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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 stud@ne major problem in studies is due to the stochastic
nature of nucleation, causing direct observation to be challengdmg. possible solution to

this is to use optical tweezers to promote nucleation localised to the tweezesfédihhough
temporospatid 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 prelimnary study was conductetb 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 platfaimsstudy
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 ri@teDoping with
spherical microparticles was particle material dependent, with silica promoting nucleation
YR LRfeaidieNBySQa STFSOG oSAaAy3a aeaidsSy |yR
Optical tweezers allow direct controler localised growth of macroscopic crystals with the
effect being dependent upon the solvent isotopologudien using low laser power. Higher
laser power allows the time and position of nucleation to be controllethiwicertain
conditions of supersaturation, laser power and relative locatibthe tweezing focusvithin

the solution. As well as allowing the growth rates of crystals nucleated from bulk
undersaturated solutions to be measured, suggesting the enhancewofathe local solute

concentration in the region surrounding the optical tweezing focus.
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NaCl using D20 as a solvent. Right; Comparison between the centre temperature rise from
that of the heatsink of a trapped sodiime 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
Osolutd Jsoivent SOlute of Glycine using D20 as a SOIVENL..........ucceiiieiiiiieeeeeeeeeeiiiies 89

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 usin§ a®@daser (Solid Lines)

and a 1064 nm laser (DAShed LiNES).......uuuuiieieeiiiiiiieee it 20
Figure 6:1: Temperature Cycle dsefor Solubility and Metastable Zone Width
D tEIMINALIONS . ...ttt e ettt e e e e e e e e e eaaeeas 93
Figure 6:2: Temperature Cycle udedagitated induction time measurements............ 94
Figure 6:3: Quiescent Temperature CycleHolar Bear Plus Crystal.............ccccvvveeeeeen. 95
Figure 6:4: Temperature Cycle used for seeded Secondary NucleatthesSt.............. 97

Figure 6:5: Left; Solubility, from clear points (Black Hollow Squares) and Metastalge Z
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 (®taEk Line). Van't Hoff
fitting applied to solubility points (Black Solid Line) [185]............ccoovvvmvrvieviiceeeieeennn. 98

Figue 6:6: Comparison of Solubility points and Van't Hoff fittings of NaCk@n (Bpen
Symbols and Dashed Line) argDdFilled Symbols and Solid Line). Also shown are various
sources of solubility data from previously published sources Antropoff [181], &éafB2],

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........................ 99

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 figipled

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 (BIACK LiN) [L85]......uueeeeiiiiiaee e ee et e e e e e e e e e e e e e e eeeeeee s 100

Figure 6:8: Left; Comparison of Solubility points and Van't Hoff fittings of Glycingdin H
(Open Symbols and Dashed Lined &0 (Filled Symbols and Solid Line). Right; Comparison
of Solubility points and Van't Hoff fittings of Glycine y@®HOpen Symbols and Dashed Line)
and DO (Filled Symbols and Solid Line). Also shown are various sources of solubility data
from previousy published sources: Park [184], Seidell [197], Zeng [198] and Jelinska
Kazimierczuk [161]. Measurement techniques of solubility for reference sources are shown
N TADIE B:2. .. ettt a e e s 101

Figure 6:9: FTIR Absorbance of the glycine before dissolution in the solvent, identjfied as
(Black) and the Glycine recovered from solution in deuterium oxide (Blugicaldéines show
locations of expected peaks used for rdauterated polymorph identification of alpha (Red)

AN GAMMEA (GIEEN) ...ttt e et e e et e e e e e e e e e e e e s e asabb e nnneeeeees 102
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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 naturatooling in noragitated deuterium oxide (Blue)............. 104

Figure 6:11: Comparison of simulated PXR®azuof 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 neagitated deuterium oxide (Blue)............. 104

Figure 6:12: Comparison of simulated PXRD curves of alpha glycine (Red), PXRD curve of
glycine for electrophoresis, Sigma Aldrich (BJand glycine extracted from the cooling ramp
While agitated (BIUE)..........uuuiiiiiiiiiiiie e 106

Figure 6:13: Comparisaf 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 (BIUE)..........vuuiieiiiiiiiee e e e 106

Figure 6:14: Left; Cumulative Probability Distribution Plot of Induction Time Measurements
of NaCl in Water, agitated using a stirrer bar at 700 RPM at10at 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 betoreaching isothermal conditions. Lines
indicate fitting according to Jiang and ter HOrst [48].........cooooiiiiiiiiimieiiiiiiieeeeeeeeeen 108

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 Measwgsts 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 JiargtanHorst [48].......... 109

Figure 6:16: Photographs of NaCl suspended in saturated NaCl solutifferand agitation

rates using a downward flow threl@dade propeller (100 RPM, 250 RPM, 500 RPM, 700 RPM,

and 1250 RPM; Left to RIght).........oooooiiiii e 111
Figure 6:17: Photograph of 8 ml crystalline vial agitated at 2200 RPM using a downward flow
three-blade Propeller........ ... i 112

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]...................... 113

Figure 6:19: Crystalline Camera Images of Sodium Chloride before full dissolutigh. in H
Images were taken at 3@econd 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 chlorid® in H
where undissolved NaCl has become suspended in the solution, giving the appearance of
nucleation. Images were taken at -3@cond itervals left to right in each row, then
continuing from the lefthand side of the row below. Scale bar in each image is 500 microns.

Figure 6:21: Crystalline Images of Sodium Chloride, which has nucleated from solution.

Images were taken at 3®econd intervals from left to right in each row, then descending in
rows from top to bottom. Scalbar in each image is 500 MiCrons..............ccceeeevvveeees 116
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Figure 6:22: Comparison of Primary Nucleation Rate of Sodhloride as function of
relative supersaturation,( Y p) at Crystalline Scale from previously published data
[209cwH MO B ® {2fdzoAfAGE 2F Fff LIRAyda .0.UBBSR dzLJ2\
Figure 6:23: Left; Cumulative Probability Distribution Plot of Induction Time Measurements
of Glycine in Water, agitated using a stirrer bar at RFEM at S between 1.16 and 1.22. Right;
Cumulative Probability Distribution Plot of Induction Time Measurements of Glycine in
Deuterium Oxide agitated using a stirrer bar at 700 RPM at S between 1.18 and 1.22. Lines
indicate fitting according to Jiang atel HOrst [48]...........cooovriiiiiiiiiccei e, 121

Figure 6:24: Left; Cumulative Probability Distribution Plot of Induction Messurements

of Glycine in Water, agitated using a stirrer bar at 700 RPM at S between 1.20 and 1.26. Right;
Cumulative Probability Distribution Plot of Induction Time Measurements of Glycine in
Deuterium Oxide agitated using a stirrer bar at 700 RPMhat®een 1.20 and 1.26. Lines
indicate fitting according to Jiang and ter HOrst [48].........coooviiiiiiiiimeeiiiiiiiiieeeeeeen 122

Figure 6:25: Left; Cumulative Probability Distribution Plot of Induction Time Measurements
of Glycine in Water, agitated using an overhead propeller at 700 RPM at S between 1.20 and
1.26. Right; Cumulative Probability Distrilaut Plot of Induction Time Measurements of
Glycine in Deuterium Oxide agitated using an overhead propeller at 700 RPM at S between
1.20 and 1.26. Lines indicate fitting according to Jiang and ter Horst.[48].............. 124

Figure 6:26: Growth Rates of Glycine determined through image analysis grown from
supersaturated solutions in,® and DO when agitated using magnetic stirrer bar agitation

(Bar) and overhead stirring agitation (OHS). Trendlines shown are linear best fits of data
points. Averages of each set of points at each supersaturation are shown in the insert graph

USING the SAME SYMDOLS........coiiii e e e eeees 127
Figure 6:27: Comparison of growth rates of glycine to those previously published. All
literature values ardor glycine growth in water [219], [220]).....cccoeeviieieeiiiiiiiiiiieiiinn, 129

Figure 6:28: Growth Rate of Sodiu®hloride Crystals calculated from image analysis of a
section of solution where crystallisation occurred, supersaturation between S = 1.0025 and
S = 1.02 solvents of deionised water and deuterium oxide. Vessels agitated using Teflon
coated stirrer at a sped of 700 RPM and with overhead agitation at 1250 RPM. Averages are
shown in the insert graph using the same symbols............cccooiiiiiiiiiiiiiiiiie, 129

Figure 6:29: Growth Rate of Sodium Chloride calculated from image analysis of a section of
solution where crystallisation was occurring with supersaturations between S = 110025

for the solvents deionised water and deuteriumiagec Solutions used were seeded with a
washed crystal. Vessels agitated with overhead stirring propeller at a speed of 1250 RPM.
Averages are shown in the insert graph using the same symbols. Linear fitting is constrained
to equal O growth &t S=0. ..o 130

Figure 6:30: Comparison of Sodium Chloride crystal growth of a crystal dimensioq [221]

Figure 6:31: Left; Secondary Nucleation rates of glycine nucleating from supersaturated
solutions n O and RO. Right; Average secondary nucleation rates...................... 134

Figure 6:32: Averag8econdary Nucleation rate calculated from multiple supersaturations
between S = 1.0025 and 1.02 for both solvents deionised water and deuterium oxide shown
on a logarithmic scale. Vials were not seeded and required primary nucleation to occur first.
Averags are shown in the insert graph using the same symbols..............ccccccvvneen. 135

Figure 6:33: Average Secondary Matbn rate calculated from multiple seeding
experiments where a washed crystal was added between supersaturations S = 1.0025 and
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1.02 for both solvents deionised water and deuterium oxide shown on a linear scale.
Averages are shown in the insert graphngsihe same symbols. Linear trendlines shown are

Of AVEIAGE VAIUES.......oiiiiiiie it e e e e e e e e e ae s e 136

Figure 6:34: Secondary Blaation Delay Times for seeded studies in deionised water and
deuterium oxide between the supersaturations S = 1.0025 and 1.02. Averages are shown in
the insert graph using the same symbalS.............ccoeoiiiiiiii e, 137

Figure 6:35: Comparison of the average growth rate determined from the trenebsland

the corresponding delay time after seeding with a single crystasaafium chloride in

supersaturated sodium chloride solutions in water and deuterium oxide................ 138
Figure 6:36: Nuclei generated from the attrition of sodium chloride in saturated water.
Images taken at fivgecond intervals; left most image taken firSt.........cccoeeeeeeinnnennn. 139
Figure 6:37: Nuclei generated from the attrition of sodium chloride in saturated deuterium
oxide. Images taken at fivgecond intervals; left most image taken firs.................... 139
Figure 6:38: Left; Image of the seed crystal. Right; enlarged view of the section driclose
red in the 1eft IMAgE.... ... e e 140

Figure 6:39: Comparison of Secondary Nucleation Rates and GRatgis of Glycine from
solution in water and deuterium oxide between S = 1.20 and S = 1.26, when subjected to
agitation using magnetic and overhead stirring. Determined at the Crystalline Scale (3 g of
solvent). Colour indicates the solvent isotopologuedisHO (Black) and 1@ (Red). Shape
indicates the supersaturation used; 1.20 (Circles), 1.22 (Triangles), 1.24 (Squares) and 1.26
(Hexagons). The interior state indicates the agitation used; Magnetic Bar Stirring (Filled) and
Overhead StrfiNGHOIOW)...........uui i e e 141

Figure 6:40: Comparison of secondary nucleation rates and growth rates of NaCl from
solution in water and deuterium oxide between S = 1.0025 and S = 1.02 when subjected to
magnetic bar agitation and overhead agitation when unseeded, and overhead agitation when
seeded. Determined at the Crystalline scale (3 g of solvent). Colour indibatesolvent
isotopologue used; ¥ (Black) and J» (Red). Shape indicates the supersaturation used;
1.0025 (Circles), 1.005 (Triangles), 1.01 (Squares) and 1.02 (Hexagons). The interior state
indicates the agitation used; Magnetic Bar Stirring (Filled) @werhead Stirring (Hollow).

Seeding is indicated by crossed SymbOIS. ... 141
Figure 7:1: Temperate Cycle used to determine the Effect of Microparticles on the MSZW.
This is the same profile used in section 6.1.1 as shown in Figure 6:1.................... 145

Figure 7:2: Temperature profile used to determine the effects of microparticles on induction
time distribution. This is the same profile used in section 6.1.2 as shown in Figurel@:?2.
Figure 7:3: Left; Effect of 1 mig/Qwater 1.57micron diameter silica microspheres on the
MSZW of Glycine nucleating from solution #OHRight; Effect of 1 nagdJdeiterium oxide1.57
micron diameter silica microspheres on the MSZW of Glycine nucleating from solutigd.in D
Addition of silca particles (Black to Red) shrinks the MSZW...........cccccoooiviiiiinninns 148
Figure 7:4: Left; 0.5 mg@styrendQwater 1.57-micron diameter Polystyrene microspheres on the
MSZW of Glycine nucleating from solution gOHRIight; 0.5 M@ystyrend@peuterium oxidel.57-
micron diameter Polystyrene microspheres on the MSZW of Glycine nucleating from solution
in D;O. Addition of pdicles (Black to Red) induces a shift in the gradient of the MSZ49.
Figure 7:5: Left; Effect of 0.12 mg/gwater 1.57-micron diameter silica microspheres on the
MSZW of NaCl nucleating from solution g®©HRight; Effect of 0.12 m@d{gpeuterium oxidel .57
micron diameter silica microsgines on the MSZW of Glycine nucleating from solution.D
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Addition of particles (Black to Red) causes both a shrinkage of the MSZW and for this
boundary t0 DECOME STEEPET........coiiiiieiiii e 150

Figure 7:6: 0.06 mgystyrendJwater 1.57-micron diameter Polystyrene microspheres on the
MSZW of NaCl nucleating from solution yOHAddition of particles (Black to Redses the
MSZW to become narrower at the lower end of the saturation temperatures examined as
the gradient of the MSZW IS INCreased.........c.ooovvvviiii i ieeiiie e 150

Figure 7:7: Both; Cumulative Probability Distribution Plot of Induction Times of Glycine doped
and undoped with silica microspheres, agitated using a stirrer bar at 700 RPM at S between
1.16 and 1.22. Pure Solutighlollow Symbols), 1 nsgdgsaventdispersion (Filled Symbols).
Jiang and ter Horst fitting [48] only shown in systems doped with silica. Left; Glycig@.in H
Left; GIYCINE INED. ... e e e e 152

Figure 7:8: Both; Cumulative Probability Distribution Plot of Induction Times of Glycine doped
and undoped withpolystyrene microspheres, agitated using a stirrer bar at 700 RPM at S
between 1.16 and 1.22. Pure Solution (Hollow Symbols), 0&ysgnégsoventdispersion
(Filled Symbols). Jiang and ter Horst fitting [48] only shown in systems doped with_sftica.
Glycine in BD. Left; GIyCINE INAD ... 152

Figure 7:9: Effect of Silica and Polystyrene aaparticles on the primary nucleation rates of
Glycine from KD and RO. Calculated using the fitting model published by Jiang and ter Horst

Figure 7:10 Both; Cumulative Probability Distribution Plot of Induction Times of NaCl doped
and undoped with silica microspheres, agitated using a stirrer bar at 700 RPM at S between
1.0025 and 1.02. Par Solution (Hollow Symbols), 0.12 @mggsonvent dispersion (Filled
Symbols). Jiang and ter Horst fitting [48] only shown in systems doped with silica). At time 0,
the proportion of total vials nucleated before isothermal conditions is indicated usiag t
same symbols. Left; NaCl iaQH Left; NaClindD...........coovviiiieeiiiiiiiiiee e 154

Figure 7:11: Both; Cumulative Probability Distribution Plot of Induction Times of NaCl doped
and undoped with polystyrene nmaspheres, agitated using a stirrer bar at 700 RPM at S
between 1.0025 and 1.02. Pure Solution (Hollow Symbols), 0.8&@nédsovendispersion

(Filled Symbols). Jiang and ter Horst fitting [48] only shown in systems doped with silica). At
time 0,the proportion of total vials nucleated before isothermal conditions is indicated using
the same symbols. Left; NaCl istH Left; NaCl indD............ooovvviiiiiiiiiiiiiie e, 155

Figure 7:12: Effect of Silica and Polystyrene mjpemdicles on the primary nucleation rates

of NaCl from kD and DO. Calculated using the fitting model published by Jiang and ter Horst

Figure 7:13: Transmissivity for samples containing added particles at 2 mg/g of glyci@®e in H
at different concentrations of glycine 0.245 g/g (Black Solid), 0.265 g/g (Magenta Solid), 0.290
g/g (Green Solid) and 0.313 g/g (Blue Solid). Temperature is shown on the secoagdey y
temperature profile (Red Dashed)..........coovriiiiii e e 157

Figure 7:14: Transmissivity for samples containing added particles at 1 mg/g of glyci@e in H
at different concentrations of glycine 0.242 g/g (Black Solid), 0.264 g/g (Magenta Solid), 0.288
g/g (Green Solid) and 0.311 g/g (Blue Solid). Temperature is shown on the secoasey y
temperature profile (Red Dashed).............ooovriiiiiii e 158

Figure 7:15: Individual transmissivity traces of glycine.iD &t different concentrations of
glycine 0.242 g/g (Black &)l 0.264 g/g (Magenta Solid), 0.288 g/g (Green Solid) and 0.311
g/g (Blue Solid). Temperature is shown on the secondaxyig, temperature profile (Red

XX



Dashed). Solutions contained 0.5 #%@iyrenéQwater Of 1.53micron diameter polystyrene
MICTOSPRIEIES. ...ttt e e e e e e e e eeeaeeee s 159

Figure 7:16: Comparison of Induction times as determined using the transmission ahlight

the monitoring of individual vial temperature. Induction times of glycine solutions,{d H
between the supersaturations of 1.16 and 1.22 at 25 °C. The dashed black line indicates the
(=0 [0 = L 1 = TP 161

Figure 7:17. Comparison of cumulate probability distributions of glycine solutionsQn H
between S = 1.16 and 1.22 when measured inabgence and presence of the temperature
probe using light transmission to determine the crystallisation paint...................... 162

Figure 7:18: Comparison of cumulative probability distributions of glycine solution®in H
between S = 1.16 and 1.22 using dopings of 1.57 um diameter silica particles of 1 mg/g, 2
MQ/g, and PArtiCle free........ooo i 163

Figure 7:19: Primary nucleation rates of glycine from solution.{@ thder all previously
examined conditions when in spension with silica and polystyrene, measured using light
and temperature methods. Hollow Symbols indicated the presence of the temperature

Figure 8:1: Example image showing the surface of a NaCl Crystal prior to immersion washing.
Image taken at x20 magnification, Red scale bar is indicative of 200 micrans.......167

