction time measurements made at the two 

solvent scales (Crystal 16, 1 g  and Crystalline, 3 g) [185]. 

6.1.2.1 Agitated Induction Time Measurements 

Induction times were measured using the temperature profile shown in Figure 6:2, where all 

measurements of induction times were performed at 25 °C. This temperature cycle consisted 

of temperature ramps of 5 K per minute, 30-minute holds at 70 °C, and 4-hour holds at 25 °C. 

Similarly, to the metastable zone width measurements, tuning was performed at the end of 

each high-temperature hold. A uniform agitation speed was not applied to all induction time 

measurements and is therefore detailed individually where induction times are reported. 
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Figure 6:2: Temperature Cycle used for agitated induction time measurements. 

Induction times were measured using the transmissivity measurements in Crystalline and the 

Crystal16. Transmissivity measurements were taken at one-second intervals for both 

instruments. The Crystalline also allows analysis to be performed on the particles through 

image analysis taken at no less than 30-second intervals. These images were taken to 

determine the secondary nucleation and growth rates detailed in sections 6.5 and 6.4, 

respectively. 

Although measuring multiple inductions at small volumes where the distribution observed 

can be used to determine nucleation rates and growth times using the model developed by 

Jiang and ter Horst [48] where a primary nucleation rate ὐ and growth time ὸ , to account 

for the time delay between the occurrence of nucleation and detection, are determined. 

using a small number of individual induction time measurements can result in significant 

errors in the nucleation rates and growth times calculated [49]. However, even large datasets 

are still subject to significant error, requiring vast data sets to have any appreciable impact 

on error reduction. 

In the measurement of individual induction times, during individual cycles, monitoring the 

nucleation could have three outcomes: nucleation occurred during the 4-hour isothermal 

hold at the investigated supersaturation, nucleation occurred during cooling, or nucleation 

did not occur during that cycle. Only results where nucleation occurs during the 4-hour hold 

period are used in determining the distribution and, therefore, the primary nucleation rate. 
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Nucleating before the isothermal hold at 25 °C is indicated by the cumulative probability 

distribution having an above zero value at time 0. These are not included in the 

determination of primary nucleation rates. Indication of vials not nucleating by the end of 

the isothermal period is indicated by the data points by not reaching ὖὸ ρ at a time equal 

at 240 minutes on the cumulative probability distribution. 

6.1.2.2 Quiescent Induction Time Measurements 

Quiescent testing was also performed at this scale. Where samples of known weight of NaCl 

were weighed into 1.5 mL HPLC vials, into which 1 g of solvent was added. The vials were 

then sealed using a basic cap. These vials were then subjected to a known temperature 

profile, unagitated, shown in Figure 6:3, using the Polar Bear Plus Crystal produced by 

Cambridge Reactor Design. Afterwards, the vials were transferred to an incubator to be 

observed using webcams, which took still images at regular intervals of the state of the vials. 

 

Figure 6:3: Quiescent Temperature Cycle for Polar Bear Plus Crystal 

When these vials were observed at the end of the 24-hour high-temperature hold, some solid 

NaCl was still visible in the vials, rendering this run void. The procedure was modified as 

agitation was required to ensure that the solute could be fully dissolved for another run. A 

known mass of sodium chloride was added to a laboratory bottle, to which a known mass of 

solvent was added to make the final solution to the desired supersaturations. These solutions 

were then held at 70 °C for 4 hours while agitated using a large Teflon-coated magnetic stirrer 

bar using a magnetic stirring hotplate. The temperature was monitored using a thermocouple 

and an IR thermometer. 
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At the end of this temperature cycle, a mass of solution, to give 1 g of solvent within each 

vial, was pipetted into a 1.5 mL HPLC vial, and then closed using a basic cap within a 

temperature-controlled incubator at 50 °C once all of the vials were loaded and in place, the 

temperature was reduced to 25 °C. These vials were then monitored using webcams which 

took images of the vials at 5-minute intervals for 12 hours. Throughout this isothermal 

period, the temperature was monitored using a pair of thermocouples within the incubator. 

These images were then examined for the presence of crystalline material. 

6.1.3 Seed Production 
In addition to allowing primary nucleation to occur within the vials, a number of experiments 

were subjected to seeding, where a single washed crystal was introduced into the 

supersaturated solutions ,to allowing kinetic parameters to be determined (sections 6.4.2.2 

& 6.5) in a more consistent way, without requiring primary nucleation to occur. To generate 

these seed crystals, a saturated sodium chloride solution in deionised water was created at 

20 °C. This saturated solution was emptied into a petri dish and left in a fume hood to allow 

the liquid to evaporate. Over 24-48 hours, crystals that formed and had grown to a specific 

size were removed and stored for future use. The seeds used were cuboidal in shape and 

measured approximately 3 mm by 3 mm by 2 mm. 

6.1.4 Seeded Secondary Nucleation and Growth Experiments 
Seeds produced according to the procedure in section 6.1.3were used for studies where only 

secondary nucleation kinetics was desired to be known, isolated from any potential effect of 

primary nucleation. For this section, supersaturated samples were prepared by weighing a 

known mass of sodium chloride into a Crystalline 8 ml vial and the correct mass of either 

deionised water or deuterium oxide depending upon what solvent system and 

supersaturation were being studied. These vials were then subjected to a single cycle of the 

temperature profile shown in Figure 6:4. The temperature profile used for the seeded runs 

is shown in Figure 6:4 as only a single temperature cycle can be performed to prevent the 

dissolution of the seed during the following heating ramps and high temperature holds 

altering the concentration of the NaCl dissolved. Where samples are heated from 20 °C to 70 

°C at a rate of 5 °C per minute and held there for 30 minutes, at the end of which the software 

was tuned. Samples are then cooled down to 25 °C at a rate of -5 °C per minute. Samples 

were then held at 25 °C for 60 minutes. When samples reached 25 °C, each vial was 

temporarily removed to add the seed. Before adding the seed, each seed was washed via 
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immersion in ambient temperature pure solvent to remove any particles from the surface 

that would potentially initiate initial breeding [35], [36]. 

 

Figure 6:4: Temperature Cycle used for seeded Secondary Nucleation Studies 

All seeded experiments were agitated using the short shaft three-blade overhead propeller, 

at a speed of 1250 RPM, as used in sections 6.3.1.3 and 6.3.2.2. This was done to prevent 

damage to the crystal as using a stirrer bar that could grind and break apart the brittle sodium 

chloride crystals used following seeding [186], [187]. The reasoning for using the overhead 

stirring at 1250 RPM is discussed in section 6.3.1.3.  

Crowning, the formation of crystals above the liquid level within the vial, was observed 

sometimes with D2O, likely due to a lower fill level in the vial since the D2O density is higher 

and hence volume required for given mass is lower [49]. Therefore, when agitated, this is less 

able ǘƻ ΨǎǿŜŜǇΩ ǘƘŜ ǎƛŘŜ ƻŦ ǘƘŜ ǾƛŀƭǎΣ ǘƘŜǊŜōȅ ōŜƛƴƎ ŀōƭŜ ǘƻ ǊŜƳƻǾŜ ǎƻƭƛŘ ƳŀǘŜǊƛŀƭǎ ŦǊƻƳ ǘƘŜ 

side of the vessel. Therefore, vessels were visually inspected for the presence of crowning 

before the seeds were added to the supersaturated solution. If crowning was observed after 

the temperature cycle, this data was excluded, and the cycle restarted. 

No seeded experiments were performed involving glycine due to the impact that isotope 

exchange could have between the deuterium oxide and glycine molecules in solution [188]. 

Seeded studies of glycine in H2O have been performed by Cashmore et al. [189]. This is the 

benefit of sodium chloride, as there is no possibility of solvent exchange between the solvent 

and the crystallising substance when using D2O. 
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6.2 Solubility and Metastable Zone Widths 

6.2.1 Sodium Chloride 
Like most other substances, sodium chloride has a temperature-dependent solubility. 

However, it must be noted that this dependence is much weaker than many other 

solutes/solvent systems. It can be noted that the solubility of sodium chloride is lower in D2O 

than in H2O, as can be seen in Figure 6:5 across the temperature range examined. One point 

of note is that since the measurement of solubility was performed over a small concentration 

range (less than a difference of 0.02 g/g across the entire range of points) errors in 

measurement become important, therefore masses of solids and liquids were individually 

weighed to 4 decimal places, therefore the concentrations are known to a tiny uncertainty, 

e.g. a concentration of 0.3600 g/g would have a potential error of  0.0001 g/g. 

 

Figure 6:5: Left; Solubility, from clear points (Black Hollow Squares) and Metastable Zone Width (MSZW), from 
cloud points (Red Hollow Circles) of Sodium Chloride in Water. Van't Hoff fitting applied to solubility points (Black 
Dashed Line). Right; Solubility (Black Squares) and Metastable Zone Width (Red Circles) of NaCl in Deuterium Oxide 
(Black Line). Van't Hoff fitting applied to solubility points (Black Solid Line) [185]. 