Figure 8:2: Growth and Dissolution Rates of NaCl in solutions of NaCl in eith@eft) or

D,O (right) at concentrations up to S = 1.01. Each point indicates the growth or dissolution
calculated by tracking the crystal front over a period of time, extracted from equally time
spaced stills from the recoded video. Error bars indicate a 95 %demcg interval of the

rate determined from a linear fit of the individual displacements................cccevvvennen. 168

Figure 8:3: Growth rate of a NaCl crystal in S=1.01 solution made fr@n(ldft) and RO

(right). An optical tweezing focus of various powers is initially located 10 microns from the
front of the crystal face. Error bars indicate a 95 % confidence intealallated by
determining a linear fit of the displacement positions of the crystal front, the gradient of this
trendline was taken as the growth rate.............ooooiiiiiiiiiiiiii s 170

Figure 8:4: Growth rate of a NaCl crystal in S = 1.01 solution made #@n(iéft) and RO

(right). An optical tweezing focus set to a power of 300 mW initially at the distance indicated
wasused. Error bars indicate a 95 % confidence interval calculated by determining a linear
fit of the displacement positions of the crystal front, the gradient of this trendline was taken
as the growth rate Impact of presence of silica particles in dispersion................... 171

Figure 8:5: Growth Rates of a NaCl crystal grown from a solution at S = 1 (lefHland

D,0O (right). The solution used also contains 0.12 mg of silica per g of solvent. Error bars show
a 95 % confidence interval of the displacement rate of the crystal front as determined from
still images extracted from a video of the growing crystals...........cccoooovviviieeereinnnnnn. 172

Figure 8:6: Growth rate of a NaCl crystal in S=1.01 0.1Z:4agwenSilica dispersion nae

from KO (left) and RO (right). An optical tweezing focus of various powers is initially located
10 microns from the front of the crystal face. Error bars show a 95 % confidence interval
calculated from the gradient of the displacement of the crystahf. .......................... 173

Figure 8:7: Growth rate of a NaCl crystal in S = 1.01, 0.3240gwenSilica dispersion made

HO (left) and RO (right). An optical tweezing focus set to a power of 300 mW initially at the
distance indicated was used. Error bars show a 95 % confidence interval calculated from the
gradient of the displacement of the crysfabnt. ..............cccorrrriici 173
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Figure 8:8: Growth rate of a NaCl crystal in S=1.01, 0.1Z4ggwentSilica dspersion where

a single silica particle was held by the tweezers, made fre@ (teft) and RO (right). An
optical tweezing focus of various powers is initially located 10 microns from the front of the
crystal face. Error bars show a 95 % confidence iateralculated from the gradient of the
displacement of the crystal front............o.iii i 174
Figure 8:9: Growtlnate of a NaCl crystal in S = 1.01, 0.12i8dgsoventSilica dispersion where

a single silica particle was held by the tweezers, made fre® (eft) and RO (right). An
optical tweezing focus set to a power of 300 mW initially at the distance iraticags used.

Error bars show a 95 % confidence interval calculated from the gradient of the displacement

Of the Crystal frONt... ..o e e e e e e e aaaeens 175
Figure 8:10: Geometry of crystal growing towards and away from the optical tweezing focus.
............................................................................................................................... 176

Figure 8:11: Growth rate of NaCl crystal through a focus of an optical tweezer of a NaCl crystal
in S = 1.01 solution in,Bat various laser powers. The growth rate was analysed under three
circumstances, towards the focus (triangles) and away from the focus (inverted triangles)
overall growth rates are shown in the insert; linked runs are indicated using the same symbol
colour. Error bars indicate a 95 % confidence interval in the gradient of the points analysed
in each scenario. Symbols shown in the same colour at the same laser power were
determined from a single experiment. Geometric relationship of towards focus and away
from the focus is shown in the diagram in Figure 8:10..............ccoiiiiiiieeeeiiiniieeeeee. 177

Figure 8:12: Growth of a NaCl Crystagended in S = 1.01 solution isQHthrough the Focus

of an Optical Trap at 300 mW set power. Imagdsviere taken at 3&econd intervals where

the focus was activated at time 0 when image A was taken. White scale bars show 20 microns.
The Position of th tweezing focus in the images is indicated by the red arrow in each image.

Figure 8:13: Groth of a NaCl Crystal in S = 1.0iDHbased NaCl Solution O following
deactivation of an optical trap with a set laser power of 300 mW. Imagewsedke taken at
30-second intervals following activation when image A was taken. White scale bars show 20
microns. Position of where the tweezing focus was located inrttage is indicated by the

(=0 = g 0 T3PPSR 180

Figure 8:14: Growth rate of NaCl crystal throughaufoof an optical tweezer of a NaCl crystal

in S = 1.01 solution in;D at various laser powers The growth rate was analysed under three
circumstances,) and towards the focus (triangles) and away from the focus (inverted
triangles) overall growth rates arghown in the insert; linked runs are indicated using the
same symbol colour. Error bars indicate a 95 % confidence interval in the gradient of the
points analysed in each scenario. Symbols shown in the same colour at the same laser power
were determined fom a single eXPeriment............covvuiiiiiieirieis e e eeees 182

Figure 8:15: Growth rate of NaCl crystal through a focus of analtveezer of a NaCl crystal

in S = 1.01 ikkO with silica in suspension at a concentration of 0.12ixsoventat various

laser powers, where a silica particle is held in the focus of the tweezers. The growth rate was
analysed under three circurremces,) and towards the focus (triangles) and away from the
focus (inverted triangles) overall growth rates are shown in the insert; linked runs are
indicated using the same symbol colour. Error bars indicate a 95 % confidence interval in the
gradient of he points analysed in each scenario. Symbols shown in the same colour at the
same laser power were determined from a single experiment................cceeeevveeennns 183

XXii



Figure 8:16: Growth rate of NaCl crystal through a focus of an optical tweezer of a NaCl crystal
in S =1.01 in @ with silica in suspension at a concentration of 0.12igdgsoventat various

laser powers, where a silica particle is held in the focus of the tweezers. The growth rate was
analysed under three circumstances,) and towards the focus (triangles) and away from the
focus (inverted triangles) overall growth rates are shownthe insert; linked runs are
indicated using the same symbol colour. Error bars indicate a 95 % confidence interval in the
gradient of the points analysed in each scenario. Symbols shown in the same colour at the

same laser power were determined from agle experiment..........cccceeeeeeeeiieiiiieeennn, 184
Figure 8:17: Schematic of agitation applied to the surface of a Bledtl. Left; Parallel
agitation. Right; Perpendicular agitation.................oovvvviiiiiiiiiiii e, 185

Figure 8:18: Growth Rates N&CI Crystals in proximity to an agitated silica microsphere, held
using a 975 nm laser at a set power of 300 mW, examined by altering the direction,
amplitude, and frequency of agitation. The subdivision of agitation frequency is not shown.
Points show idividual measurements with 95 % Confidence Intervals. Bars indicate averages
of points. Blue lines indicate growth rate of NaCl in S = 1.01based solution in absence of
aNY OULSIAE INTIUBNCE......ciiiiiiiieeee e e e e e e e 186

Figure 8:19: Growth Rates of NaCl Crystals in proximity to an agitated silica microsphere, held
using a 975 nm laser at a set power of 300 mW, examingedltering the direction,
amplitude, and frequency of agitation. Points show individual measurements with 95 %
Confidence Intervals. Bars indicate averages of points. Blue lines indicate growth rate of NaCl
in S = 1.01 f© based solution in absenceariy outside influence.............cccccceeeeeee 187

Figure 8:20: Pictures taken of Silicon Isolator Afiithg tests. Rw A; NaCl intO. Row B;

NaCl in BO. Column 1; Initial appearance. Column 2; Appearance after 24 hours..188
Figure 9:1: Schematic of Modified Optical TweezerletComponent library provided by
Alexander Franzen [233]... oo 189
Figure 9:2: Schematic diagram of the sessile droplet within the silicon isolator and coverslip
assembly showing a side view and tw@wvn when the tweezing focus was located at the
droplet edge. Wider setumcluding silicon isolator show. Other noest droplets placed on

t0 the SUMface NOL SNOWN........ueii i 190
Figure 9:3: Box plot of the contact angle measurements of three liquids to determine the
surface energy of the coverslips used in the tweezing experiments. Distributions were
determined from 10 measurements of contact angle at’@050 % of points are thin the

box, outer quartiles are within the bars. The median is indicated with the line, and the mean
is highlighted using the indicated POIML.........cccooiiiiiiiiii e 193
Figure 9:4: Contact angle measurements of sodium chloride solutions in water (Hollow
Symbols) and deuterium oxide (Filled Symbols) of a range of supersaturatiort@ti2zed

on a solubility 00.3623 gac/gwater and 0.3084 0.3623ngol/Jpeuterium oxide Black bars indicate

the mean and the standard error for each concentration in each solvent................ 196
Figure 9:5: Contact angle measurement of glycine solutions in water (Hollow Symbols) and
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1 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 baskcrca 2700 BCE to produce salt from wéidr Ever
since then, crystallisation has grown pday 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 the form of crystals[2].

In spite ofhow critical crystallisation has become and how lankias beenutilised, it has

beenconstantlystated that more studys neededand thisis still truetoday.

1.2 ThesigGoal and.ayout
The overall aim of this thesis is to further the understanding of the influence that optical

tweezing and associated particlésive over crystallisation (nucleation and growth) from
solution. This is accompanied by a body of preparatory work examining the consequences of
various tweezing requirements oorystallisationin more commonly studied and better
understood setups. Focusing t¢ime use of deuterium oxidécommonly usedwith optical
tweezersto limit laser induced heatingds the base solvent and the addition of tweezing

micropatrticlesto fully contextualisanvestigations performed using the optical tweezers.
Chapterl (this chapter)oriefly introduces the thesiand explains its overall structure

Chapter 2 details the background theory of crystallisation (nucleadimeh cystal growth)
and the impact that other additional materials (chemical and physical additbaeg)aveon

theseproceses.

Chapter 3detailsthe principlesbehindoptical tweezing,position, and force measurement
uses that optical tweezers have beput to, including some involving crystallisatidrhisalso
detailssomenon-basicformsof opticaltrapswherethe focusof the optical trap isnovedand

the ability to havemultiple traps in close proximity
Chapter 4 describes the equipment used for thsultspresentedin the later chapters.

Chapter 5 describes the impact of solute thie optical properties of solution® estimate
the temperature rise that the use of the tweezers would causwell asthe impact of
introducingtweezingparticlesinto the tested systens couldalsohave on temperature and

associated key crystallisatigmocesametrics



Chapter 6 details the effect of solvent isotopologue on nucleation and crystal growth
characteristicaupon the chosensystens, atvariousscales and agitation conditions, under

commonly studied conditions

Chapter 7 investigates the impact thaticroparticles typically used in tweezinglica 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 havahengrowth 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 crystgitigr

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 dropldeilifaces, including triple
phase contact pointEExamining 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 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 theppendices



2 Crystallisation
This chapter details why and how solid crystalline materials nucleate and grow to larger

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

substances and the typical measurement methods used to deteroriystallisation 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 partiglloccupy 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 crysélline. Crystalline solids differ from amorphous solids in that the most basic units

(atoms, molecules, or ions) form a ler@nge regular fixed pattern, known as the crystal

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

on the direction of measuremeri8]. Amorphous solids can have soni@g-range ordering

of the most basic units. Like liquids and gases, amorphous solids are isotropic. Amorphous
YFEGSNRAFEf Qa LIKe&aAOolft LINP LISNIié YSFkadiNBYSydaa |

direction[4].
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where particles that form the crystal structure are transported to the existing surface and

incorporated into the crystlline structure.

2.2 Why Crystals Form from Solution
This thesis focuses on crystallisatioha solutefrom solution usingtemperature induced

supersaturation, rather than other methods, such as astlvent crystallisation or
precipitation. However, the basics of these methods are detailed in se2t®to provide
additional context. The formation of crystals (nucleatiand crystal growth) from solution
requires the concentration of the crystallising material to be higher than equilibrium
conditionswould permit. Thus, the chemical potentidl X would be higherm that casethan

where dissolved solute would exist igudlibrium 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 supercoolingCooling below the saturation temperature for the solution of that



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 temperaturgependent [3]. The
relationship betweenthe actual concentration and the equilibrium concentration can be
described in several ways. The first is concentration driving fosge”¢ as shown in
Equation2:1. This is equal to the difference between the actual concentratiorand the

solubility at the solution temperaturedS "Y .

Equation2:1

The second uses the supersaturation ratig’Y = | £ 82 NBFSNNBR G2 |

which is the ratio of the actual concentration and the solubility, showBdoation2:2.

Equation2:2

The final common way to which this is referred to is the relative supersaturatioty ,
which is the ratio between the concentration drivingrée and solubility, equivalent to the

supersaturation ratio minus 1, shown lguation2:3.

Y Y'Y p R Y,

Equation2:3

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 inreference 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, gute/solventaNd Golutd/Jsolution. SO, care must be taken to ensure wheeasurement
system of solubility is useéspeciallywhen performing comparisonfsom 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 theosdion
of the solution. This can be used to determine the difference in chemical potential between

the solution conditions* and a saturated solution' * , which is described by the activity,

~
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when making no assumptions, of the solutions in supersda@d and saturated conditions as

shown inEquation2:4
CT Y TYa

Equation2:4

The chemical potential cabe linked to the supersaturation using activity coefficierits
through activity | which describes the effectiveoncentration to account for differences

that would be observed in departures from idealiis seen ifequation2:5.

| O ey
| z rzdj "Y |.>z

Equation2:5

Assuming that the activity coefficients or their ratigual 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 iBquation2:6.

CToYTYaEY

Equation2:6

Should higher accuracy measurements of the chemical potential be required theyactivit
coefficients would need to be determine8ince these are typically not knovguation2:6

is usedand for many applications this is suitalfd. The underlying assumption that allows
for the use ofthis equation only holds at when the relative supersaturation is low. As the
supersaturatiorncontinues to increase these activity coefficients would drift away from 1 by

increasing odecreasinglepending on the system being examir&gl

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 crystallisatiof8].

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 lower#tk solubility falls, causing the system

to beconre liable to crystal nucleationn industrial processes the temperature dependence



on solubility should be as steep as possible. Upper limits of the mass of crystalline product
which can be produced, due thhwnstreamprocess requirements, may require that a small
quantity of solute remain in solutio8]. A simple cooling crystallisation is shown in progress

from points A to D, as indicated fgure2:1.

Concentration
1

— Solubility
Metastable Zone Width
T T T T T T T T T T T T T

Temperature

Figure2:1: Basic Solubility Diagram. The progress of an elementary cooling crystallisation detailed by the green
arrows and letter labelled points are detailed in the te&tow.

A simple cooling crystallisation would begin with an undersaturated solution (Poifhis).
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 supersaturate@rossing the solubility curve would not cause theaamtration

in solutionto fall immediately as the system is metastable and not liable to crystallisation.
Once the solution had céed down enough to reach the edgé the metastable zone (Point

C), crystals wouldhen form immediately. Primary nucleatio can occur between the
solubility and metastable zone width; however, this could take a long time, depending upon
the systenii9], causing the nucleation of crystals through primary nucleation. This, alongside
the growth of the cystals 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 crystallisationmethodsto continue extraction are described in the remainder of

this section2.3.



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 i€ustomarily used when there is little temperature depende on solubility;
therefore, cooling crystallisation is not viable. One downside of this method is that non

volatile impurities are also concentrated alongside the target substfjce

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 solytifia crystafforming
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 unweaht alternative polymorphs|[8].

Polymorphism is discussed in sectid.3

2.3.4 AntiSolvent Crystallisation
Crystallisation can occur adding an antsolvent to the solution. This arsiolvent 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 soluteemains unchanged.hE 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 solveri8].

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

their external appearance or internal structure.

2.4.1 Crystal Lattice

2 KSy O2yaARSNBR I 3S2YSOUNARO az2f AR I ONeadglf
lattice, where the crgtalforming units (atoms, moledes, or ions) ardattice points. Six

factors, three spatial dimensions (a, b & c¢) and three ang||el§ Q@r ), are used to
characterise the lattice of any chosen crystal. The repeating units that form the crysta lattic

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 byBravaisthat only 14 such arrangementexist[4]. These 14

structures can be grouped into seven crystal systems or six crystal faihille$hese crystal



systems are shown ifiable2:1, and an example of a simple crystal unit cell is shovigare

2:2.

Figure2:2: Example of Crystal Lattice Unit Q&1l].

Table2:1: Crystal Systems and Lattidég [10].

Crystal System Unit Cell| Unit Cell Angles Lattices
Dimensions
Cubic O 0w O] ! wnd f  Simple
M FaceCentred
1 Body Centred
Tetragonal » o ol | I I wrd 1 Simple
1 Body Centred
Orthorhombic O O O] I ! wrd f Simple
1 Body Centred
1 Base Centred
1 Face Centred
Rhombohedral ® 0 0| | I I wrd f Simple
(Trigonal)
Hexagonal O O w I wmnd f Simple
[ pgm
Monoclinic ®w f 7 | [ wmndf 1 Simple
9 Base Centred
Triclinic ®w f 7 | T 1 wmnd 1 Simple




2.4.2 Crystal Habit
Section2.4.1, 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 describleg 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.

Table2:2: Crystal Habits and Associated Shape Faf4drs

Crystal Habit Shape | Volume Shapeg Area Shape Factc i
Factor | ) )

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|( Qf ) in Table2:2 can determine the individual crystals' volume and surface
areas usingequation2:7 and Equation2:8, respectively, wheré is the characteristic length

of the crystal in question.

Equation2:7

Equation2:8

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 moleculedattmatthe



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 tads isomers and a third

containing a mix of both isomef$2], [13]

The numberof 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
sdd that the number of known polymorphs depends on the time and effort spent

investigating a substandé4].

A commony studiedsubstance that forms polymorphs is the amino acid glycine. Glycine has

three known polymorphic forms @i Qr ) that can exist at rom 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 evegtion method with the addition of

sodium chloridel. glycine can be generated using a mixed solvent of water and ethanol.
However, any glycine produced is very shdived ag quickly transforms to the more

stable] polymorph. Giventherighthumi@2 y RAGA 2y as h OlFy GNIyaF2NI
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, thie glydne 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 quiescentanditions 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, produdesn

glycinein the vast majority of casd46].