Only limited metastable zone width measurements exist in literature for NaCl in H2O when 

subject to agitation. However, these only examined the MSZW of solutions whose saturation 

temperature is elevated from room temperature in H2O (50 °C ς 60 °C) [190], [191]. In 1993, 

Ginde et al. reported that the metastable zone width of sodium chloride, when agitated at a 

speed of 100 RPM when cooled at a rate of 10 °C per hour, was 3.6 °C [190], which compared 

to the conditions used for the measurement of the MSZW is cooling more rapidly, however 

agitation is occurring more slowly, suggesting that the agitation speed used in the case of 

aqueous NaCl is more important than the cooling rate.   

Nevertheless, this smaller MSZW should not be unexpected as the agitation speed used here 

was 700 RPM since increasing agitation speed has been shown to shrink the MSZW [192]. 
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Temperature also impacts the average metastable zone width as this region shrinks with 

increasing saturation temperature. The determined MSZW is similar when measured in D2O. 

Figure 6:6 shows good agreement between the solubility data gathered here and previously 

determined values sources [3], [162], [181]ς[183], [193], including the data gathered when 

using deuterium oxide as a solvent. The data gathered here has the additional benefit of the 

entire experimental conditions are known unlike some of the previous sources shown in 

Figure 6:6. It should be noted that the previously available data when using D2O as a solvent 

is much more limited as some of the sources used and detailed in Table 6:1 are multiple 

decades old and gathered from secondary sources. There is reasonable agreement between 

the data gathered here and the results from literature for the solubility in deuterium oxide 

[162]. However, these relate to temperatures outside the region of interest in this thesis, 

25 °C ς 70 °C. Overall, there is good agreement with previously published solubility data for 

both solvent isotopologues [180], [181].  

 

 

Figure 6:6: Comparison of Solubility points and Van't Hoff fittings of NaCl in H2O (Open Symbols and Dashed Line) 
and D2O (Filled Symbols and Solid Line). Also shown are various sources of solubility data from previously published 
sources Antropoff [181], Blasdale [182], de Coppet [183], Mullin [3], Bharmoria [193] and Eddy [162]. Methods 
used to determine solubility from previously published sources are shown in Table 6:1. 
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Table 6:1: Limited Details of reference papers for solubility of sodium chloride in water and deuterium oxide 

Reference Method 

Antropoff [181] Unknown; data gathered from Detherm Database 

Blasdale [182] Titration of chloride Ion 

de Coppet [183] Unknown; data gathered from Detherm Database 

Mullin [3] Unknown; does not detail source of data. 

Bharmoria [193] Gravimetric methods 

Eddy [162] Sealed solubility apparatus using naked eye confirmation [194]. 

 

6.2.2 Glycine 
Figure 6:7 reports solubility of glycine in water and deuterium oxide (clear points) and 

metastable zone width (cloud points) in water and deuterium oxide and a comparison of the 

two sets of solubility data is shown in Figure 6:8. 

 

Figure 6:7: Left; Solubility from clear points (Black Hollow Squares) and Metastable Zone Width from cloud points 
(Red Hollow Circles) of Glycine in Water. Van't Hoff fitting applied to solubility points (Black Dashed Line). Right; 
Solubility (Black Squares) and Metastable Zone Width (Red Circles) of Glycine in Deuterium Oxide. Van't Hoff fitting 
applied to solubility points (Black Line) [185]. 

The solubility of glycine in H2O agrees with a range of previous data. It was assumed that 

since these measurements were performed when undergoing agitation, the ‌ polymorph of 

glycine was produced on crystallisation from solution [16]. The data concerning the solubility 

in D2O is also in reasonable agreement when at the lowest temperatures examined. Although 

ƛǘ ŎƻǳƭŘ ōŜ ǳƴŘŜǊǎǘƻƻŘ ŀǎ ŀ ƎŜƴŜǊŀƭ άǊǳƭŜ ƻŦ ǘƘǳƳōέ ǘƘŀǘ ǎǳōǎǘŀƴŎŜǎ ƘŀǾŜ ƭƻǿŜǊ ǎƻƭǳōƛƭƛǘƛŜǎ 

in D2O than H2O including amino acids [161] and carbohydrates [195], there are some 

exceptions to this rule, e.g. lithium fluoride [196]. The slight discrepancy between the 

solubility results reported for glycine in D2O here and those in Jelinska-Kazimierczuk et al. 
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[161] may be due to their use of fully pre-deuterated solutes and solvents. Under typical 

circumstances of the situations examined here approximately 10 % of the deuterium atoms 

present in the solvent could be exchanged for the hydrogen atoms present in the glycine 

molecules. 

 

Figure 6:8: Left; Comparison of Solubility points and Van't Hoff fittings of Glycine in H2O (Open Symbols and Dashed 
Line) and D2O (Filled Symbols and Solid Line). Right; Comparison of Solubility points and Van't Hoff fittings of 
Glycine in H2O (Open Symbols and Dashed Line) and D2O (Filled Symbols and Solid Line). Also shown are various 
sources of solubility data from previously published sources: Park [184], Seidell [197], Zeng [198] and Jelinska-
Kazimierczuk [161]. Measurement techniques of solubility for reference sources are shown in Table 6:2. 

Table 6:2: Details of Glycine solubility in water Sources 

Reference Method 

Park [184] Differential Scanning Calorimetry 

Seidell [197] Unknown 

Zeng [198] Gravimetric Measurement 

Jelinska-Kazimierczuk [161] Refractive Index Measurements 

 

6.2.3 Polymorphic Effects 
In previous studies of crystallising glycine from aqueous solution show that when the solution 

is agitated using a Teflon coated magnetic stirrer bar, the ‌ polymorph is produced. If this 

stirrer bar is left in the sample unagitated, the ‎ polymorph is crystallised [16]. However, 

previous reports of solubility data for glycine in D2O did not mention the polymorph to which 

this data applied [161]. Therefore, FTIR analysis was performed on the crystals produced at 

the end of the temperature cycle shown in Figure 6:1. Crystals were recovered from the 

seven highest concentration vials used for the solubility when measured in D2O The two 

polymorphs of glycine that can be produced from water by heating and cooling without 
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adding third chemicals, ‌ Ǫ ‎, are typically identified from a pair of absorption peaks. Both 

polymorphs share an absorption peak at ~887 cm-1
. The additional peak observed is 

dependent on the on polymorph examined, found at wavenumbers of ~910 cm-1 or ~930 cm-

1 for the ‌ and ‎ polymorphs, respectively [16], [199]. An example of these absorbance peaks 

(from an ‌ form crystal, shown in black and a crystal produced from solution in D2O, shown 

in blue) is shown as the traces in Figure 6:9, with the wavelengths used to identify specific 

polymorphs highlighted. When the samples were generated from solution in D2O, the solid 

was removed immediately following generation as if ‌ was formed it is possible that as it 

may transform to ‎, as the likelihood of producing ‎ increases as soon as the proportion of 

deuterium increases beyond the natural background level of deuterium in normal water 

[200]. 

 

Figure 6:9: FTIR Absorbance of the glycine before dissolution in the solvent, identified as ‌ (Black) and the Glycine 
recovered from solution in deuterium oxide (Blue). Vertical lines show locations of expected peaks used for non-
deuterated polymorph identification of alpha (Red) and gamma (Green). 

However, since these peaks were not observed in the glycine extracted from crystallisations 

in D2O, this is believed to be caused by the deuteration of the crystalline glycine and therefore 

other peaks in the IR spectrum were first proposed to identify the polymorph of the glycine 

produced, as the peaks associated with certain wavenumbers are moved to alternate 

positions [201]. In the case of the d3-glycine, which is produced by the dissolution and 

recrystallisation of glycine in D2O, the method used here, peaks which are associated with 

particular polymorphs are located at wavenumbers between 3151ς2971 cm-1, 1180ς1165 
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cm-1 and 828ς762 cm-1 for the ‌ polymorph and 3094ς2971 cm-1, 1167ς1153 cm-1 and 824 ς 

787 cm-1 for the ‎ polymorph [188], [202]. A peak can be observed in the trace produced by 

the deuterated sample as shown by the blue line in at ~825 cm-1 this could be recorded by 

either polymorphic form so was not an indicator of one particular polymorph.  

Since these peaks largely overlap, it was decided that another entirely different technique 

would be required to identify the polymorph of deuterated glycine samples. When the dried 

crystalline samples were tested using FTIR were not ground to powder as this has been 

observed to initiate a ‎ to ‌ polymorph transition [203], [204].  To confirm the polymorph of 

the remainder of same 7 examined using FTIR, X-Ray Powder Diffraction (XRPD) was 

performed on the remaining amount of the individual samples. The ‌ polymorph of glycine 

has characteristic peaks at 19.5 ° and 29.7 °, while the ‎ polymorphs peaks are present at 

21 ° and 25.3 ° [16]. The XRPD pattern produced by the deuterated glycine samples were 

compared to a collection of simulated ‌ and ‎ traces of non-deuterated glycine using the 

Mercury software package with data deposited in Cambridge Structural Database [205], 

shown in Figure 6:10 and Figure 6:11, respectively alongside the starting glycine material 

used to highlight if a polymorph transformation occurred. Multiple traces from the simulated 

data are shown for the ‌ Ǫ ‎ polymorphs as multiple different depositions of have been 

placed in the database for each polymorph. The traces produced show that the glycine 

recovered from the end of the Crystal16 solubility experiments was ‎ in the seven cases 

where solid recovery was achieved. Deuteration of the solid glycine has a virtually 

undetectable effect on the PXRD spectra, with minimal differences that may only be 

detectable using an ultra-high-resolution scan, with the possibility of miniscule shifts in the 

positions of the peaks (i.e. < 0.1°) [206], however, it is definitive with regards towards 

polymorph determination, which was the goal of PXRD testing. From Figure 6:10  and Figure 