Metastable polymorphs (such asglycine) 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 polymorptgure2:3 explains.
With the two potential polymorphs that could form, A and B, the formation of thé&A (

"O) form results in a greater free energy change than the formation 8B ("0). However,

the free energy barrier associated with A is greater thariB ( "O). In this case, the B

10



polymorph would form first, even though this is not thermodynamic#ly most stable
Given enough time, all the B polymorgiiesentwould eventually trangfrm 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 showrFigure2:3 [17].

Progress of the reaction

Figure2:3: FreeEnergy Barriers in the Formation of Crystal Polym@iphsSee accompanyirtgxt 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 ofhird materials

Classical Nucleatiarheory
One model used toexplain nucleation is Clasalc Nucleation Theory (CNT)n 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 thadh fluctuations can lead to the appearance, in
more concentrated regions, of ordered collections of molecuies,crystal nuclei[18].
Crystals are assumed to be formed by the serial addition of oha@inew solute basic units
into the crystalline lattice, be those molecules, ions, or atg&jsin creating new crystals,

the size of these praucleation clusters is critically important in determining their stability.

11



Once thér size reaches a critical point, the nuclei become stable. However, these can dissolve
if the nuclei are smaller, as dissolution reduces the cluster sizdue to the influence of the
interfacial tension, , which is favoured as it reduces thé@s free energy3-O. This free

energy change is described Bguation2:9 if the cluster forming is assumed to be spherical.

N . ™i 30
30 1“1 , _
o
Equation2:9
Where:
30 -—

w
Equation2:10
Given:
3 Difference in Chemical Potential
w Molar Volume

Once this critical sizhas been reached, the Gibbs free energy decreasethe 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 aea[19], shown in a graphical format Figure2:4. 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 increasipgrsaturations.

These critical points are shown as stationary points on the blue curvegume2:4, which

are shifted to smaller sizes with increagBupersaturation.
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Free Energy

0 Nucleus Size

Figure2:4: Free Energy Change Associated with Spherical Nuclei Formation according to Classical Nucleation

Theory. Adapted fronfi20j® . f I O1* &adz2NFIl OGSRBEDPSHEARTNBSt GYSNAEOSaa 71
supersaturationw S R 5 | dur&eRcess @2 energy at low supersaturatiofi dzS { 2f AR* FTNBS Sy SN
KAIK &adzLISNEIF Gdz2NF GA2y |y R . fglgers@uraiol. SR* FNBS SySNHe& OKLy

Two-Step Nucleation Model
Due to theprimary nucleation rate predictionsf CNTbeing multiple orders of magnitude

higher than physical observations, a new model was so[8]h{21] as this has even been
observed in norsolution based crystallisatiorThis model is supported by the workteh

Woldeand Frenke] where the formation of nuclei is a twgtage process supported by the
their simulations of homogerous protein nucleation22]. UnlikeCNT the crystal does not

form directly from the solution but from a prexisting dense liquitike clusterf23].

(c)
(o]
Two-step 2 o
Nucleation Model 0%30
O
/ 0 \009 o \
(@) (d) (e
o] OO O S v °
0 O ©0 (b)
090 o 220 @ O
(o] O
Oy (o }re) S Classical o ©
) Nucleation Model 2.

Figure2:5: Nucleation Model Formation Pathways
Figure2:5is a graphical representation of the pathways of the nucleation models described
up to this point. In both theCNTand the twastep model, crystals form from serardered

clusters. The differences between these theories are based on the source of thelse hu
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formed from the solute molecules in soluti¢y].

The free energy barrier associated with the formation of the dense clustér)(can be larger
than the free energy barrier associated with the formation of the nuaé&dj as shown in
Figure2:6. The rate of dense cluster formation is faisthan the rate at which the dense
clusters are transformed into nuclei. This is because the-datermining step of the whole
process is the kinetics involved in forming the nufd8i, [24] The dense clusters formed in
the first of the two steps can be stable or unstable relative to dhiginal supersaturated
solution depending upon the free energy change involved in their formation. In the upper
case shown ifrigure2:6, the free enegy change is3’O . In this case a decrease in free
energy can be achieved by forming a nucleus but also by returning to thelerse form
found in solution. However, in the lower case showFigure2:6, the formation of the dense
liquid cluster form is stable relative to the solution as the free energy change involved with
this formation ¢'O ) is negative and the only further decrease in free energy can only be

achieved by the formation of a crystal.

Free Energy G
solution
dense liquid

@
stals

-

>
\-,’ i
AGOL—L

Nucleation Reaction Coordinate

<
»

Figure2:6: Energy Barriers Associated with the T8tep Mode[23]. Detailed description of free energy diagram
given in text above.

Alternative Nucleation Models
Although the models discussed in secti@and 0 are commonly used to model nucleating

systems, they are not atincompassing. Molecular simulations of nucleating systems (in this

case NaCl) of some ionic substances showed similarities with thetapomodel as this

acdaiusSy sra asSSy (2 y dzQaspHoivéer, Aater simiilatiéns twked G A y O i
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shown that this does not fit the twstep modelcompletely 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 versiohCNT where the magnitude of the energy barrier is

reduced depending on the aggyate sizg26].

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 olject which contains the solution could potentially trigger heterogeneous nucleation.
This increase in nucleation igused by a reduction in the critical free energy, the free energy

change observed at the critical nuclei siag This change is given Bguation2:11.
3'Q@e %8O
Equation2:11

The factor %0 by which this critical free energy is reduced by determined by the wetting
angle m1 — p U mthe angle made ahe meeting point of all three phases involved,

the liquid phase on the surface of the heterogeneausleant from the formula inEquation
2:12.

%0

— 10

¢ Qél p- WET —
Equation2:12

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

foreign material could be said to be a catalyst for nucleaf8jn

2.5.2 Secondary Nucleation
Botsarisdefined secondary nucleation in 1976 as nucleation, whidly oocurs due to the

presence of crystals of the material that is being crystallised. If no crystals were present,
nucleation would not occy7]. Secondary nucleation can be further classifdgerson and
Ginde presented one classificatio system that divided secondary nucleation into six
mechanisms, shown ifiable2:3. 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 specufai®the phenomenon of the secondary
nucleation threshold, the level of supersaturation required for secondary nucleation to
occur. Previous results have suggested its existg2R}e [29] However, more recent results

suggest that this may not exig0].
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Table2:3: Secondary Nucleation Classification by Myerson and Ghde

Initial Breeding | Polycrystalline Breeding | Maaoabrasion

Dendritic Fluid Sher Contact

However, since no universal system exists, another classification system was developed by
Agrawal and Patersofor use in industrial crystallisation un{31], based on two overarching

mechanism sources, these being mechanicdlisions and fluid shear.

Altrition
Crystal-
impeller
Solute layer
Contact
nucleation
: ‘rystal- Solute layer
Secondary (:h'ti:ll rcmo\:,t}!
nucleation crys
- Shear
Fluid shear Solute layer )
removal nucleation

Figure2:7: Secondary Nucleation Classification by Agrawal and Paté34hn

Due to the multiple systems that exist classifying individual secondary nucleation
mechanisms, somaechanismmay be known by multiple names, describithg 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 newlgrined crystal) to be weakly bonded to the crystal that
induced nucleation. These crystals can then be separated, typically from a collision or fluid
AKSENWY ' fft26Ay3 GKIFIG arxdsS 2y GKS 2iaAyl f

nucleation[32].

Contact with the existing crystal surface is not always required, as multiple clusters can
coagulate near its surt. 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

coagllation. Allowing them to grow to a size beyond the critical size, at which point they

16
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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
Rdzald FNB da¢laKSR 2FF¢ 2F (GKS &adaNFIFOS 2F UKS
thought that these crystal fragments and/or dust becomé¢aahed to the main crystal

surface during the drying process. When washed off, they can grow in the bulk s¢88jon

[36].

2.5.2.2 Attrition

Attrition typically occurs witi a crystalliser when peexisting crystals are involved in
collisions (with either other crystals or interior parts of the crystalliser) or subjectdidith
shear.Which removesmall sectios of the crystalline material from the internal structure.

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

are generated37], [38] The attrition mechanism Ige fragmentation, in that existing parts

2F GKS AYOGSNYyIFf &adNHzOGdzNE 06S02YS (KS daodziAf RA
the relative size of the mother and daughter crystals. See segtiR2.5for 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 groupetbgether), 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 daaokisfluid sheaf39].

2.5.2.4 Dendritic
{K2dzf R GKS &adzZLJSNBIFGAZNF A2y dzaSR F2NJ ONB &G f

branch or treelike growths, appear on the surface of crystals. These growths are broken off
from the surfae via a collision or mechanical force caused by fluid g4y [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, urdittetion, 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 crys{4R].
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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. Testingwith
glycine crystals bag contacted with a rod can cause the generation giolymorph 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 solut[d]. It is also observed that as the
contact force with the surface of the crystal increases, thenhar of new nuclei generated
also risesup tothe point wherethe contact force is great enough tausethe crystal itself

to shatter into multiple independent fragmen{g4]. Keeping the collision force equal and
increasing the supersaturation of the susplemg fluid allows for an increasing number of
nuclei to be produced from a collisipdd], [45] The similarities between attrition (discussed

in section2.5.2.2 may be the same effect, with fragmentation (sectib.2.5 being similar

only with forces large enough to break the whole crystal ap#6i.

2.6 Measurement of Primary Nucleation
Multiple methods exist for theneasurement of primary nucleatiarate, the probability per

unit time per unit volumeof a nucleus beingprmed from solution The methods differ in
their setup and the conditions that these reflect. This choice of method could depend on

what best resemblgthe configurationin which the nucleation ieccurring

When nucleation studies are performed at small volumes, the observed nucleation process
becomes stochastjcdlowing primary nucleation rates to be studie47]. 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 supersaturatif4B]. This process is repeated many tintes
provide a statistical estimate of thamucleation rateat the experimental conditions. However,
variations can be found between analysis sets, even in large sampky-s80). Increasing

the number of induction time measurements taken can reduce the width of the probability
density function of the nucleation rafd9]. In theJiang and ter Horshodel, the proportion

of nucleded sampleg) 0 attime o since the beginning of the constant supersaturation is

z

measured, as described Iquation2:13. Whered “ 0 is the number of nucleated viats

time 0 andy is the total number of vials used for testing.

18



Equation2:13

From the points produced b¥quation2:13, a theoretical Poisson distribution model
(Equation 2:14) is fitted to determine the primary nucleation rated which hasbeen
determined by monitoringnultiple individual solution volumesy . Where a correcting time
factor is applied due to theaday between when nucleation occurs and when crystals can be

detected; this igermedthe growthtime 0o
06 p AP0 o
Equation2:14

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

formation of crystals causes the solution to become turbid, blocking the transmission of light,
possible in crystaree transparent solutions, allowing the point at which crystals can be
detected to be determined. This method wauhot be able to be used in systems that are

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

2F I RRSR YIFUGSNARIE &adzOK | & Wi S YthéfatldadSmateriall NIi A Of

itself interferes with Ight transmissior50].

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 Lase#inducedNucleation
Pulsed laser light also can induce or enhance nucleaticgaimples where this would not

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

NIR ( = 1060 nm) radiatiofb1]. This was observed to produce the most stablgolymorph

Ay Y2ahG GNAIFfasX gAGK GKS YSiGlFadrotsS h F2N¥Y 2
¢tKAd YSOUK2R NBIljdzANBR (KS LD aBawcni bowsdy a A i &
intensity pulsegD 0.2 GW/cn) 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. Whenaged samples were irradiated,

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

irradiation found that this form of nucleation is partially suppressgaggestig 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 negjairement butmerelya factor

in pulsed laser nucleation inducemds], [53]

Using NIR radiation wavelengths, continuous lasers can also induce nucleation and influence
further crystal growth. Thisas been observed when the laser beam is highly focused through
a highmagnification microscope lens as part of an optical tweezing apparatus. This is

discussed in sectioB.8.

2.7.2 Sonocrystallisation
Although there is no consensus regarding the mechanism of sonocrystallBatiod (i K S

FLILIE AOF GA2Y 2F dzf GNF a2dzyR G2 GKS ONBadlrffAal
properties its effects are well documente@4], [55] Sonocrystallisation is observed to

shrink thedistance between thenetastablezone width and solubility curvesis shownin

section2.3.1, reduce nduction times observed and produce smaléézed crystals with a

smaller particle size distributig®4], [55]

Sonocrystallisation also can influence the polymorph produced. Altering the sonication
length, intensity, or frequency can influence the polymo{pB]. The sonocrystallisation of
calcium carbonate is impacted by altering the sonication conditions used as the intensity of
sonication increases. Witthe calciteform beingfavoured ove 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 sation, the less stable form Il is producedmpared

with the form | produced when crystallised from solution when stirfibig].

The use of sonication also has an impan pre-existing crystalsncluding by inducing
fragmentation[54], [56] It is also possible for polycrystalline agglomerate structures to be
created and destroyedlhese agglomerates are often confussith aggregatesvhich are
formed by weak bonds thahold several individual crystals together. Agglomerates are

formed from an aggregate that has then been subjected to a period of grfavih

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 involvetynamicsimulations of hard spheres of different
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section of an introduced solid microparticlé/hen the radius of the template spheisfive

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

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

as the ratio of sizes between the templates and the nucleatpiteres increasedn these

aAYdzZ FGA2yas AG ol a y20SR (KIG F2ft2Ay3 (K
surface crystal growth could occur in the direction of the template sphéneisgrowth could
p2USYGALtte fAYAG ad&slatatalyssh Mawever{ittBsasiunlikely fo beithiee G 2
case in any real crystallisation scenario, as a collision would probably cause the separation of

the crystal and the template partic[&8], [59]

A similar setup was studied using physical microspheres using microscopy. It was noted that
GKS fFNHSNJ 0KS {SYLX dz@fSS 60 Ay 32 YANIKNENRS &ix2  {irKS
nucleating spheres the template was able to support in a crystalilkee structure

surrounding the template. When #sizeraticc ¥ G KS GG SYLI | §S¢ &aLIKSNBE |
d LIKSNBa Rds 5y tBainSmbEbélayers 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,

0KS ydzYoSNJ 2F fFe@SNR adzZllll2NIlFotS ¢Syl o0Sez2yR
attributed to the decreasing curvature of the surface that these templates present to the

nucleating substancgy9].

Studies involving direct crystallisation of tobacco mosaic virus in the presence of polystyrene
YAONRALIKSNBA F2dzy R ( Kiowth rét ifcrea@etl Mtbdincréabirgya NB 3 | (
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 testiag performed by increasing the size of the

spheres while keeping the number concentration ed6al].

However, it is not just the surface area and its curvature thaat onpact the nucleation
OKIF N} OGSNraitAOaT GKAAa adaNFI 0SQa NRdzZaKySaa OF
deviate from being perfectly smooth, this will further reduce the critical energy barrier that

exists for nucleation to occy61].

It has beerarguedthat 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
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size is reached, the crystalpgates from the surface and grows in the bulk solutj6g],

[63] { SO2yRXI GKS ONRAGEFfQa 3ANRSOIK 2y (GKS &dzNF|
growin a curved fashionOnce the crystal reaches a critical size, the elastic force introduced

by the curvature of the layers exceeds thdhesive 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 de4].

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 nonfunctionalised silica particles, induction times observed can be altered compared to
the nortinoculated samplefs5]. 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
triaminetetraaceticacid. 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 efscthe induction

times observed plateaus in the measurement of nucleation [&&s

2.8.2 Nucleation and GrowtAltered byAdditional Components
Surfactants are one series of chemicals that can impact crystallising systems, even at

extremely lowconcentrations The nucleation rate decreases when the surfacsodium
dodecylbenzenaulfonate(SDBS} present in a supersaturated solution of vitamin B1 nitrate
[66]. A minimum concentration of SDB&ist be present for the fall in nucleation rate to
occur. At a supersaturation of 2 or 3, little meaningful change in ntioleaate of vitamin

B1 nitrateis observed when a concentration of 0.1 mmdldf SDBS is useds the
concentration of SDBS is increased beyond 0.1 mfadhé nucleation rate is observed to
fall, up to a surfactant concentration of 0.5 mmdl In these cases, since the nucleation rate

is measured using the method developed hgng and ter Horsllescribed in sectio2.6,
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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 grojéi.

However, the presence of surfactants does not always cause a decrease in nucleation rate.
For example, adding the surfactatdcusate sodiunDOSEncreases the primary nucleation

rate when mefenamic acid is crystallised from a 40/60 solvent mixtudinoéthylacetamide

(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 insigmfit effect on the nucleation was

observed67].

From examining these systems, it couklduggested that each system could have a different
impact upon adding a surfactant in a sufficient concentration to impact the system. The effect
OFdzaSR o6& (GKS [RRAGAZ2Y 2F WIiKANRQ OKSYAOITf A

testing.

Thepresence 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 supersaturafié®]. 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 Widmp&hthe
nucleation rate was higher than in tladsence of the polymer. However, wh&nm p@&hthe

nucleation rate falls below what would be expected in the absence of this polyg8&gr

The growth of crystals can also be affected by impurity chemicals. For exampleutaole
simulations have shown that surfactants can inhibit the growth of crystals by inhibiting the
incorporation of new crystal unif§7]. These effects can be seen under electron microscopy
as the morphology of the crystals is altered by the presence of the surfactanthe
morphology of the mefenamic acid were drastically altered by thesence of the DOSS

surfactant[67].

Impurities can also alter the width of the dead zorkee degreeof supersaturation required

to causeany measurablegrowth [28]. When low concentrations of potassium ferrocyanide
are added to an aqueous sodium chloride solutimereases in the width of the dead zone
are shown to increase with the concentration aftpssium ferrocyanide. This increase in the

dead zone width is twaided 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 dne 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 rangetorsf,
including the diffusion coefficient of that solute in thedlventor solvent mixture. The rate

at which a solid dissolves into a solution is givekgyation2:15[70], [71]where the change
in crystal mass over time— is determined by not only the concentratiod, the solubility

65 0 but also the diffusion coefficientO , crystal surface area@ and the thickness of

the boundary layer surrounding the crystdD as determined byEquation2:16:

&Y ®

1 0 00
10 1Q

Equation2:15

However, tle model described bigquation2:15 does not acknowledge the existencétbe
dead zone aEquation2:15, as this would predict that the mass of crystalline materials would

grow or fall in a very slightly super or undersatecsolution, respectivel{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 givEguation

2:16. Which includes dimensionless Reynaidmber, used to define theatio offorces from
viscous and inertial componengsd Schmidt numbemused to quantify the ratio of viscosity
anddiffusivity [74].