6:11 slight differences exist between the simulated ‌ and ‎ traces exist as when 

measurements were performed there would be some experimental error and it is possible 

that some of the larger discrepancies could be due to sample misalignment as the differences 

in angle are very small [207]. 
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Figure 6:10: Comparison of simulated PXRD curves of alpha glycine (Red), PXRD curve of glycine for 
electrophoresis, Sigma Aldrich (Black) and Glycine extracted from the end of solubility testing after natural cooling 
in non-agitated deuterium oxide (Blue). 

 

Figure 6:11: Comparison of simulated PXRD curves of gamma glycine (Green), PXRD curve of glycine for 
electrophoresis, Sigma Aldrich (Black) and Glycine extracted from the end of solubility testing after natural cooling 
in non-agitated deuterium oxide (Blue). 

Using either of these techniques individually would not have been sufficient to fully identify 

both the deuteration of the glycine molecules, not highlighted by the PXRD and the 

polymorph, not identified by the FTIR. 
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Several explanations explain why the glycine recovered was the ‎ polymorph. Firstly, since 

the crystals were recovered following the completion of the temperature and agitation cycle 

where the solutions were allowed to cool naturally in the presence of a still Teflon coated 

stirrer bar or, secondly, due to the deuterium oxide solvent increasing the probability of the 

‎ polymorph forming on its own [16], [200]. Finally, due to an unavoidable delay (See 

Appendix B), the time between the samples being generated and tested using XRPD was 

several months, when polymorph transformation could have occurred [208]. So, to be 

definitive in determining what polymorph is forming under the conditions experienced in the 

Crytsal16 during MSZW and solubility measurements, it is necessary to, in essence, catch the 

crystals in the act of crystallising from solution while subject to the same agitation conditions 

as was used in the solubility experiments. 

To be definitive with regards to which polymorph was formed when subjected to the 

conditions used when determining the MSZW and solubility, a single hot/cold temperature 

cycle was carried out where the goal was to determine only the polymorph that forms under 

Teflon-coated magnetic stirrer bar agitation at a speed of 700 RPM. Immediately upon 

crystallisation of the glycine, the solid material produced was removed, dried and ground. 

The resulting PXRD traces are shown in blue in Figure 6:12 and Figure 6:13, comparing those 

to the same set of simulated ‌ and ‎ traces as shown in Figure 6:10 and Figure 6:11, from 

the recovered 9 vessels where nucleation occurred (the nine highest concentrations tested 

between 0.313 g/g and 0.500 g/g) before reaching the low-temperature hold as the blue 

traces in both Figure 6:12 and Figure 6:13. 
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Figure 6:12: Comparison of simulated PXRD curves of alpha glycine (Red), PXRD curve of glycine for 
electrophoresis, Sigma Aldrich (Black) and glycine extracted from the cooling ramp while agitated (Blue). 

 

Figure 6:13: Comparison of simulated PXRD curves of gamma glycine (Green), PXRD curve of glycine for 
electrophoresis, Sigma Aldrich (Black) and glycine extracted from the cooling ramp while agitated (Blue). 

From Figure 6:12 and Figure 6:13, it can be that, in contrast to the previous testing, the ‌ 

form glycine in all circumstances. Therefore, it is reasonable to conclude that the solubility 

determined, shown in Figure 6:8, for the glycine in D2O applied to the ‌ polymorph. It can 

therefore be concluded that the presence of the ‎ form glycine was not the result of the use 

of the deuterated solvent, the exact source of ‎ form glycine would require further testing, 
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but since the goal was to determine the polymorph form during the agitated temperature 

ramps, which was determined, this was not performed. 

6.3 Induction Time Measurements 

6.3.1 Sodium Chloride 
Measurement of induction times of sodium chloride has not been reported previously in H2O 

and D2O. However, this is of interest in its own right and can be used to guide the analysis of 

secondary nucleation characteristics and contextualise many other results. 

The solubility data shown in section 6.2.1 allowed various supersaturations to be determined 

to produce the various concentrations required at 25 °C. For example, the solubility of NaCl 

at 25 °C was determined to be 0.3599 gNaCl/gH2O and 0.3071 gNaCl/gD2O. The compositions of 

the solutions used for induction time measure are shown in Table 6:3 ǿƘŜƴ ǳǎƛƴƎ ǘƘŜ ±ŀƴΩǘ 

Hoff fittings. 

Table 6:3: Composition of solutions used for induction time measurements of NaCl. 

Solvent Concentration (g/g) Supersaturation at 25 °C (S) 

Water 

C*= 0.3599 g/g at 25 °C 

0.3608 1.0025 

0.3617 1.005 

0.3635 1.01 

0.3671 1.02 

Deuterium Oxide 

C*= 0.3071 g/g at 25 °C 

0.3079 1.0025 

0.3086 1.005 

0.3102 1.01 

0.3132 1.02 

0.3163 1.03 

0.3194 1.04 

 

Higher supersaturations could not be examined in H2O due to the limitations of the solubility 

of NaCl in water at 70 °C, as this would have required an alternative heating and cooling 

profile to be used, limiting the ability to compare results. This self-imposed upper-

temperature limit depends on the operated equipment and the solvents used, as the 

complete dissolution of higher concentrations could not be guaranteed. It should be noted 

that there appear to be some issues with the methods of analysis developed by Jiang and ter 
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Horst [48] due to a number of vials nucleating before reaching isothermal conditions, a 

critique of the possible sources of problems that could occur when performing this form of 

analysis is detailed in section 6.3.1.5. This critique discusses issues that may exist with the 

underlying assumptions made in the development of the model by Jiang and ter Horst that 

may not apply in this case [48]. However, this now standard analysis is still presented in 

sections 6.3.1.1 and 6.3.1.3. 

 

6.3.1.1 Crystal16 Scale Agitated 

 

Figure 6:14: Left; Cumulative Probability Distribution Plot of Induction Time Measurements of NaCl in Water, 
agitated using a stirrer bar at 700 RPM at S at 1.02. Right; Cumulative Probability Distribution Plot of Induction 
Time Measurements of NaCl in Deuterium Oxide agitated using a stirrer bar at 700 RPM at S between 1.02 and 
1.04. Crossed Symbols indicate the proportion of total vials which nucleated before reaching isothermal conditions. 
Lines indicate fitting according to Jiang and ter Horst [48]. 

Figure 6:14 highlights the difference in the range of supersaturations that can be examined 

with a maximum of S = 1.02 and S = 1.04 for NaCl in H2O and D2O, respectively. The highest 

possible supersaturations were tested first at this small scale as this would allow the extreme 

possible cases to be tested first to provide an upper bound. Where comparison can be made, 

at S = 1.02, the proportion of vials which nucleate within the low-temperature hold is 

significantly lower when using D2O, as can be seen by the fewer number of black squares in 

Figure 6:14 right than left. To get an approximately equal number of vials to nucleate in D2O, 

an S = 1.03 would have to be used compared to S = 1.02 in regular water. 

6.3.1.2 Crystal16 Scale Quiescent 

When examining S = 1.01 and S = 1.02 solutions in H2O, no crystals formed within any of the 

22 vials examined over the 12-hour observation period for either supersaturation. The 

absence of nucleation was also the case when this was repeated using D2O as a solvent at S 
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= 1.01 and 1.02. None of the 22 vials examined at either supersaturation contained any solid 

material at the end of the observation period.  

This significant reduction in the proportion of occasions where nucleation was observed 

highly suggests that the NaCl/Water and NaCl/Deuterium Oxide systems are highly 

susceptible to the agitation conditions used. Therefore, it may be possible to determine 

induction times should the vessels be observed for periods longer than 12 hours when 

quiescent conditions are used for the low temperature holds. High sensitivity to 

shear/agitation conditions is not unique to NaCl as this very high sensitivity to any form of 

shear has also been observed in urea [19]. 

6.3.1.3 Crystalline Scale  

Since one goal is to determine sodium chloride's secondary nucleation characteristics when 

seeded, using a magnetic stirrer bar with an existing sodium chloride crystal is inadvisable. 

Due to sodium chloride's brittle nature, being an ionic substance [186], [187], therefore, the 

same supersaturations examined with the stirrer bar in this subsection and section 6.3.1.1  

were investigated when agitated by overhead stirring. This will allow a comparison of seeded 

and unseeded samples and different agitation methods and, therefore, shear stresses, with 

the experiments performing dual purposes. 

  

Figure 6:15: Left; Cumulative Probability Distribution Plot of Induction Time Measurements of NaCl in Water, 
agitated using a stirrer bar at 700 RPM at S between 1.0025 and 1.02. Right; Cumulative Probability Distribution 
Plot of Induction Time Measurements of NaCl in Deuterium Oxide agitated using a stirrer bar at 700 RPM at S 
between 1.0025 and 1.02. Crossed Symbols indicate the proportion of total vials which nucleated before reaching 
isothermal conditions. Lines indicate fitting according to Jiang and ter Horst [48]. 