From Equation2:16, it can be deduced that increasing the surrounding fluid's velocity
concerning the crystal increases the Reynolds numbéfand thereby decreases the
thickness ofthis layer "Q, increasing the rate at which the solid dissolves. However, this
dissolving substance will impact the density and viscosity of the sol(ifi2j where the
Schmidt number "Yoand the characteristic length of the crystal also impact on the

thickness of the boundary layer that can be supported

24



0

Q ¢ THYQEYHS

Equation2:16

Equation2:15 can also apply to the growth of crystals if crystal growth is considered the
inverse of crystal dissolution by the diffusive theoAssuming a concentration gradient
surrounding any presentrgstal allowing diffusion to occur from the bulk of the solution to
the crystal surfacg73]. When dissolution isccurring,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.€Y< 0.15), then the dissolution rate can be

described byequation2:17 [74].

—

0 00O
0 Q

Equation2:17

Models developed byAbegg et alallow 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 envionmental conditions. The form of the model is givenHnyuation2:18[75]. In

this model, the growth rate depends upon the crystal's actual size.
i Qyy o
Equation2:18

Where:

Q Growth Rate Constant
Y'Y  Supersaturation Ratio

0 Crystal Characteristic Dimension

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 patrticles on the scale of attrition particles
can be subject to a solubility higher than the thermodynamicilsitity. Since this can alter

the solubility experienced, this will alter the supersaturation. Therefore, small partits

would typically be expected to grow due to the supersaturated bulk solution doeidve
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as ifsuspendedn an undersaturated sation and therefore dissolvingThe solubility that

these particles experience is givenbguation2:19[76]¢[78].
S Y B YAoR—
0Y"Y

Equation2:19

With attrition particlesbeingproduced in collisionmvolving the crystal and other parts of
the suspension o 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, allowmg@article in a supersaturated solution to

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

g2dzf R WSELISNASYOSQ | &adzLISNEBEF GdzNIF G SR &2 dzii A 2y

grow in the bulk solution.
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3 OpticalTweezing
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singleevent butoccurredthrough a series of discoveries and developments over many years.

3.1 Development
The first step in optical tweezers developmevds in1970 whenAshkinwas able to control

the pasition of sphericaparticles alon@ Cartesian axes on the plane perpendicular to beam
propagation Using a Gaussian beam, which has the brightest point at thereceamtd
decreases in intensity followirggGaussian profile as the radius from the centre of the beam
increasesControl was not yet possible in the third axis (the beam path) dbeam induced
scattering[81]. This level of control in these circumstances is only possible if the trapped
particle acts as a convergimgns whenthe particle has a higher refractive index than its
surroundingslf the particle acts as diverging lens (when the refractive index of the particle

is lower than its surrounding material), this will cause the patrticle to be pushed out of the
laser beam. This was checked using air bubbles generated in an 80/20 mixture of glycerol and
water. Theair bubbles observed were pushed from the centre of the beam while being
pushed in the direction of beam propagatif8il]. An obvious method to trap a particle in all
three Cartesian axes is to use an identical beam propagated opposite to theafirgthe
scattering forces from each beam would negate eattten Without focusing one beam, any
particle that comes into the path of the beam will be propelled by therb@dong its path.

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

refractiveindicesof the particleand its suspending fluid.

The single laser setup c&told(a particle in all three axes if the trapping beam isrsdafrom

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

centre of the beam at some point along its paltlike previously a scatteririgrceis applied,

GKAOK Ay GKA& OF&asS Aa OheytdiSwapeSdimed i@ avadirs, LI NI A ¢
trapped particles fall to a new equilibrium positi@@mpared to trapping performed in a
suspending mediaindicating that the forces on the system have changed. Since trapped
particles are typically only partially absorbing, the top of the spheséghtly hotter than the

bottom, giving rise to a radiometric force operating in the opposite direction to the laser
propagation. In norvacuum cases, the surrounding fluid acts as a coolant, and the

magnitude of this radiometric forcapplied to the trapgd objectis proportional to the
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environmental surrounding the trapped sphef82], [83] This setup can study droplet
interactions as tjuid drops can be supported in gaseous surroundings. Trapped droplets can

be struck from above and below by heavier and lighter droplets, respeci{B4]y

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 appliedbased yon the conservation of momentum, performed by passing the trapping
beam through a highly converging lens before passing through the trapped p#t¢idhe

lens used in this scenario is a hglagnification microscope lens (x60 or x1@@h 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 sec8cdhl In the opposite case,
where the trapping object is smaller than the wavelength otefemagnetic radiation, this

is discussed in sectid2.2

3.2 Principles of Operation
The explanation of how the tweezers operate depends on the kelatize 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 rad@tiused to trap it Q  _ . Ray optics describe

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

[81], 860 ! DIl dzaaAly oSIY 1SSLlA (GKS LI NLAOES NIF
intensity is highest at the centre and decreases viittreasingradius. Should the trapped

object drift from the beam's centrdor example wheran external net force is applied to the

trapped patrticle,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. Axample of this is shown iRigure3:1.
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Figure3:1: Radial Stability Examp|87]

In the example shown iRigure3:1, the particle has drifted out of the centre of the beam by
FTrLefAay3a o68t2¢ GKS NBIAZY 2F (GKS KAIKSadG o681t Y
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consisting of more photons. Resulting imet change of radial (laterpforce down on the

photons. To obey the eservation of momentuma 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 objdttis 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 aGaussian beam alone only allswrapping in two Cartesian axes since scattering
causes the trapped object to be propelled in the direction of beam propagatiotess

countered by another forceg.g.,gravity. However, this can be countered by highly focusing
the beam before being redicted by the trapped particle. How this highly focused beam

interacts with a trapped particle is shownHhigure3:2.
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Figure3:2: Axial Stability Examp[86]

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 consenatiof momentum must be obeyk resulting in a

net momentum in the direction opposite beam propagativhichmust be imparted to the
trapped particlg85], [86] The imparted momentum opposes the desing force generated

by the alsorption of a small quantity of the photomsiparted to the trapped object.

When used in combination, stability in all three Cartesian axes is gained, apdshieon of
the trapped particle can be controlled. Simple equati@as be used to quantifhe forces
applied to the particldy the trap siown inEquation3:1[88]¢[90]. Using only the refractive
index ofthe suspendingmedium & , the speed of light®, beam power 0 and the

trapping efficiency 0 , which typically has a value between 0.03 and[86]

o B0
O ——
w

Equation3:1
Snce it is possible for a set of tweezers to have a differing trapping effic{@iowing the

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

be due to a misaligned beanajteration of the beam profileor if the beam is linearly
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polarised, and in each of these three axes, the trapping efficiency can change depending
dzLl2y GKS LI NGAOfSQa LkRaAdGAzy NBIFNRRAYy3I GKS S
3.2.2 Rayleigh Regime

Unlike the ray optics regime in secti@2.], interaction between an object whose size is
smaller than the wavelength of electromagnetic radiation that it interacts with _ [86]

is governed by Rayleigh scatterindhen 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 chang&herefore the electric field surrounding the trapped particle should

be considered for the calculan of the component forces, the first of whidh scattering.
Thispropelsthe particle in the direction of beam propagatiohhescattering force can be

determined analytically ifEquation3:2 using the beam intensity"O , speed of light®,

particle radiusi , beam wavelength refractiveindicesratio 0 and the

refractive index of the suspending mediug [86].

Qcypi 0 p

W o_ 0 C

Equation3:2

The gradient force which returns the particle to the equilibrium point cap Ak determined

analytically irEquation3:3[86], [92] which requires the additionfdhe electric field density
0.

E1 0 pnsOS
¢ 0 ¢

0

Equation3:3

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

force 'O O . Since both the scattering force and the gradient force scale linearly with

beam power, simply increasing the beam power will not allopaticle to be trapped that

cannotbe trapped at low power. To achieve trapping in theseumstances (G KS 06 S| Y Q2
focusing must be altered, by using a trapping objective lens with a highreericalaperture

(which commonlyutilise oil immersion). Howeversince this is standard practice in the

operation of optical tweezers this is unlikely to pose any is§8@ls
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3.3 Making Measurements
One of the majousesof opticaltweezersare for the measurement of force at the microscale.

Before forces can be quantified, thestantaneousdisplacement from the equilibrium
position in each axis must be determined. From this measurement of the distaresch

axiscomponent parts of te 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 voltagged upon the faward scattering (in

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

of the diode. These individuabltagescan then be combined and compared to determine

the displaement from the trap's centre. OnealibratonY S 1 K2 R NXBIj dzA NBa G KI
particle be moved across each axis in the radial (lateral) pfarmeed by x and y axes

indicated inFigure3:3.

Figure3:3: Coordinate systenypicallyemployed in particle trapping. Showing the Cartesian axes (Blue Arrows),
Tweezing Beam (Red Hyperbola) which follows the path of-#xészand the trapped partie (Magenta Circle)
located at the origin.

From this movement thpairwise voltagalifferencesignal producedecordedas the particle
is moved through the path of the beaf83], [94] A region in this trace will form ancBrve
that will have a linear region in its centre. The gradient of this linear portion candzktos
convert the voltage signal into a displacemg]. An alternative method allows the position

to be determined through secondary analysis of the power spectral density method of force
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calibratin, this is discussed in detailgaction3.3.2.2 Using the low frequency plateau value
of this spectrum Y and the determined corner frequenaysed to determine the strength
of a particular trapping setupQ also written as "Q, which is the force required per unit
distance of the displacement of a trapped beashown in Figure 3:4 alongside the
temperature "YZ . 2f G1 YI yWQ fuid Gigcystyd lantliirapped particle radius
i the position calibration value can be determined bguation3:4 allowing the distance
voltage conversion factot to be determinedwhich is used to convert the pair wise sum
voltage output from the quadrant photodiode to the displacement expeced by the

trapped bead

(.| ‘E'Q uY
¢ —IY0

Equation3:4

3.3.2 Force Calibration

Numerous methods exist to calibrate the optical tweezers that allow forces involving the
trapped particle to beneasured. In addition, methods can be employed simultaneously to

check one another to ensure accurate and precise force measurements.

3.3.2.1 Equipartition Method
{AYyOS (KS GNI LAY 2F LI NIAOESa GeLaortte 2G

be dampened. In any medium, the trapped particle will fluctuate around the focus of the
G6SST SNI TNRY (GKS GKSNXIFE SySNAe 2F (KS Y2@8SY.
of the trapped particle over a period allow the trap's strength to be determined. @hance

LI NI A Ot SEO@ inlagadial akia dlgivs the trapifhess (the force required per unit

distance to cause the displacement of a paetitbm its equilibrium positioriQ ) in that axis

(indicated by the subscripf2to be determined byEquation3:5 [96], [97]

Py Pomo
q S

Equation3:5

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 remed to be known, this also provides fewer outputs, such as the
dampening characteristiq93]. 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 traj94]. However, this method is limited because it is only genuinely
applicable when trapping spherical particles due to tlyaamics involvedol].

3.3.2.2 Power Spectral Density Method

The power spectral densityethod is an alternativerad one of themost commormethods
used fordetermining the trap's stiffness. Where trapped particles are examined, their motion
can be described as dampenédodelled byEquation3:6 [93], [98]where the speed of the

particle @ is also included in the determinatiasf the appliedforce.
Qo T O
Equation3:6

Wherel in Equation3:6 can be described bgquation3:7.

A
Equation3:7
This allows the variation in the position of the trapped particles to be tracked. In this case,
the Lorentzian power spectruraf the pairwise voltagean example of which is shown in

Figure3:4, observed is fitted to determine the retliff frequency, also known as the corner

frequency, as shown byquation3:8.
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Figure 3:4: Example Power spectral Density gragilemputed PSD of pairwise voltage sigfiRed), fitting of
Equation3:8 (Black). Spectrurproducedby trapping a 3 micron diameter polystyrene bd&é]. Low frequency
plateauvalue also indicatedQw W® & W& | Qo008
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Equation3:8

The roltoff frequency determination determines the trap's stiffness in each axi&jumation

3:9. However, thisgp dzZA NS & GKI G GKS FTtdzARQa @gradzarde |
known. These are not required by the equipartition method described in se&idr2.1

[100].

Q ¢''q
Equation3:9

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 &spiation3:10 in place of

Equation3:7 [101].

Equation3:10

Once he-ratio (the ratio of the distance from the centre of the trapped sphtrahe flat

surface Qand i KS & LEIBND @&eeds~3, the impact of the surface is small.
Therefore, when this distance criterion is true this factoan be neglectedallowing the

standard beta to be useghownin Equation3:9 [94], [102]

Itis 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 vmaeeement provides a way to more
directly measure the stiffness of forces applied to the trapped particle and, therefore, the
trap [93].

333 ! LILX AOFoAtAGE 2F 1221SQa [ o

Once the stiffness of the trap has been determined, the net force applied to the trapped
particle can be masured. 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

2F F ALINRAY3IAZI HKAOK Aad RSEQMBINGIBIR7.dzAaAYy3I 1 221SQ

O Qw

Equation3:11
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The stiffnesss depencdent on the exactweezingsetupused i.e., different particle material
sizes and materials, laser power and themericalapertureof 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 sfigaintly different from the others, this can be a sign of

issues with theweezers such as the beam divging from the expected Gaussian profile.

3.4 Lasefinduced Heating
Shortly following the use of optical tweezers it was noticed that their use can dhese

temperature in the region surrounding the focus to rig3]. Heatingcan impact the
trapping conditions as one key factor that is temperature dependent is viscokitize
suspension material. In majority of cases these changes are ignored in simple analysis. Many
crystallisationprocesses are verjemperature sensitiveand therefore if the use of the
tweezers will cause the local temperature to riffeit cannotbe 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 wikioléow copper plate within
whichchilledwater 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 mod&8sme 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 yeterman et aluses the distance axial{g-axis in
Figure3:3) from the nearest surface and its temperatu@determine the temperature rise

at the focus of the tweezerfd 05]. This is given bizquation3:12 this requires a number of
factors about the trap (the wavelength of the trapping beam and the axial distance

from the surface actig as the heatsinkO ) and the medium (the absorption coefficient at
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the wavelength of the trapping lasert _ and its thermalconductivity 0 ) in

which it is operating

Equation3:12

This model has been used to predict the temperature rise caused by the focus of the
G6SSTSNES LISNF2N¥SR o6& (F1Ay3a GKS RAaGlyOS
of the coverslip. However, thpresence of a trapped particle cadfect the expected
temperature rise. Since the trapped particlith a radiusi is at the focus of a tweezer,

where the highest irradiance is located, thisisost certainto have a different absorption
coeffident and thermal conductivityhan the suspending fluidTo account for any potential

difference, a correcting factanustbe applied, as seen Bquation3:13.
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Equation3:13
Where:
| | |
3‘ “ *, [T w
¢“uv ¢'u ¢“u

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

would be determined b¥quation3:14.
Y 3Y 3Y
Equation3:14

The models discussed here are just some of those which have previously been developed,
and others developed byalton[106] and Catald107] do exist and have been usadddo

not appear to directly correct for the presence of a trapped patticle

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 tweezThis is a
significant factor for the reported use o£O in a vast majority of studies which investigate
nucleation induced by optical tweezers, discussed in detail in se8t®rMeasurement of

the temperature at the focus of the tweezers using the implementation of Raman
spectroscopyby introducing a second probe laser to examine the shidervedat the focus

of the tweezers when monitoring thimtensity ratio of StokesAnti-Stokes scatterinffL08],
[109].

—~
2

Linear scale
— Measurement
---- Reference J

30 -

Absorption coefficient (1/cm)

—
=

Logarithmic scale
10 £ |— Measurement
----- Reference

0.1F

0.01F

Absorption coefficient (1/cm)

0.001 |

i | i i i i i i I i i
0.6 0.8 1.0 1:2 1.4 1.6
Wavelength (um)

Figure3:5: Absoption Spectrum of Water in the visibésd NIR regiongl10].

Figure3:5 shows thatwater 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 beia@h. This

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

other dichroic elements, and replacing the laser source.

Theabsorption coefficient can also be determined from the complex part of the refractive
index usingEquation 3:15. This complex part of the refractive index is the extinction

coefficient[111].

Equation3:15
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However, other factors much be considered. Even thousging 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 trappeéd aqueous suspensiorslica and polystyrene
spheres a highly common test systerfihe 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 ipossible for crystallisation experiments involving optical tweezers to have

multiple, sometimes opposing constras.

3.5 Correction for Nofisothermal Surroundings
Due to laseiinduced heating, the fluid susunding the trapped particle is likely te longer

be isothermal This lack of isothermal surroundings complicatiesrmal 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 thedsito which a trapped particle

is subjected. Noh 3 2 G KSNX I f adz2NNBdzyRAy3a OFly o6S | 002
az2liAz2yzé GKAOK |GUNROGdzESA || aAy3aftS GSYLISNI Gdz
as the nonisothermal system. These are knownths Hot Brownian Motion Temperature

and Viscosity112], [113] Assuming that the localised temperature rise is less than the

starting temperature, a simplified equation can determine the Hot Brownian Motion
Temperature shown irfEquation3:16. The HBM viscosity is determined Bguation3:17

[114].

Y Y - 3Y
- Y ae— p
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Equation3:16
— 2 0O "Q—a 0Q 0 “Y YQ T "Y
- 3'Y © Y 3Y Y ¥ 3Y
Equation3:17

Specific constants foEquation3:16 and Equation3:17 depend on the solvents used for

deuterium oxide. Th&ogetFulcherTammann constantare shown irrable3:1. Where:

Y Hot Brownian Motion Temperature
"Y "Y uY
Y Ambient Temperature
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3’Y  Induced Temperature Rise

Y VogetFulchegTammanrnLaw Parameter
— Hot Brownian MotiorViscosity

- Ambient Viscosity

- VogetFulchegTammanrLaw Parameter

0 VogetFulchegTammannLaw Parameter

Table3:1: VogetFulchegTammannParameterdor Deuterium Oxide. Calculated from NIST (Natiorsitie of
Standards and Technology) Webb§bk5].

0 406.9 K
Y 171.1K
— 4.46x10° Pas

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 thesmodelsto determine the temperature profile surrounding the

particlehave been discounted.

Elementary calculations have shown that pdiahimpacts would be negligible and therefore
do not require further consideratiodA summary of thdinal outcomesis shown inAppendix
l.

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 tfdd$]. It is also possible to use a

light beam to indirectly trap particles, as in thase of optoelectronic tweezers

3.6.1 TimeSharing 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 hadrifted 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 motofhie smaller the trapped
particlesF NB G KS Y2NXB FNBljdzsSyidte GKS (NI.[Theg 2 dzt R
frequency of visitation required can be limited by the setup used. Much higher frexg®n

can be achieved by using acousiptic or electreoptic deflection. However, as the switching
frequency increases, this also increases the trap loc&iogsolution as much smaller
movements are possibléherefore, should multiple traps be required, the requirements of

the situation will determine what methods could be ug@@], [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 tirselitting traps (sectio.6.1), the ability to trap multiple

objects without the limitations of the timsharing traps would be beneficial. This is what
holographic optical tweezers accoiigh. 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 tim@d 18]. Another benefit of beansplitting trapsis

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, withregarticle at a different

point in the path[119].