Like the results seen at the smaller scale of 1 g of solvent in Figure 6:14, the same trend can 

be seen in Figure 6:15, at the larger scale of 3 g of solvent. At the supersaturation of 1.02, 90 

% of samples prepared using H2O as a solvent had nucleated before reaching the low-
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temperature hold. A table where the times required at the low-temperature hold point for 

the range of supersaturations tested is shown in Table 6:4. 

Table 6:4: Time after which 90 % of all samples had nucleated when examining the NaCl nucleating from H2O and 
D2O at the scale of 3 g of solvent. 

Supersaturation Time required for Induction to be 

observed in 90 % of samples  (Min). 

% Increase in time required 

for observation in D2O than 

H2O. H2O  D2O 

1.0025 21.65 214.4 890 

1.005 7 84.7 1105 

1.01 17 N/A N/A 

1.02 0 12.8 N/A 

 

Solutions of 1.0025 Ὓ  1.02 in H2O were subjected to induction time measurements when 

agitated using overhead stirring at 700 RPM. None of the samples at any of the 

supersaturations examine were recorded as having nucleated. It was eventually suspected 

that this was due to the inability to suspend NaCl using overhead stirring at 700 RPM. This 

measurement issue resolved itself once the agitation speed was increased to 1250 RPM (the 

maximum possible on the Crystalline). To check that this was indeed the issue offline testing 

was performed as the Crystalline device itself prevented imaging of the entire contents of 

the vial at agitation speeds up to 1250 RPM using suspensions of NaCl in H2O at S = 1.06. 

Examples of the suspensions being agitated at a range of speeds are shown in Figure 6:16. 

Secondary confirmation was checked using a crystalline vial containing a saturated sodium 

chloride solution in deionised water that was agitated using a magnetic stirrer bar. The bar's 

speed was controlled using an external magnetic stirrer. At the agitation speed of 700 RPM, 

the seeds added remained at the bottom of the vial and were repeatedly struck by the stirrer 

bar. This repeated striking remained when the speed was increased to the Crystalline's 

maximum (1250 RPM). Only when the speed was increased to 2000 RPM, this was possible 

as this was performed using a separate overhead stirrer, beyond the Crystalline's maximum, 

was the crystal suspended in solution. However, this was not advisable as the crystal was 

repeatedly struck before being suspended. These experiments could not be performed in the 

/ǊȅǎǘŀƭƭƛƴŜ ƛǘǎŜƭŦ ŘǳŜ ǘƻ ǘƘŜ ƭƻǿ ƴǳƳōŜǊ ƻŦ ƭŀǊƎŜ ǇŀǊǘƛŎƭŜǎ ƛƴ ǎǳǎǇŜƴǎƛƻƴΦ ¢ƘŜ /ǊȅǎǘŀƭƭƛƴŜΩǎ 

cameras are best suiting to very high numbers of tiny particles. 
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Figure 6:16: Photographs of NaCl suspended in  saturated NaCl solution at different agitation rates using a 
downward flow three-blade propeller (100 RPM, 250 RPM, 500 RPM, 700 RPM, and 1250 RPM; Left to Right) 

It can be seen from the images in Figure 6:16, even the typical agitation speed of 700 RPM 

for magnetic bar agitation, when using this overhead stirring does not allow for a significant 

enough proportion of the crystalline material present to be suspended to block the beam 

used for transmissivity measurements. However, when examined using the highest agitation 

speed possible on the crystalline (1250 RPM), a much higher proportion of the solid 

crystalline material is suspended in the solution. Nevertheless, even this speed still permits 

a fraction of the solid NaCl to remain stationary at the bottom of the vial. The measurement 

technique used to measure induction times through transmissivity measurements where 

only a single laser beam is utilised can cause issues when a small quantity of crystalline 

material would be expected to crystallise from the solution. As would be the case in NaCl/H2O 

and NaCl/D2O, only small supersaturations can be generated and returned to low 

temperatures before nucleating. 

A vial that was visually confirmed to contain a crystalline solid was agitated to observe the 

measured transmissivity. At a speed of 700 RPM, the transmissivity was not impacted and 

remained at 100 %. However, when the agitation speed was increased to 1250 RPM, this 

caused a decrease in the transmissivity recorded. Furthermore, the decrease in the 

transmissivity observed in these cases were not total, where the transmissivity falls from 100 

% to 0 %, this could be due to a small number of small crystals being present intermittently 

in the path of the beam blocking it, this would be consistent with a partial decrease in the 
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transmissivity and fluctuating around this decrease value , which was confirmed using the 

crystalline equipment itself. 

To ascertain that the agitator was not inducing cavitation and introducing turbidity. A pure 

deionised water version setup was used. This was tested at the highest speed available on 

the agitator overhead, 2000 RPM. The appearance of the vial at this agitation speed is shown 

in Figure 6:17. 