3.6.3 Optoelectronic Tweezers

More recent advancements in mmaparticle 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, thidoes not have the same intensity requirements as optical tweezing.
Instead of using an optical force, these optoelectronic tweezers utilise aindarm electric

field to act on a dielectric particlgl20], [121] Like tweezes, 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 oXiti21]. This form of tweezing has
been used irsituations 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 difference

in conductivity [122]. The use of optoelectronic tweezemsould have the benefit of
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eliminating the heating effects of the tweezing apparatus. However, examiningsétep
required, the indium tin oxide layers are spaced between 15 pm and 150 pm apart. This
spacing poses practical limitations on the apparatus used; thesefarounting a crystal
would be impracticable without causing damage to the crystal itEE¥Ml], [123] Also
requires specifically designed and created microcells created using hyddogea
amorphous silicon and indium tin oxifle23]. A diagram ofinoptoelectronicii 6 S S kefuplD &

required being used to manipulate biological cells is showkignre3:6

Objective
Lens

Laser
Beam

ITO Glass Substrate

10 nm —>

J
‘\nz\xrplmu\;:
Silicon <|>

1.5 um

20 nm—

15 um

ITO Glass

Figure3:6: Setup required to operate optoelectronic tweeZéesl].

3.7 Alternative Uses of Optical Tweezers

Optical tweezers have been extensively used in a range of other fields. However, these have

been exploited extesively 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 agplied

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 cefisffectedA Yy RA @A Rdz f Q&4 KI S
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

G2 t26SN) OK2f SAGSNRPE Z¢éKEHKSOoOSYt 20838RRBERSG27F
[91].

Optical tweezers also allow for the holding and manipulatibmizromachines. 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 channéi24], [125] These particles can be rotated as the circularly
polarised light possesses angular momentum, transferred to the trapped parfichddc

[126]. By altering the trapping power of the laser used, the rotation frequency of the trapped

LI NI A Ot Sa O2dx R 6S Ff GUSNBR® ¢KS Hdeparteled S 27F

Where the speed at which the tracer moved through the channel was linearly proportional

02 GKS TFTNBljdzSyoOe 2F GNILIWSR LI NIAOESaQ NROGIF G

3.8 Optical Tweezing and Crystallisation
Using optical tweezers, the nucleation and growth of substancedbeampacted to induce

this to occur in places that can be controlled.

3.8.1 Optical Tweezingnduced Nucleation
In a similar fashion to pulsed laseduced nucleation (sectio?.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 hypotlesehich currently exist. One major
LINRP LR &It ada3asSada GKFIG GKS G6SSTAy3a T2 0dza
solution®@ bulk. When the focus is located at the air solution interface, this alters the
relationship between the two forces apptldo 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 attractig objects radially around the tweezing beam. In this scenario, the two
forces that usually work against each other are working togefth2®]. Adiagram of this
scenario is shown iRigure3:7. 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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Air

Solution

Figure3:7: 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)lhegradient force would operate rotationally around the axis of the bgthiis cannot be shown

in this 2D diagramthis would have the effect of drawing objects into the plane shown frdnomt and behind

the plane of this diagram.

The ability of molecular clusters, small numbers of molecules which are in proximity and
exhibit alocaliseddegree of structuring/orddi 8], to be trapped has been a point of debate
mainly with regards ovewhetherthe net trapping force supplied by the tweezers would be
sufficient to overcome Brownian motida30]. But it has been observeaptical tweezingan
suppress the Brownian motion experienced by dmass molecules, aobserved using

fluorescent dye$131], [132]

Neverthelessthis has beenrebutted by Liao et ahas been counterelly the suggestion that
anyforces fromlaserinduced heating would be much greater than arappingforces[130].
This heatindhascommonly been minimised using@®@in many cases. However, the trapping
of even single atoms has been observed (rubigj to act as a quantum qublt33].
Therefore, the magnitude that these effedtsapping forces anihcreased thermal motion)
would have ompared witheach other would be criticah determiningthe ability to trap a

particle

Calculations show that it would be possible to attract clusters to the centre of the focus at

distances orders ahagnitude greater than their own size dimensid8] [134].
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Other observations have shown that it is possible to separate the compowéradinary
mixture where these two components have a difference in refractive index when operating
in proximity to specific points in the phase diagranere the depletion of one component
following the cooling, after the deactivation of the tweezersic8ithe 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 concentratiba single component compared to

the rest of the mixture surrounding the focus of the tweez§t85]® ¢ KS WwWO2f f SO )

polymer molecules coulddomeasured using a second laser integrated into the optical setup
whose highangle backscattering was measured. From this, the signal increased as the
trapping laser was activgl36]. With more recent work showing that concentration of
fluorescencetagged lysozyme is concentrated at and surrounding the focusadiation

time increased as measured by an increase in fluorescence in the region surrounding the
focus of the opticalweezers, giving further weight the idea that opticatweezers ae able

to selectively concemate a component of a mixture around the foc(is37]. With the
concentrationenhancementsurrounding the focu®ccurring more rapidly with increasing

laserpower and bulk solution concentration.

Thesignificant mechanisms discussed so far, in essence, work on the same principle that the
tweezingfocus can selectively gather one component of the solution or mixture based on the

difference in the refractive index between the components.

Acompletely different hypothesis exists where it has been posited that optical tweezers are
only capable ofacting uponalready existingelatively largeamorphoussolute molecular
clusters, whictwasdetermined to be the case through measurement of the Raman spectra
producedin situfrom the objectseen entering the focysas the Raman spectrometer was
integrated into the tweezing opticfl08]. 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 transformeeiithier

the| orl 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 "C& , where'Ois the laser intensity anél is the refractive indexto the
free energy equationwhich if assumed to be determined by CNT would be adding the term

‘& to Equation2:9, this would further reduce the syste@nfree energy, increasing the
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favourability of the crystalline stajd 38]. This has the additionatlaantage 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 fadi®29], [130]

3.8.1.2 Experimental Observations
When the focus of an optical trap is positioned on the-gdtution interface, nucleation is

observed. In contrast, when the tr&focus is elsewhere on the solution, nucleation is not
observed to occur, including at the solutionntainer interface[139]. At the solution

container irterface, the traf®@ activation leads to a small region of increased concentration.
¢CKAAd NBIA2Yy gAtt O2ylGAydzS (2 06S LINBASYy(sX LINE
of higher concentration can be made to crystallise instantaneously if the lsahdn moved

to the solutionair interface[140], suggesting that operating at or-glose proximity to the

interface is key Thehypothesis ighat the tweezers can generate a region of increased
supersaturation because nucleation can beuodd 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 clusfé@i34], [140] Tweezers have also

0SSy 20aSNIBSR (G2 aO02ftftSO0¢ LRtealdeNByS LI NIA

of individual particles increasing with tinjg42].

3.8.1.3 Heating Effects
To limit the effects of laseénduced heating discussed in section ,3déuterium oxide is

typically used athe solvent when experimenting with nucleation and crystal growth directly
caused by optical tweezer.the EM radiation used for the optical trap not be focused near
to the diffraction limit the laser induced heating can be neglecfg®8], [143] An extensive
range of optical tweezingnduced nucleation and crystal growth have been performed using
a laser with a 1064 nm wavelengtberformed to limit the possible heating effects and alter

the solublity experienced by the solute, thereby the supersaturatjib44].

3.8.1.4 Polymorph and Pseudopolymorph Control
Optical tweezers allow for the positioof the nucleation event to be controlled and the

polymorph of the nucleated crystalOptical tweezers have been observed to selectively

ydzOf SFGS 620K h yR 1+ LRf &Y2NLIRaupasaturaiont OA Yy S @
altering the traf®® powerand the lase® polarisation can alter the polymorph produced

different light polarisation states are thought to the different behaviour possible when

trapping different cluster form§l145], [146] When™Y p, linearly polarisedight produces
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optical tweezers can induce nucleation in undersaturated solutifi¥&l]. When the

solutions are exposed to a tweezing focus, the polymorph produced depending upon the
LREFNRAFGA2Y Ad NBOSNBRASR® Ly dzyRSNEIF (dzNI G SR
glycine, and circularlypddh a F G A 2y LINPRdzOSR GKS h LJ2f & Y2 NLKCc
crystal polymorph, pseudpolymorph control is also possible on either side of the saturation

line regardless of the laser power or polarisation that only one psqaalgmorph will form

when”Y pthe monohydrate form of IPhenylalanine, however whelY pthe anhydrous

crystal form will be produced. The proportion of each psepdtymorph produced when

saturated solution is used can be altered depending upon the laser power and polarisation

used to generate the tweezef447]. 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 haveosne impact on the morphological form of potassium chlorjitl48].

With work now beginning to explore the possibility of enantiomorph corttdb].

Most researchthat has been performed upon optical tweezimgluced nucleation was
performed in organic molecules, especially amino acids such as gJ$§@i8f [139], [141],
[145], [150] L-phenylalanind151]¢[153] and lysozyme154]¢[156]. Nucleation induced by
optical tweezers is not only limited to organigbstances. Lead halide perovskites have been

observed to nucleate from N,-timethylformamide[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 poiitied 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 geristing clusters to gather at and surround the focus of the
trap locally. This is partly supported by a hypothesis presentékllst 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 higdgynented, 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 followirgiractural

& NB 2 NH | ¢fxha frappeddi(ters in to a less organised or fixed pattdf54], [158]

The crystal face growth rates chgandepending 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 crystdbrming units is supported by work performed Byyama et

al. andSinger eal. [136], [151]

3.8.3 Indirectly Influenced Nucleation with OatidTweezers
Optical tweezing can also influence nucleation outside of the@rdpcus following the

cessation of irradiation. A 2018 study was performed¥Yluyama et alto investigate the
position of nuclei generated surrounding the location of the foolithe 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 nosrradiated sample while altering the position where nuclieat events
occurred within the control volumdJse of the tweezers causélge 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.al$wscaused the standard
deviation of the distance to the chami@rcentre 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 theeezrs were used, the position of the nuclei

was highly concentrated around the position where the trap focus was located

48



4 Methodologyand Materials

This chapter describes the equipment used in this thesis to perform the experimental work

contained.

4.1 Crystall6
The Crystall6, manufactured by Technobis, is a piece of equipment that mottimrs

transmissivity of a beam of light passing through a sample of known compositiiacan

run four sets of four 1 mLsamples.Eachset of samplescanbe setto run throughapre-
programmedemperatureandagitationcycle.Measuremenbf clearand cloud points allows
the determination of solubility curves, metastable zone widths, and induction times,

depending upon the programmed cycl@heCrystall6s shownin Figured:1.

Figure4:1: The Crystall6 Apparatus.

4.2 Crystalline

The Crystalline, manufactured by Technobis, éightindividual 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 solidpicles 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 shbiguted:2.
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Figure4:2: The Crystalline Apparatus.

4.3 ThorLabs Modular Optical Tweezers
The Modular Optical Tweezers manufactured by ThorLabs were used forzihgee

experimentsin this project. The tweezersvere supplied witha 330 mW 975 nm trapping
laser was brought to a focus using a 100x NA=1.ZBaoilersion objective lens. The original
setup is shown ifrigure4:3 with aschematicf the base set up, including the additional units

detailed in sectionrt.4, isshown inFigure4:4.

[llumination
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Figure4:3: The Base setup of the Thatks OTKB/M modular optical tweezers.
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Figure4:4: Schematiaiagram of base optical tweezers OTKB/M, GAMBnd OTKBR@AL

In the base setup of theveezers 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
dielectricmirrors 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 dichmie O
horizontal again the beam passes through 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 accompam®@ng he visual

light to allow video to be recorded is counter propagated to the trapping beam. Following
the imaging LEBource,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
ashort 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 Aditinal Units
The two additionainstalledmodules(OTKBFM and OTKBfMLYo not come with the base

Modular Optical Tweezing setup. The Back Focal Plane Detection MGItK&BFMJonsists
of a quadrant photodiode used to determine the displacement of aagped particle from
the equilibrium position. Strain gauges allow the stage to operate in ctisgzimode to get

total control regarding the positioning of the stage. The Force Acquisition M¢@IIEBFM
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CAL)s a device that interfaces between the emtioptical tweezing setup and a computer to
allow calibration of the trap and the logging of data from the system, made up ef th
ThorLabsOTKBFM and the OTKBEML modules. Allowing the tweegestiffness to be
calibrated according to the PSD method adlows the detecto®® sensitivity in each axis to

be determined. Photographs of these unitare shown inFigure 4:5 and Figure 4:6,

respectively.

Neutral
Density Filter

Quadrant
Photodiode

(QPD)

Stage Strain
Outputs

Stage Stres
Outputs

Figure4:6: ThorLab®DTKBFMCAL.
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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 werentroduced to allow the 1064 nm laser to be introduced to the beam path.
The used laser was supplied by CNI and is shoWwigure4:7. The existing optics and other
components supplied with the base OTKB and two additional units OTKBFM and GTKBFM
CAL were also suitable for used with the as the quadrant photodiode wasedtively

sensitive at 1064 nm.

RLTMIL-1064-2W-5

Figure4:7: 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 tweezs was done using a cell constructed of a Gracd Biis Pres3 o
SealSilicore Isolator, without pressure seal adhesjveeals were achieved by applying
pressure between the coverslip and isolatbhese have a 13 mm diameter well that was 2.5
mm deep. Eeh 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 206L An emptyuncoveredwell, lower coverslip in place, is shown
Figure4:8 as well as a schematic diagram of ttmmnpleteisolator used irFigure4:9. How

the crystal cell is arranged with respect to the objective and condensing lenses is also shown
in Figure4:10.
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Figure4:8: Crystal Cell Apparatus within a custom@@ihted mount.

2.5 mm

< >

22 mm

Figure4:9: Schematic diagram of silicon isolateed.
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1

Figure4:10: Schematic diagram of the wider trap sagh. Number 1, Objective Lens (Nikon x100 NA=1.25) used for
focusing trapping laser; Number 2, Condensing Lens (x10); Yellow Solid, Immersion Oil; Blue Diggsnal Stri
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 lllumination.

4.7 Polar Bear Plus Crystal
A Polar Bear Plus Crystal, showFkigured:11, was used to put small volumes of solution not

subjected to agitation through temperature cycles. A machined alumitilockcovered by
an insulating rubbewas 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 thedi® temperature by altering
the plate® temperature. The Plus Crystal version of this equipment is programmable to

perform a specific temperature cyde
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Figure4:11: 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 cases where this has beesed hele, measuements

were performed orsolutions. 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 typicallyedelent upon the region of the EM
spectrum under investigation; in this case of this thesis, the cuvette material was optical

glass. The Cary5000 is showrrigure4:12, and the Hellma cuvette iRigure4:13.
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Figure4:12: The Cary5000 Photospectrometer.

HOGH

10,00mm

Figure4:13: 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 usingl@aleptical glass
cuvette with an optical path length of 10 mm. Testing was performed using an averaging time
of 0.1 sand data interval of 1 nm at a scanning rate of 600 nm/min between a 1200 nm and
800 nm. A zerdvaseline correction was used where twoseéines were collected, where 100

% transmission measurement was taken where the spectrophotometer was empty. The

second baseline was taken using a 0 % transmission measurement where th& lpedim
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was blocked using an opaque plastic puck. Measurements 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 usingidnised 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 measurensetd be made. When the
solution used deuterium osle 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 cuvettecampletelydry, the
following samge was pipetted into the cuvette. In all cases, a new pipette tip was used for
each solution to prevent any potential cressntamination between samples. To eliminate
the cuvette® impact on absorption measurements, dry, empty cuvette measurements were

taken to correct this impact.

4.9 Matrix-F
The MatrixF, manufactured by Bruker, is a NIR spectrometer that can measure multiple

properties, includingut not limited totransmission or transflectance in the NIR region of
the electromagnetic spectrum, as showrtigured:14. The MatrixF operates using a Falcata
XP 12 probe manufactured by Hellma, with multiple tips that can be utilized, allowing the
optical properties of dferent path lengths to be measured. The probe is showRigure
4:15.

s ' W 4

Figured:14: The MatrixF Spectrometer.
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Figure4:15: Falcata XP 12 Transflectance Probe.

Measurements with the MatrbF, the Falcatd2 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 backgroundamgle with

a scan resolution of 8 chbetween 12000 cmhand 4000 crit (833 nm to 2500 nm)Samples
were tested in a random order to eliminate apgptential systematic error. Between each
sample, the probe tip was washed using multiple deionised wateses. The probe tip was

dried using paper towels and left to dry entirely before insertion into the following sample

Since the tip of the Falcatb2 probe is tightened each time this is used, there is the possibility
that the path length deviates slightfyom 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-fitest

trends to be determined.

4.10 Tensornl
The Tensor I, manufactured by Bruker, is a Fourier Transform Infrared spectrometer, this

was used to measure infrared absorption of solid sampfesyders, and single solid
particles. By measuring absorption across a wide spectral range of a sample camibke
used to determine the forn{i.e., the polymorph)of the present material. The Tensor Il is

shown inFigure4:16.

Figure4:16: The Tensorll FTIR Infrared Spectrometer.
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Measurements were examined with FTIR using an average of 32 scans at a resolution of 1

cm! between 4000 crand 400 crit for the background as well as the actual material scan

4.11 XD
X-ray powder diffraction was performed using a D8 Discover, manufactured by Bruker, this

utilizes Cu and CuK radiation. This uses a multiwell plate where the samples are
supported using 7.5m thick Kapton film secured to the plate using silicon gee&amples
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-br-a

transmissioAbased geometry with a focusing global mirror.

XRPD analysis was performed usthgK and K radiation from the Bruker D8 Discover
diffractometer between the 2-angles of & and 35° using a step size of 0.02Wwith a scan

time of 0.5 s per step, on a multiwall plate supported by Kapton filfa‘(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 inFigure4:17.

Figure4:17: ThorLab$*T160T 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 on-bevelledneedle allows a single droplet of liquid or solutitnbe
droppedonto 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 showigure4:18

Figure4:18: The Kruss DSA30 Contact Angle.
4.14 Materials
A range of materials were used to study the effect of particles and optical tweezidzifdg & Q

on nucleation from solution.

4.14.1 Glycine
Glycine is a small organic molecule that has been used for a range of nucleation EQfjies

[159] as it is the simplest amino acid. This has also been used in a large range of studies
involving crystallisation induced by optical tweez§g88], [139], [141], [145], [150]All of
the glycine used in this thesis was sourced from Sigma Aldrich (< 99 %, foppHectsis,

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 tde a system that was not subject to isotope exchange when dissolved in
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D,0. The NaCl used in this thesis was sourced from Sigma Aldrich (AC&tRe&$: %,

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
individualchiral crystal forms selective[{t60]. This compound waselected 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 satut droplet. The NaBr{ised in this thesis
was bought from Sigma Aldrich (for synthesi€99%, powder) and used without further

purification.

4.14.4 Silica Particles
Silica particles were supplied as a suspension from Duke SciemdificsheScientifiSeres

8000 Silica Particle Size Standards, 81&0he purpose of determining their impact on the
crystallisation of NaCl and glycine from solution wlagitated and being held by optical
tweezing focus. These particles had a diameter of 157 0.02° & supplied as suspension

in HOat a concentration of 2 % silicdknese were used as supplied.

4.14.5 Polystyrene Particles
To determine the impact of the material of the partieleecond particle material was sought

as close in size to the original. These ptlsene particles were sourced from microparticles
GMBH. The particles used were 1:5% 0.05° m diameter particles supplied in a 10 %
solids suspension in;B MonodisperseParticles for Research Purposes;R¥aM178), and

were used asupplied.

4.14.6 Water
De-ionised vater was takerfrom one of two in house sourcgMlillipore Ultrapure (18.2 VK

cm) and Millipore Elix 5 (> 5Ktm).

4.14.7 Deuterium Oxide
To act as a comparison to regulaater deuterium oxide (D) 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 DO was sed in this thesis without further purification.
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5 Heat Absorption ofweezing Beams and Trapping Particles
This chapter primarily examines the temperature effects caused by optical tweezing focuses

and associated trapped particleslsing a preexisting Pe¢erman 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 anyveezing experimet performed Work later in this thesiexamines

the suitability for substrates focrystallisationexperimentsin optical tweezers using mainly

optical criteria particularly when doped withird materialmicroparticles.

Shortly following the development of optical tweezers, it was noticed that optical traps can
increase the temperature in proximity to the tr@focus[85], [103] This poses a question
regarding the temperature that would be in the focus of a highly focused Gaussian beam,
especially wen dealing with highly temperatureensitive 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 cantaff
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 teaatpe 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 pedgthin a observable
timeframe (not over vast periods) Since it can be observed in segfidhat optical tweezers
can increase the local temperature which i effects the solubility that any solute would
experience, thereby changing the ascribed supersaturation and as can be seehRifnom

5:18andFigureb:19these 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 fideconcentration solutionsvith supersaturations between

pH @ Y p& Ttat 20J0 was calculated at temperatures up to 38. One d the examples
shown inFigure5:1had a”Y p& tat 20J0 whichwas reduced t6Y p® ¢the level of the
secondary nucleation threshold (SNT) of glycine in wi@@Jras defined through the method
initially described by Briuglia et §29]), when the temperature was raised 2i&to0 22.5J68

This decrease in supersaturation is due to an increase in solubility with increasing
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temperature as indicated with the fall in supersaturation from arrbwo 2 as indicated in

Figure5:1.
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Figure5:1: Impact of Temperature on Supersaturation of Alpha Glycine in Deuterium Oxide (Calculated using
Solubility data fronj161])

In the case of the sodium chloride solution in deuterium oxide, shersaturation'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 inFigure5:2.
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Figure5:2: Impact of Temperature on Supersaturation on Sodium Chloride in Deuterium Oxide (Calculated using
solubility data fron{162])

It is observedhat 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 bgthand DO made in
chapter6.

5.2 Solubility Impacted by Solvent Isotopologue
Optical properties are not the only difference that can be observed between isotopologues

of the same chemical subste@s. When crystallising frosolution, the critical factor which
needs to be controlled is solubility, which can be different when using different isotopologues

of the same solvenl61].
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Figure5:3: Comparison of Solubility of NaCl in Normal Water and Heavy Water (Data from P30y, sEddy
[162]; Antropoff[181]; Blasdalg182] & de Coppef183]). Hollow ymbols indicate solubility in water, and filled
symbols indicate deuterium oxide.
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Figure5:4: Comparison of Solubility of glycine in different isotopes of water (Dataiféni  AKAziijelczukl61]
and Parl{184]) Hollow symbols indicate solubility in water, and filled symbols indicate deuterium oxid

Figure5:3 and Figure5:4 shows the solubility of sodium chloride and glycine in different
isotopologues of waterln 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
amountwhen above 20Cfor each solute when thésotope of the solvent is switched from
HO to DO. In the case of glycine, the spread of results that exists above a solubility of
approximately 350 @u/kgsonvent iS consistent with other results that have been published

that are included irFigure5:4 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 las@mwavelength, and at the same wavelengths, varied materials

have different absorption coefficients.

105 975 ;

Absorption Coefficient (1/cm)
(=]

0.01 4
0.001 —— Heavy Water
R Toluene
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1E-4

T T T T T T T T T T T T 1
600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Figureb:5: Absorption Coefficient of Selected Common Soly&vdser , Heavy Water, Toluene and Ethafibl0].
Thetwo trapping laser wavelengths used are indicated.

Figureb:5 shows the differences between absorption coefficients across a range of common
trapping wavelengths A I Kf A I KGAY3I G(GKS dzASR GNI LAYy 3T I &8
nm), see chapters and 9. Deuterium Oxideshown in redhas a much lower absorption
coefficient at the trapping wavelengths, as showrrigure5:5. Since it is clear that the use

of optical tweezers can induce heatifg03]; which in many cases does not pose such a
significant impact, but this is not the cass temperature control is key in crystallisation
processesOneway of minimitng the temperature rise is to use a solvent/laser combination
with a low absorption coefficierat the wavelength of the trapping lasefhe values shown

in Figure5:5only apply to pure solvents, the addition of solute impacts the ovebaslbgotion
coefficient, which igliscussed in sectioh.5. The two solvents used in this thegHO and

D,0) 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 theused
solvents would offer a much lower absorption but canrkgcted on grounds of thermal

conductivity (ethanol) or safety (toluene).

67



Should we desire to trap a particle, this trapped material will have its own absorption
coefficient for the trapping las&@ wavelength.Figure 5:6 shows these absorption
coefficients for four selected common trapping materials, again highlighting the wavelengths
of the trapping laserThis shows that although the silica particlev 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 albkave to be considered depending upon the exact

chemical systems chosen.
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Figure5:6: Absorption Coefficient of Selected Common Trapping Materials. [$88h Polystyrend164]. Soc
Lime[165]. PMMA[166].

As previousl 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 whish

be considered. Investigations performed for micheological studies have used lasers with

a wavelength of 830 nrfl67] or 532 nm[168], [169] When trapping using a 532 nm laser,
water use would be preferable to heawyater as this has a lower absorption coefficient.
Alternatively, in situations where limitations are caudgda lack of alternative optics and
diodeswhen water would be used as a solvent, this would require that deuterium oxide be
substituted. RO has leen widely utilised in studies where sets of optical tweezers have been
used to directly induce nucleation with the tr@pfocus[128], [145] indicating that no one
optical tweezing setp would be suitable for all tests which could be envisadédrefore,

due to having the lowest absorption the silica particle would be the ideatlidate 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 se&ién

5.4 Refractive Index of Solvents and Particles

Sincemany 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 suspensiommaterial. The refractivéndicesof commonsolventsare shown

in Figures:7.

16 Water
051 975: 1064 Hasey Water

H Ethanol
: [=== Carbon Disulphide

1.60
1.55

180~

1.45 4

Refractive Index

1.40

"'—-—_;
1.35 -

—

130+
600 800 1000 1200 1400 1600

Wavelength (nm)
Figure5:7: Refractivdndexof Selected Solvenf$10]
Over the range of wavelengths considered from 500 to 1600 nm, the refractive index is stable
for these selected commosolvents with each slightly decreasing as the wavelength of the
EM radiation passing through theseediums increases, as shownHkigure5:7. One aspect
to note is the refractive indices of normal water adeuterium oxide At the shorter end of
the wavelengths examirg hormal water has a higher refractive index tha®DWhereas at
the longer end of the wavelengths examined, the regular wateefractive index itower
than that of the DO. 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 ,egndl

therefore notsignificant
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Figure5:8: Refractiveindices ofselectedtrapping materials. (Data from SilicfL70]; Polystyreng171]; PMMA
[171]; SodaLime[165])

For investigations involving particteapping in aqueous systems, silica particles should be
suitable as this has a low absorption coefficient and a higher refractive index than the
AdzZNNRP dzy RAYy3 YSRAI 4G GKS GNFLIWAY3I I aSNRa
for carbon disulphideAs indicated ifrigure5:7 the refractive index of the carbon disulphide

is higter than any of the common trapping materials showrrigure5:8, this is even before

there chemicabompatibilityis considered

One potential scenario is when trapping a particle in an ethdiasled suspension media
requiring astrong 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 n®toduolystyrene

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 lasaduced heating which could be highly

situationally dependent

Under standard trapping conditions, using a Gaussian beam would not permit pafttles
the materials shown irfrigure5:8) to be trapped firmly in carbon disulphide, even without

accounting for laseinduced heating.

Therefore, given the conditions discussed in this section and seclduse of silica

suspended in BD 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 efabsorption
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.
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Figure5:9: Absorptiorcoefficient ofaqueoussodiumchloridesolution 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.

FromFigure5:9 concentration of sodium chloride directly impacts thiesorption coefficient
as determined from the&omplex component of the refractive index. Although the impact of
the concentration is independemtf the wavelength within the range examinedrigure5:9
on the rdractiveA y R $dmpléx componentWhen the complex component isonverted
to determine the absorption coefficient the absorption has some slidggpendenceon

wavelength due to way the conversion involves wavelength as seenBEmmation3:15.

However Li et al.[172] do not provide constants for equationdetailing the complex
component of the refractive iex , at 975 nm or 1064 nrithereby preventing estimates of
the associatedemperature risesbeing made from this sourcé.o allow temperature rise
estimates to be made for the trapping wavelengttishe laser used in this thesis absorption
measurements wre required to be performed, which are reported in sectlid and have

not been performed for glycine solutiors either of the wavelengths of interest.
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Figue 5:10: Refractive Index of Aqueous Sodium Chloride Sol(ifid@] (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 deresi 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 dase of sodium chloride
solution, even at concentrations nearing the solubility, the refractive index, showigine

5:10, will be below that of any of the particles shownhkigure5:6, indicating that any of
these materials could be trapped using a laser at the waveleo®75 nm or 1064 nnit 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 occyd.38].

5.6 Peterman Heating Model

The theoretical model developed IBeterman et almodelsthe temperature experienced at

the trap@ centre[105] by modelling the light cone geometry andcorporating 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 itselT his prediction first neglects any trapped partigle
presence and then considers this as areoting factor applied to the temperature rise
predicted when using a laser with a Gaussian profipuation5:1 and Equation5:2 can ke
written regarding the temperature rise per watt of laser power used. The temperature rises
that this heating model predict are with reference to the cove@limterior temperature

shown in Figure5:11, this was the environment temperature. Models that have been
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developed by othersMao et al.and HaroGonzalez et al.flo not directlyaccount for the
impact of any trapped particlf04], [173] Thesemodels(Mao et al. and Har@onzalez 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 otheras this is a limitation of the tweezing equipment as was used in chaptard

9. Furthermore, the model developed byao et al. determines temperature based on
horizontal temperature change, which is more difficult to determivith the setup asised

in this thesid104]. ThePetermanmodel estimatesthe temperature at the tra@ centre or
when a particle is trapped at the trapped parti@eentre, indicated by the red rhombus in
Figure5:11. This temperature rise is determined by aalglithe rises predicted biquation
5:1andEquationb:2, therefore3”Y 3'Y Y Y where”Y and”Y are the heat sink and
trap centre temperatures, respectivellfow this related to the trap geometry setigshown

in Figure4:10.

¢ @

Y 11— 0
C B p

Equation5:1[105]
Where:
3Y  Temperature Ris€omponent from Bear(K)

| Absorption Coefficient of Suspension Material (1/m)

0 Thermal Conductivity of Suspension Material (Wi K))

Ss

Distance to Heat Sink (m)

Wavelength of Trapping Laser (m)

ca

Power of Trapping Laser (W
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Figure5:11: Geometry Used by Peterman Heating Mddeb]. 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 Geometryo,Ttemperature at the tra@ centre and g, the temperature at thecoverslipsnside

surface acting as the heatsink. Diagram not to scale. A lesgale diagram of the trapping apparatus is shown

in Figure4:10.

When a particle is trapped, the correcting factor that is required:

o] 'CTI P
Y 3 o c 0
Equation5:2[105]
3Y Temperature Rise Compenent from Partigf@
33— — — Difference between brackets contents of particle
and suspension Material
| Particle Absorption Coefficient (1/m)
0 Particle Thermal Conductivity (Mim K))

i Particle Radius (m)

Measurements of the heating induced by a 975 nm laser found that the temperature rises
when trapping a 1000im radius silica particle observed using Stéddrag methods are
comparable to the predictions made by tlietermanmodel in the same circumstanges
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 fllifds temperature

rise is an order of magnitude higher in comparison to trappings perdrin deuterium
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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 sedi@n

However, this is not the temperature that the solution would experience at the interface with
the particle, as indicated by the green circleFigure5:11. As the distance from the centre

of the trap increases, the temperatudevation from that of the heat sinlecreasesThis
change in temperature within the particle can be ignored whiencalculations involve silica
particlesas seen ifrigure5:12. This was explained by the fact that the value @b for silica

is low and that mosof the absorption occurs in the surrounding suspension mediLO5].

The absorption coefficients and the thermal conductivities of the pure solvent materials and
the particle materials are given ifableb:1, as well as a factor used to compare systems at

individual wavelengths.

Table5:1: List of Absorption Coefficienahd thermal conductity at 293 Kof solvents andcommontrapping
materials.

Material ) > L Thermal| ? ,
: . T T
Absorption | Absorption | conductivity
- - (KIW) | (KIW)
Coefficient | Coefficient | at 293 K(W/
at 975 nm| at 1064 nm| (m K))
(m) (m)
Water 47.6[110] | 14.4[110] | 0.590[115] |80.68 |24.41
D0 1.26[110] | 1.16[110] | 0.589[115] |2.14 |1.97
Solvents
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
Silica 1.32[163] | 0.71[163] | 1.4[174] 0.94 |0.51
. Soda Lime || 56.6165] | 57.5[165] | 0.98[174] 57.766 | 58.67
Particles
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: Simulatedtemperature profile as a function of’ (lateral plane (xy plane fromFigure 3:3)
displacement) from the centre of the trap geometfy2-micron diameter particles of selected materigddso

shown are masurements of theemperaturerise 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 tharsdard deviation observed in the polystyrene measuremgdms]. B is

a measurement of the temperature rise.

The use of silica particlesllows the temperature at the particleolution interface to be

determined withoutadditional considerations, sesection5.7.3F & A G A& Sljdz t G2
temperature. However, these simulations may require validation against in situ temperature

rises under various conditienFigure5:12 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 shownFigure5:12 are compared with those in

Figure5:13, the solvent material significantly impacts the heating. The creators also made

this observation regarding the heating mod&05].

Measurements of temperature rises shownRigure5:12 and Figure5:13 were made using
atrap with a wavelength of 1064 nm. At the wavelength of 1064 nm, glycerol and water have

an absorption coefficient of 0.214 chiil76]and 0.144 cm, respectively110].
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However, as shown iBquation5:1, thermal conductivity also plays a role in the temperature
rise and can make what would otherwise be a{ogating scenario be highly heatings can

be seen with the case at 975 nm, with etted and water. Even though the absorption of
ethanol is much lowethan that of HO, the thermal conductivity is also lower in ethanol,

which also has an impact on the temperature rise predicted.

/B
glyc ~water

(°C/100mW)
N w RS (8;] »

Y
/-{K}'
R

-
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Figure5:13: Comparison between the Peterman model and actual temperature measurements made through
viscosity measurementga Stokes dradl76]. Orange lines are predictions made using the Peterman model
trapping polystyrene particles of varying sizeish two solvents: upper; glycerol, and loweater. Individual

points are physical measurement of temperature rises when polystyrene particles of a selection of radii were
suspended in water trappingsingan objective with a NA = 1.Z(jangle$ and NA = 1.3 (Inverted Triangles) and
when suspended iglycerol andrapped using a NA = 1.2 objective (Circles).

Figure5:13compares the heating observed with an actual particle trapped in a beam and the
predicted temperature rise observed by tiRetermanmodel. Although thdPetermanet al.
model3 predictions offer a reasonably accurate method that appearsnfmrave 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 tempemtise predicted by th®eterman
model and the measurements madehigure5:13 however it would appear that this model
canat least determine the order of magnitude tife heating producedFurthermore, this
temperature rise would also have minimal impact on the solubility provided the substance
has a low dependence upon temperaturehich is detailedin section5.1. This slight
temperature rise would have a minor impact on the stiffness of the trap, this is discussed in

sectionb5.7.2
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5.7 PredictedTemperature Effects in Tweezer Experiments from

Measurement of Absorption
Usingt SG SNX I Y @siexarhthér St sEctioB.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 groagithese 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 cotredion evaluatedto determine the
trends. Since the absorption of the pure solvents@tand DO) are well known, this allows

for any systematic error to be correct¢ti1l0].

Known concentrations of sodium chloride and glycine solutiortg@ and DO were made
dzLJ® ¢ KS az2fdziaA2yaQ oaz2NLIiAzy o1 a (SVWd€E SR

NIR Spectrophotometer and the Bruker MatF spectrometer.

Samples which used deuterium oxide as the solvent were not performed using the Matrix

due to the prohibitive nature of the large solution volume required for testing.

The absaption coefficient for sodium chloride solutions in water and deuterium oxide are
shown inFigure5:14 andFigureb:15alongside the relative changes of absorption coefficient

as the concentration of the solvent was increased with reference to the base pure solvent

0.50

...................................... 10
o.45-i oo e e o iﬁ _____
" 0.40 0.8
o c
+ 0.35 O Matrix-F 975 nm S
g O Cary5000975nm &
= 0.30 > Average 975 nm § 061
9 A Matrix-F 1064 nm | <
(f:) 0.25 4 w7/ Cary5000 1064 nm 2
o 4+ Average 1064 nm & 04
5 0.20 1 K
5 o
B 0154
20158 e A 02
010.] @ e ........ % ......... a _________ ey — 975 nm
v —— 1064 nm
0.05 T T T T T T 0.0 T T T T T 1
000 005 010 015 020 025  0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Concentration (gqe/3soivent) Concentration (g/g)

Figure 5:14: Left; Absaption 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 Right: relative change of absorption coefficient from
the pure solvent with increasinglste 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 decsea. The concentration increasapacts the

measurements made at 1064 nm as the magnitude of the deserés greater.