 

Figure 6:17: Photograph of 8 ml crystalline vial agitated at 2200 RPM using a downward flow three-blade 
propeller. 

Figure 6:17 shows that when the contents of the vials are subjected to overhead agitation of 

2000 RPM, cavitation is not present, therefore it can be assumed not to occur at the lower 

speed of 1250 RPM and therefore can be discounted as a possible concern. 

Induction time measurements of sodium chloride in water and deuterium oxide when 

agitated using an overhead propeller at a speed of 1250 RPM are shown in Figure 6:18. 
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Figure 6:18: Left; Cumulative Probability Distribution Plot of Induction Time Measurements of NaCl in Water, 
agitated using an overhead propeller at 1250 RPM at S between 1.0025 and 1.02. Right; Cumulative Probability 
Distribution Plot of Induction Time Measurements of NaCl in Deuterium Oxide agitated using an overhead 
propeller at 1250 RPM at S between 1.0025 and 1.02. Lines indicate fitting according to Jiang and ter Horst [48]. 

Overhead stirring with a three-bladed propeller shows a marked difference in the induction 

times observed by examining the proportion of samples exhibiting nucleation than when 

using a magnetic stirrer bar. This is best exemplified by the S = 1.02 regular and heavy water 

samples. This can be done by comparing Figure 6:15 and Figure 6:18. When using a stirrer 

bar, 90 % and 14 % of solutions in H2O and D2O had already nucleated at this supersaturation 

before reaching isothermal conditions. All samples had nucleated before the end of the low-

temperature hold. When using the less violent overhead stirring with a three-blade 

downflow propeller, no samples nucleated before reaching the low-temperature isothermal 

hold. Half of each case's total samples had nucleated before the end of the low-temperature 

hold. Furthermore, when solutions of lower supersaturation were used, the number 

nucleated when using this less-vigorous agitation was significantly reduced. 

All samples that nucleated from solution when using the Crystalline were also checked 

through the captured images if any doubt existed in the transmissivity traces. Images were 

examined to ensure the solid included in the vial dissolved and was nucleated from the 

solution. In a small number of individual temperate cycles, the morphology of the crystalline 

material which appeared in view was different from that of most individual induction time 

measurements. The morphology appeared like the particulate solid that appears in view 

when the vials are first agitated. Suggesting an issue with the agitation did not allow a 

material suspension to dissolve fully for the next cycle, when this occurred that particular 

cycle was removed from the analysis and repeated, this was not a common issue (occurring 

only 3 occasions across all of the overhead samples run with NaCl dissolved in D2O) and 
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therefore was not a problem of any real significance. Photographs taken of various 

appearances are shown in Figure 6:19, Figure 6:20 and Figure 6:21 show images of sodium 

chloride before full dissolution, a false positive of a nucleation event where undissolved 

material was suspended at a temperature that would not permit its dissolution, and sodium 

chloride crystals which were formed through nucleation and crystal growth, respectively.  

Figure 6:19 shows a wide distribution of particle sizes and morphologies, ranging from a large 

number of tiny particles to a smaller number of large (~100s of microns in diameter) round 

smooth particles. This is similar to the NaCl particles imaged in Figure 6:20 which were 

initially thought to be a nucleation event but this did not fit what would be expected to be 

seen upon nucleation of NaCl from aqueous solution as was observed in Figure 6:21. In the 

case of an actual nucleation from solution where all of the images of the particles showed 

that they are small, roughly the same size, and cubic in habit. 

In the first interval in Figure 6:20, between images one and two of the top row, shows 

differences in brightness across the imageΩs background, typically seen when differences in 

density are observed. This is a feature associated with differences in concentration in the 

photographed section. 

Seeded studies require a period in which primary nucleation will not occur to ensure the seed 

deposited into each vial is the observed nuclei source. This is impossible when using the 

magnetic stirrer bar, as even at the lowest supersaturation used with H2O allows nucleation 

to occur before isothermal conditions, as seen in Figure 6:15. Another reason for using the 

overhead stirring is the period where isothermal conditions exist before nucleation occurs 

where a seed can be placed into each vial, as seen in Figure 6:18. 
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Figure 6:19: Crystalline Camera Images of Sodium Chloride before full dissolution in H2O. Images were taken at 
30-second intervals, left to right. Scale bar in each image is 500 microns. 

  

  

Figure 6:20: Crystalline images of a false positive nucleation event of sodium chloride in H2O, where undissolved 
NaCl has become suspended in the solution, giving the appearance of nucleation. Images were taken at 30-second 
intervals left to right in each row, then continuing from the left-hand side of the row below. Scale bar in each 
image is 500 microns. 




























































































































































































































































































































