Although the base absorption when usingCDs lower than when using@, the addition of
NacCl to the BO still causes the absorption coefficient to fall with increasing concentration of
NaCl at both wavelengths examined, as showRigure5:15. Therelative change between

the two wavelengths was much reduced in the examination of solutiongntian HO.
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Figure 5:15: Left; Absoption 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 Right: relative change of absorption coefficient from
the pure solvent withnicreasing solute concentration.

Figure5:14 and Figure5:15 shows lineaor almast linearchanges in absption coefficient

are in line with the previous measurementsdetermined for a range of concentrations of
sodium chloride in water between 300 nm and 700 [im2]. However, at the wavelength of

975 nm, it appears that, unlike the measurements between 300 nm and 700 nm at 975 nm,
increasing the concentrain causes the absption coefficient to decreasalmostlinearly

with concentrationacross a wide range of wavelengtidowever, the relative increase in
absaption 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 thabsaption of the wavelengthdgs different, and the relative impact

of the presence of sodium chloride is different. The primary reasonhierdifference is the
order of magnitude difference observed in both pure solvents at this wavelength (975 nm)
[110]. Another set of ras has been completed using glycine in water to compare different

solutes on theabsorptionof the pure solvent. This is shownkigure5:16 and Figure5:17
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for glycine solutions in # and RO, respectivelyalongside relative changes of the trends

determined

........ =] 1.2 1
X R g
E 040/ O watixF o75 nm g 1.0
o © Cary5000 875 nm
= x Average 975 nm c
= 0.35 &
] A Matrix-F 1064 nm s 08+
] Cary50001064 nm S
% 0.30 + Average 1064 nm 2
Q < (6
O 0.254 o
s A &
= 0.20 A T 04
2
2 @ ............... 3 .......
R R 17 TOTRRY— - SRR 6 -----------
ovge G
0.2 1
0.10 — 975 nm
— 1064 nm
0.05 ; , . . 00 : . . .
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Concentration (g/g) Concentration (g/g)

Figure5:16: Left; Absoption Coefficient of glycine solutions in deionised water between concentrations of 0 g/g
and 0.2 g/g at 975 nm and 1064 niRight: relative change of absorption coefficient from the pure solvent with
increasing solute concentration.

Whenexaminingsolutions ofglycine in HO increasing the concentration of the solute, the
effecton the absorptiorappears to depend on the examined wavelength, as showsigiare

5:16. As at 9751m, the absorption coefficient decreases, andhitreases at 1064 nm with
increasing concentration of glycirfeom the pure solvent valueHowever, when glycine
solution based on D were examined at the two wavelengths, the absorption appeared to
decrease with increasing concentration. At the same time, the ch&gmagnitude
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 shovirigare5:17.
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Figure5:17: Left; Absoption 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. Right: relative change of absorption coefficient from the pure
solvent with increasing solut@ncentration.

¢KS YSIFadaNBYSyid 2F (KS azfdzZiAz2yaQ FoazNLIGAZ2)
from thelinear fistsof the data gathered for concentrations that were not directly examined.

It may be said that the linear fit for the dakagure5:17 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 fitgs to the data gathered. The fittings of the
absorption coefficient when usingD were not performed with as many data points as those
performed with HO, therefore it is likely that the errors involved with the fittings are higher

than that those when kD 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

impad on the temperature rises predicted.
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5.7.2 Impact of Changing Solvent
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Figure5:18: Left; Predictetemperaturerisefrom Peterman modedt the interface oilicaparticles in suspension
medium of a sodium ddride solution in deuterium oxide at different concentrations of sodium chlori@e3(
Osolutdsolven). Trapped using a 975 nm laser (Solid Lines) and 1064 nm laser (Dashed Lines). Right; Predicted
temperaturerise from Peterman modeat the interface ofsilica particles in suspension medium of a glycine
solution in deuterium oxide at different concentrations of glycin®.1% GoudJsolven). Trapped using a 975 nm

laser (Solid Lines) and 1064 nm laser (Dashed Lines)

Usingthe determined absorption for the ranges of solutions reported in seciohlas well

as the known thermal conductivities of these species in solyti@], [178] the Peterman
modelused inEquation3:14 was used to determine the temperature rises with and without

the presence of paicles held at thecentreof the trap geometryln all cases examined, the
WLIZNB Q a2f 9SSy (i axhaasSss asCONE Niklkegd haadireg Meeit thea S NJ
increasing concentration caused the temperature rise predicted to decrdész.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 examiwédeen trapping a
particle of any size in this range, it can also be observed that increasigricentration of

the solution will decrease the observed temperature rigéith the maximum possible laser
power of the two lases 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 ofthe tweezers.

When normal water (kD) is used in place of deuterium oxide@D), the temperature rise

that would be observed would kepproximately 23 higher. This is shown Figure5:19. 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 condudtiy increasing to more thaenough tocompensate for this
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increasing absorptiantherefore it is clear that factors other than the absorption must be

considered
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Figure5:19: Left; Predictetemperaturerisefrom Peterman modedt the interface oilicaparticles in suspension
medium of a sodium chloride solution in water at different concentrations of sodium chlofd&)(Q ol soiven) -
Trapped using a 975 nm laser (Solid Lines) and 1064 nm laser (Dashed Lines). Right; feragetatiirerise

from Peterman modedt the interface of Silica Particles in suspension medium of a glycine solution in water at

different glycine concentratits (00.20 GolutdJsoven). 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 wavelengthbinationare shown in
Table5:2 when operating at the maximum possible trappidigtances the vertical distance
from the coverslip to the centre of the trap geotng, as the maximum possible distance
would maximise any potential temperature rigbe case of the objective lens supplied with
the OTKB setup this was fith as determine from the working distance of the objective lens

and the thickness of the coversliged

Table5:2: Predicted maximum temperature rises in pure solpentWatt of laser power used.

Predicted Temperaturg Wavelength (nm)

Rises (K/W) 975 1064
H0 63.3 19.1
DO 1.7 1.6

Theseslight increasein temperature would have a minimal impact on the determined trap
stiffness and the dissolved substafeolubility. Ifit were to be assumedhat the trap
stiffnessdeterminedis using the equipartition method. Linking the variance in a trapped

particle® 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 or 293.15 K)

o QY
3Q 063Y
3Q 0637Y

Q 0y

3Q 3°Y

T’Q uY

Where:
0 Q

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 theimdpced heating is low, this would
result n a minimal change to the ttastiffnessAnd in the cases of the temperature rises
given inTableb5:2 the change in the trap stiffness that would occur at the maximum powers
(830 mw for 975 nm and 2 W for 1064 nm, with the additional assumption that the variance
in the position of the partieds would be fixed to allow a comparisaoi) the lasers from a

solution that would exist before the action of the tweezers at’25is given iffable5:3.

Table5:3 ExampleChangesn Trap Stiffness with increases in temperature.

Change in Trap Stiffness (9 Wavelength (nm)

975 1064
HO 7 13
DO ~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 tweez§t28], [145]
Measurements of temperature rises in deuterium oxide caused by a 1064 nm laser using
fluorescence where the absorption coefficient is approximately equal tbah@75 nm show

that temperature rises were found to be on the same order of magnitude predicted by the
Petermanmodel [143]. Examinations of conductance in a nanopore have agreed with
temperature rises predicted by theetermammodel[179]. Even if this temperature rise were
usedas the prediction, the lagts 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 hagery minimal temperature dependencég. large change in
temperature has very little impact on the solubility experiend&80]¢[183] while glycine
would be more impacted due to the solubility being more temperature depend&hts
temperature rise would lso have a negligible impact on the solubility experientied is

discussed more in sectidnl

5.7.3 Impact of Trapping Material and Trapping Distance

As demonstratedby Catala[107], shown inFigure5:12 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 theentre 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 byeterman et al[105] deals with thetemperature 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 kiility and therefore the supersaturation
would be of the solution at this pointn the sodaime glass calculation, the calculation of
the interface temperature involves an additional step than that of the silica, as thelsoda
glass has not been danstrated to be isothermal through the radius of the trapped particle,
as was the case with siliea shown irFigure5:12[176]. The interfacegmperature between

the liquid/solution and sphere was approximated using the geometiiguires:20, where

R is the radius from the centre of the geomng to the radius of the volume of the focus
[105], [107] R is the radius of the trapped particlé (in Figure5:11, and requires that

i RdzS (2 GKS | dadzyYLJiA2ya a¥thekprticleyias ikndve ¥2 RSt Q

larger radius than the focy)and Ris the distance from the centre of theap geometry to
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the heat sink Zin Figure5:11). This heatsink was assumed to be present inghspending
substance in all directions &distance awayrom the centre of the trap geometry which
would exist af'Y, in essence the vaselative quantity of material further away from the
GNF LJQa OSYGNB G4 3ANBEFGSNI RAAGE Yy OSa Indhisa
system, the rate of energy trafer isassumed to beconstant. This heat transfer was
considered in two separate sections: the transfer through the partidle and the
transfer through the surrounding fluid) [143]. Were"YR'Y QY are the corresponding
temperatures at positions i Q1 respectively. The temperature at is approximated
with the temperature at centre as determined by tiRetermanmodel where at radii less
thani the temperature is assumed to be isothermbhis model also assumes a point source

for the heat supplied thereforé 0

Figure5:20: Simplified Geometry of the thermal system of a trapped partiole its surrounding suspension
material. Blue Vertical Grid Area, solute subjecsadalimethermalconductivity (K) and Red Diagonal Grid Area,
volume subject tosuspension materialthermal conductivity of the suspensionmaterial. Explanation of
Dimensions and Temperatures given above éntéxt."Y ; radius of trap centre volumé&%5 nmfor 975 nm laser
and169 nmfor 1064 nmJY ; radius of trapped particleY ; radius of spherical shell at the distance of the coverslip
acting as the heat sink, assumed to be' 66

- Qi Y Y
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Where:

ko) Thermal Conductivity of thérappedParticle (W/(m K))
o) Thermal Conductivity of th8uspension Material; (W/(m K))
When0  and0 are considered equal; this allows the interface temperature to be

determined by:

In the case of sodéme glass, the predicted temperature risg¢ the particle solution
interfaceis shown inFigure5:21. It can be seethat the absorptian 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 temperatuhat would be experienced at the interface

of the suspension fluid and the particle.

Based upon the work thBeetermammodel it hasbeenpossible to determine the temperature
that would exist at the centre of the trap geometry, however as this would nethe would
be experience at theurface of the particle and therefore by the solvent directly in contact

with the trapped particle.

Figure5:21 describes the associated temperature rise estimate from that of the heatsink at

the surface of thenon-silica, and therefore non isothermalarticles, as this would be the
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maximumtemperaturethat 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 las®here the temperature appears to peak
regardles=f 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 partidle ( i ), therefore this is

a limitation of this modelThis limiting factor also applies to the rises determineé&igure

5:22.
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Figure 5:21: Temperature rise predicted at the interfaces of soda lime particles at their interface with the
suspension medi&alculated in this casef@olutions of NaCl inJD up to a concentration of 0.30 gAghen the
focus islocated 60 m fromthe heatsink with therapping performed using a 975 nm laser (soliertical line,
giving ani = 155 nm) and 1064 nm laser (dadherticallines, giving an = 169 nm).
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Figure5:22: Left;Comparisorbetweenthe centretemperature rig from that of the heatsinlof a trapped soda
lime particle and the temperature that would exist at the interface with suspemssilution when trapped using
a 975 nm laser in a 0 and 0.3Qgd/gsolventSOlUte of NaCl using D20 asavent. RightComparisorbetweenthe
centre temperatureise from that of the heatsinkf a trapped soddime particle and the temperature that wizl
exist at the interface with suspension solution when trapped usingsan&¥ laser in a 0 and 0.1fRoutd/Jsolvent
solute of Glycinesing D20 as solvent

FromFigureb:22, it is important to note that the temperature at theentre of the trapped
particle increases steadily as the particle's radius increases. This is due to the particle's higher
absorption and dwer 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 O2@/Qsoiven, there is minimal
impact on either temperature, indicating minimal change due to the dissolved sp&uies
aspect of this that is highlighted ygure5:22is that as the particle contues 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 esimates of temperature rises made Figure5:18, Figure5:19, Figure5:21 and Figure
5:22were made using the maximum theoretical trapping distance (60 um) deassing the
Modular Optical Tweezer#t 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 environmeotild continue much further than

in the direction to the heatsink.

Figure5:23 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,itese temperatures rise are the maximum expected to ocEhis 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.
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Figure5:23: Left; Predicted Temperature Rise of Differing Radius Silica Particles in Pure Deuterium oxide at various
trapping distances trapped using a 975 taser (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
tweezingfocus,Figure5:23 highlights the ability of a nearby surface acting as a hekts
dominate this relationship. Therefore, this distance (between the focus and heatsink)
becomesone of the most important factors. arying this distancecan induce significant
differences, especially when usingdHas a solvent (suspension medium),shhis 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 thegdesi 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, respectivelyn an ideal situation, this would allo& 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 Hessituted 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 situationss affdats

are consideredTherefore,based on thecalculdions in this chapter it would be possible to
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neglect any heating when using®@ as the base solvenDue to the low temperature

elevations predicted in cases of typically trapping powers.
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6 Comparison of Nucleation and Growtimetican Water and
Deuterium Oxide

Sections of this chapter have been published as part of

J. HoffmannJ. FlanniganA. 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, 20225, 109131 DOI: 10.1039/D1FD00098E

To allow any results from the optical tweezers to be fully understood within the appropriate
context, any impact of notypical solvent isotopologues, in this case, deuteriundexO),

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 puieed to be explored to some extent.

In this chapter, two solutes (NaCl and glycine) were tested to understand the impact of
RSdzi SNAdzY 2EARS 2y (GKSANI ONEB&AGFEtAAlIGAZY
(H0). In addition to allowing results sgwhere in this thesis to be interpreted within an
appropriate context, these results are of interest in their own right aseffect of DO are

not typically studied in other general crystallisation investigations.

6.1 Experimental

6.1.1 Solubility andMetastable Zone Width
Metastable zone width measurements were performed with two different solutes (glycine

and NaCl) using two different solvents(Hand RO), using the Crystall6 apparatus, where

1 g of solvent was added to a 1.5 ml HBIaSs 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
Figure6:1, where the temperature is altered at a rate of 0.3 K per minute, increasing and
decreasing after reaching 7C the first time. Holds at both A« and 5 °C were held for 30

minutes with thefirst rapid heating ramp not used for analysis
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Figure6:1: Temperature Cycle used for Solubility and Metastable Zone Width Determinations.

Through the cycle shown Higure6:1, each vial was agitated using a 2 mm Tefioated
magneticstirrer bar set at 700 RPM. Transmissivity measurements were taken ssmoad
intervals. At the end of each higbemperature 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 thave 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
Fromthe solubilities measured in secti@l.1, supersaturations were selected according to

0§KS AYyRAOI {SRiting the/n@tiiral logarfthf offtie imale fraction against the
inverse of the absolute temperatureand induction time measurements made at the two

solvent scales (Crystal 16, 1 g and Crystalline[1388).

6.1.2.1 Agitated Induction Time Measurements
Induction times were measured using the temperature profile showfigiire6:2, where all

measurements of induction times were performed at 25 °C. This temperature cycle consisted
of temperature ramps of 5 K per minute,-&linute holds at 70 °C, andhbur holds at 25 °C.
Sinilarly, to the metastable zone width measurements, tuning was performed at the end of
each hightemperature hold. A uniform agitation speed was not applied to all induction time

measurements and is therefore detailed individually where induction timesegrerted.
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Figure6:2: Temperature Cycle used for agitated induction time measurements.

Induction times were measured using the transmissivity measurements in Crystalline and the
Crystall6. Transmissivity m&urements were taken at ormecond intervals for both
instruments. The Crystalline also allows analysis to be performed on the particles through
image analysis taken at no less than-s#¢ond intervals. These images were taken to
determine the secondary utleation and growth rates detailed in sectiofs5 and 6.4,

respectively.

Although measuring multiple inductions at small volumes where the distribution observed
can be used to determineucleation rates and growth timassing the model developed by
Jiang and ter Hor$#8] where a primary nucleation rated and growth time 6 , to account

for the time delay between the occurrence of nucleation and detectame, determined.
using a small number of individual induction time measurements can result in significant
errors in the nucleation rates and growth times calculai@@]. 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 theut isothermal
hold at the investigated supersaturation, nucleation occurred during coolingudlieation
did not occur during that cycle. Only results where nucleation occurs during tioeihold

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 indicdigdhe 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 paitly not reaching ¢  p atatime 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 HeLlvials, 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 ifrigire 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 webcamwhich took still images at regular intervals of the state of the vials
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Figure 6:3: Quiescent Temperature Cycle for Polar Bear Plus Crystal

When these vials were observed at the end of thehddir hightemperature 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 dissoteednother 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 70C for 4 hours while agitated ung a large Teflolwoated 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 50C once all of the vials were loaded and in place, the
temperature was reduced to 25 °These vials were then monitored using webcanmsciv

took images of the vials at-@inute 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 kéednined (section$.4.2.2

& 6.5) in a moreconsistentway, 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 hoaltbw

the liquid to evaporate. Over 248 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 Nucleatiand Growth Experiments
Seeds produced according to the procedure in sediidn3vere used for studies where only

secondary nucleation kinetics was desired tokbewn, 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 dadte depending upon what solvent system and
supersaturation were being studied. These vials were then subjected to a single cycle of the
temperature profile shown ifrigure6:4. The temperature profile used for the seeded runs

is shown inFigure6:4 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 Na@issolved. Where samples are heated front€to 70

°C at a rate of 8C per minute and held there for 30 minutes, at the end of which the software
was tuned. Samples are then cooled down to°25at a rate of5 °C per minute. Samples
were then held at25 °C for 60 minutes. When samples reached °€5 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 potentidly initiate initial breeding35], [36]
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Figure6:4: Temperature Cycle used for seeded Secondary Nucleation Studies

All seeded experiments were agitated using the short shaft tthlkeele overhead propeller,
at a speed of 1250 RPM, as used in sect®Bsl.3and 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 seedifi@6], [187] The reasoning fausing the overhead

stirring at 1250 RPM is discussed in sec@d1.3

Crowning, the formation of crystals above the liquid level within the, wias observed
sometimes with RO, likely due to a lower fill level in the vial since th@®Qlensity is higher

and hence volume required for given mass is loj#6t. Therefore, when agitated, this is less

ablei 2 wagSSLIQ GKS aARS 2F GUKS @Altaszs GKSNBoeé
side of the vessel. Therefore, vessels were visually inspected for the presence of crowning
before the seeds were added to the supersaturated solution. If crowningolssrved 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 sgiL&&in
Seeded studies of glycine in®ihave been performed b@ashmore et a[189]. This is the
benefit of sodium chloride, as there is no possibility of solvent exchange between the solvent

and the crystallising s@ance when using .
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6.2 Solubility and Metastable Zone Widths

6.2.1 Sodium Chloride
Like most other substances, sodium chloride has a temperatependent solubility.

However, it must be notedhat this dependence is much weakénan many other
solutes/solvent gstems. It can be noted that the solubility of sodium chloride is lowes® D
than in HO, as can be seen Figure6:5 across the temperature range examinéghe point

of note is that since the measurement of solubility was performed over a sorakentration
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 anddsqwere 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 60001 g/g.
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Figure6:5: Left; Solubility, from clear points (Black Hollow Squares) and Metastable Zone(W&ZhV) from

cloud points (Red Hollow Circles) of Sodium Chloride in Water. Van't Hoff fitting applied to solubility points (Black
Dashed Line). Right; Solubility (Bl&cjuares) and Metastable Zone Width (Red Circles) of NaCl in Deuterium Oxide
(Black Line). Van't Hoff fitting applied to solubility points (Black Solid[LBt)

Only limited metastable zone width measuremenigse in literaturefor NaCl in BD when
subject to agitation. However, these only examined the MSZW of solutions whose saturation
temperature is elgated from room temperature in ¥ (50°C¢ 60 °C)[190], [191] In 1993
Ginde et alreported that the metastable zone width of sodium chloride, when agitated at a
speed of 100 RPM when cooled at a rate of@Qer hour, was 3.%[190], which compared

to the conditions used for the measurement of the MSZW is cooling more rapidly, however
agitation is occurring more slowlguggesting that the agitation speed used in the case of

agqueots NaCl is more important than the cooling rate

Nevertheless, thismaller MSZVghould not be unexpected as the agitation speed used here

was 700 RPM since increasing agitation speed has been shown to shrink the [M&4W
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Temperature also impacthe averagemetastabk zone width as this region shrinks with

increasing saturation temperature. The determined MSZW is similar when measurgd.in D

Figure6:6 shows good agreement betweehe solubility data gathered here and previously
determined valuesourceg[3], [162], [181§[183], [193] including the data ga#gred when
using deuterium oxide as a solvemhe data gathered here has the additional benefit of the
entire experimental conditions are known unlike some of the previous sources shown in
Figure6:6. It should be noted that the previously available data when usp@d3 a solvent
is much more limitecas some of the sources used adetailedin Table6:1 are multiple
decades old and gathered from secondary sour@éere is reasonable agreement between
the data gathered here and the results frditerature for the solubility in deuterium oxigl
[162]. However, these relate to temperatures outside the region of inteieghis thesis
25°C¢ 70°C Overall, there is good agreement with previously published solubility fdata
both solvent isotopologuel. 80], [181]
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Figure6:6: Comparison of Solubility points and Van't Hoff fittings of NaCGian(Bpen Symbols and Dashed Line)

and DO (Filled Symbols and Solid Line). Also shown are various sources of solubility data from previously published
sources Antropoff[181], Blasdalg182], de Coppef183], Mullin[3], Bharmoria[193] and Eddy[{162]. Methods

used to determine solubility from previously published sources are shdablet:1.
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Table6:1: 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

Blasdalg182] Titration ofchloridelon

de Coppefl183] Unknown; data gathered from Detherm Database

Mullin [3] Unknown; does not detail source of data.

Bharmorig[193] Gravimetric methods

Edly[162] Sealed solubility apparatus using naked eye confirmdfidd].
6.2.2 Glycine

Figure 6:7 reports solubility of glycine in water and deuterium oxidelear points) and
metastable zone width (cloud points) in watand deuterium oxidend a comparison of the

two sets of solubility datés shownin Figure6:8.
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Figure6:7: 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;
Solulility (Black Squares) and Metastable Zone Width (Red Circles) of Glycine in Deuterium Oxide. Van't Hoff fitting
applied to solubility points (Black Lif&B5].

The solubility of glycine in.B agrees with a range of previous data. It was assumed that
since these measurements were performed when undergoing agitation, fhelymorph of
glycine was producedn crystallisation from solutio[L6]. The data concerning the solubility

in DO is also in reasonable agreement whethatlowest temperatures examinedlthough

Al O2dzZ R 0S dzyRSNERG22R & | 3ISYSNIt aNMzZ S
in DO than HO including amino acidel61] and carbohydrate4195], there are some
exceptions to this rule, e.g. lithium fluoridd96]. The slight discrepancy between the

solubility results reported for glycine in,O here and those idelinskaKazimierczuk et al
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[161] may be due to their usef fully predeuterated solutes and solventkinder 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.
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Figure6:8: Left;Comparison of Solubility points and Van't Hoff fittings of Glycingdn(Bpen Symbols and Dashed
Line) and BO (Filled Symbols and Solid LirRight; Comparison of Solubility points and VardffHittings of
Glycine in bD (Open Symbols and Dashed Line) ai@l (Billed Symbols and Solid Li#d3o shown are various
sources of solubility data from previously published sources:[P84f Seidel[197], Zeng[198] and Jelinka-
Kazimierczukl61]. Measurement techniques of solubility for reference sources are shovablie6:2.

Table6:2: Details of Glycine solubility in water Sources

Reference Method

Park[184] Differential Scanning Calmetry
Seidell[197] Unknown

Zeng[198] Gravimetric Measurement
JelinskaKazimierczukl61] | Refractive Index Measurements

6.2.3 PolymorphicEffects
In previous studies of crystallising glycine from aqueous solution show that when the solution

is agitated using a Teflon coated magnetic stirrer bar, timlymorph is produced. If this
stirrer bar is left in the sample unagitated, thgoolymorph iscrystallised[16]. However,
previous eports ofsolubility dat for glycine in BDdid not mention the polymorph to which

this data applied161]. Therefore, FTIR analysis was performed on the crystals produced at
the end of the temperature cycle shown kigure6:1. Crystalswere recovered from the
seven highest concentration vials used for the solubiktyen measured in D The two

polymorphs of glycine that can bequuced from water by heating and cooling without
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adding third chemicals, Qr , are typicallyidentified from a pair of absorption peaks. Both
polymorphs share an absorption peak at ~887-cihe additional peak observed is
dependent on the on polymorph examined, found at wavenumbersddfo cmtor ~930 cm
forthe| andf polymorphs, respectivelil6], [199] An example of these absorbance peaks
(from an| form crystal, sbwn in blackand a crystal produced from solution in@ shown

in blug) is shown as the traces Figure6:9, with the wavelengths used to identify specific
polymorphshighlighted.When the samples were generatém solution in RO, the solid
was removed immediately following generation as iivas formedit is possible that as it
may transform tg , as he likelihood of producing increases as soon as the progort of

deuterium increases beyond the natural background level of deuterium in normal water

[200].
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Figure6:9: FTIR Absorbance of the glycine before dissolution in the solvent, identifi¢Blask) 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,sincethese peaks were not observed in the glycine extracted from crystallisations
in D:0, this is believed to beaused by the deuteration dfie crystalline glycine antierefore
other peaks in the IR spectrum weliiest 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 gglycine, which is produced by the dissolution and
recrystallisationof glycine in BO, the method used hergoeakswhich are associated with

particular polymorphsare located at wavenumbers between 3X2B71 cm', 118Q@;1165
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cmt and 828762 cm' for the| polymorph and 30942971 cmt, 116%1153 cm*and 824¢
787 cmt for thel 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 this could be reorded by

either polymorphic form so was nainindicator of one particular polymorph.

Since these peaks largely overlap, it was decided that anathtrely differenttechnique
would be required to identify the polymorph of deuterated glycine sampldseMthedried
crystallinesamples were tested using FTIR were not ground to powder as this has been
observed to initiate & to| polymorph transitior{203], [204] To confirm the polymorph of
the remainder of same 7 examined using FTIRRa&y Powder Diffraction (XRPD) was
performed on the remaining amount of the individual samplBsel polymorphof glycine
has characteristic peaks at 19.&nd 29.7°, while the! polymorphs peaks are present at
21°and 25.3° [16]. The XRPDattern produced by the deuterated glycine samplesre
compared to a collection of simulatédand| tracesof non-deuterated glycineusingthe
Mercury software packagewvith data deposited in Cambridge Structural Datab§2@5],
shown inFigure6:10 and Figure6:11, respectivelyalongside the starting lgcine material
used to highlight if a polymorph transformation occurrddliltiple traces from the simulated
data are shown for the QI polymorphs as multiple different depositions of have been
placed in the database for each polymorphhe traces prodced showthat the glycine
recovered from the end of the Crystall6 solubility experiments wasthe seven cases
where solid recovery was achieve®euteration of the solid glycine has a virtually
undetectable effect on the PXRD spectra, with minimdfetinces that may only be
detectable using an ultrhigh-resolution scanwith the possibility of miniscule shifts in the
positions of the peaks (i.e< 0.F) [206], however, it is definitive with regards towards
polymorph determination, which was the goal of PXRD teskEngmFigure6:10 andFigure
6:11 slight differences exist between the simulatéd and [ traces exist as when
measurements were perfmed there would be some experimental error and it is possible
that some of the larger discrepancies could be due to sample misaligrasehe differences

in angle are very smdR07].
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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 nonagitated deuerium oxide (Blue).
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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 oftgdésgtiiig after natural cooling
in nonagitated deuterium oxide (Blue).

Using either of these techniques individually would not have been sufficient to fully identify
both the deuterationof the glycine moleculesnot highlighted by the PXRD and the
polymorph, not identified by the FTIR.
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Several explanations explain why the glycine recovered was gadymorph. Firstlysince

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 baror, secondly, due to the deuterium oxide solvent irasing the probability of the

[ polymorph forming on its owrj16], [200] Finally, due to an unavoidable delageé
Apperdix B, the time between the samples being generated and tested usirgPXias
several months, when polymorph transformation could have occul@@B]. So, to be
definitive indetermining what polymorph is forming under the conditions experienced in the
Crytsall6 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 agitetinditions

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 solubititgingle hot/cold temperature
cycle was carried out where ¢hgoal was to determine only the polymorph that forms under
Tefloncoated magnetic stirrer bar agitation at a speed of 700 RRMnediately upon
crystallisation of the glycine, the solid materfabducedwas removed, dried and ground.
The resulting PXREates are showin bluein Figure6:12 and Figure6:13, comparing those

to the same set of simulated and[ traces asshown inFigure6:10 and Figure6:11, from

the recovered 9 vessels where nucleatimecurred(the nine highest concentrations tested
between 0.313 g/g and 0.500 g/g) before reaching the-temperature hold as the blue
traces in bothFigure6:12 and Figure6:13.

105



;-p.}»hh»»,p}»»)}
p'p»*"’>>->}v;>*

Y
>
4

>
3

Intensity

LLLLE Lt tal, t»}»;.pp-»»}}
Lot LbLLL eerrliibibel

10 ' 20 ' 30
26 (°)

Figure 6:12: Comparison of simulad 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).
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Figure 6:13: Comparison of simulate 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).

FromFigure6:12 and Figure6:13, it can bethat, in contrast to the previous testinghe|

form glycine in all cittmstances. Therefore, it is reasonable to conclude that the solubility
determined, shown irFigure6:8, for the glycine in BED applied to the polymorph. It can
therefore be concluded that the presence of thdorm glycine was not the result of the use

of the deuterated solvent, the exact sourcefoform glycine would require further testing,
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but since the goal was to determine the polymorph form during the aégitaemperature

ramps, which was determined, this was not performed.

6.3 Induction Time Measurements

6.3.1 Sodium Chloride
Measurement of induction times of sodium chloridas not been reported previousily HO

and DO. However, this is of interest in its own right and can be used to guide the analysis of

secondary nucleation characteristics and contextuatisgyother results.

The solubility data shown in sectiér2.1allowed various supersaturations to be determined

to produce the various concentrations required atZa For example, the solubility of NaCl

at 25°Cwas determined to be 0.359Qg/gn20and 0.3071 g.clgo2c The compositions of

the solutions used for induction time measure are showidable6:3¢ KSy dzaAy 3 GKS

Hoff fittings.

Table6:3: Composition of solutions used for induction time measurements of NaCl.

Solvent Concentration (g/g) Supersaturation at 23C (S)
0.3608 1.0025
Water 0.3617 1.005
C=0.3599 g/g at 25C 0.3635 1.01
0.3671 1.02
0.3079 1.0025
0.3086 1.005
Deuterium Oxide 0.3102 1.01
C=0.3071 g/g at 25C 0.3132 1.02
0.3163 1.03
0.3194 1.04

Higher supersaturations could not be examined i@ue to the limitations of the solubility
of NaCl in water at 70C, as this would have required an alternative heating and cooling
profile to be used, limiting the ability to compare resultShis seimposed upper
temperature limit depends on the opeted equipment and the solvents useas the
completedissolution of higher concentrations could not be guaranteiédhould be noted

that there appear to be some issues with the methods of anatisiglopedby Jiang and ter
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Horst[48] due to a number of vials nucleating before reaching isothermal conditians
critique of thepossible sources of problems theduld occur when performing this form of
analysis is detailed in sectidh3.1.5 This critique discusses issuémt may exist with the
underlying assumptions made in the development of the model by Jiang and ter Horst that
may not apply in this cas@8]. However, thisnow standardanalysis is still presented in
sections6.3.1.1and6.3.1.3

6.3.1.1 Crystall6 Scale Agitated

1.0 5,
o H20 S=1.02| ® D20 S=1.02
® D205=1.03
A D20 S=1.04

0.8 0.8

0.6

P(t)
P(t)

0.2

T 00 A T T T T
0 0.01 0.1 1 10 100 0 0.01 0.1 1 10 100

Time (Min) Time (Min)

Figure6:14: 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 ©xditated 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 Hpt81.

Figure6:14 highlights the difference in the range of supersaturations that can be examined
with a maximum of S = 1.02 and S = 1.04 for NaGlOnddd DO, respectivelyThe highest
possible supersaturations were tested first at this small scale as this wonlhdtakk extreme
possible cases to be tested fitstprovidean upper bound Where comparison can be made,

at S = 1.02, the proportion of vials which nucleate within the-temperature hold is
significantly lower when using,D, as can be seen by the fewenmber of black squares in
Figure6:14right than left To get an approximately equal number of vials to nucleate@, D

an S = 1.03 would have to be used compare8& t= 1.02 in regular water.

6.3.1.2 Crystall6 Scale Quiescent
When examining S = 1.01 and S = 1.02 solutiongOn b crystals formed within any of the
22 vials examined over the 4fbur observation period for either supersaturation. The

absence of nucleation as also the case when this was repeated using D20 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 otcasions where nucleation was observed
highly suggestghat 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 conditins are used for the low temperature holds. High sensitivity to
shear/agitation conditions is not unique to Na3l this very high sensitivity to any form of

shear has also been observed in uf£4].

6.3.1.3 Crystalline Scale
Since one goal is to determine sodium chleisdsecondary nucleation characteristics when

seeded, using a magnetic stirrer bar with an existing sodium chloride crystal is inadvisable.
Due to sodium chlorigs brittle nature, being an ionic substang86], [187] therefore, the
same supesaturations examined with the stirrer bam this subsection and sectich3.1.1
wereinvestigated when agitated lyverhead stirring. This will allow a compamsof seeded
and unseeded samples and different agitation methods and, therefore, shear stresses, with

the experiments performing dual purposes.

1.0 v
' B D20 5=1.0025
O H20 S=1.0025
l( o H20 S=1.005 ® D20 S=1.005
A H208=1.01 A D205=101
%811 ¢ H20s=102 084 y D205=1.02
0.6 - 06
T ¥ =
0.4 1 044
0.2 02
b -4
0.0 fi T T T T 0.0 £ . - : :
0 0.01 0.1 1 10 100 0 0.01 0.1 1 10 100
Time (Min) Time (Min)

Figure6:15: Left; Cumulative Probability Distribution PaftInduction 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 stirrér7barRPM 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 H&ist

Like the results seen at the smaller scale of 1 g of solvdfigure6:14, the same trend can
be seen irFigure6:15, at the larger scale of 3 g of solvent. At the supersaturation of 1.02, 90

% of samples prepared using@as a solvent had nucleated before reaching the-low
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temperature hold. A table where the times required at thevieemperature hold point for

the range of supersaturations tested is showTable6:4.

Table6:4: Time after which 90 #f all samples had nucleated when examining the NaCl nucleating fsOnautl
D,O at the scale a3 g of solvent.

Supersaturation Time required forinductionto be | % Increasén time required
observed im0 %of samples(Min). | for observation in BOthan
HO DO HO.

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 0f 1.0025 Y 1.02 inHO 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 inabilityotsuspend 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 ashe Crystalline device itself prevented imaging of the entire contents of

the vial at agitation speedsp to 1250 RPM using suspensions of NaCl.ih &t S = 1.06.

Examples of the suspensions being agitated at a range of speeds are sHeéigyura®:16.

Secondary confirmation was checked using a crystalline vial containing a saturated sodium

chloride solution in deionised water that was agitated using a magnetic stiareThe bés

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 waseased to the Crystall's

maximum (1250 RPM). Only when the speed was increased to 2000tRRBMas possible

as this was performed using a separate overhead stilreyond the Crystalliis maximum,

was the crystal suspended in solution. Howeubis was not advisable as the crystal was

repeatedly struck before being suspendéthese experiments could not be performed in the

I NBadrttAyS
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cameras are best suiting to wehigh numbers of tiny particles.
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Figure6:16: Photographs of NaCl suspended saturated NaClsolution at different agitation rates using a
downward flow threeblade propeller (100 RPM, 250 RPM, 500 RPM, 700 RPM, and 1250 RPM; Left to Right)

It can be seen from the imageskigure6:16, even thetypicalagitation speedf 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 tansmissivity 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 stillgpermit
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 quardigstalline
material would be expected to crystallise from the solution. As would be the case in NaCl/H
and NaCl/RO, only small supersaturations can be generated and returned to low

temperatures before nucleating.

A vial that was visually confirmed tmntain 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 theahsmissivity recorded. Furthermardhe 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 pathof the beam blocking it, this would be consistent with a partial decrease in the

111



transmissivity and fluctuating around this decrease value , whichowaBrmed using the

crystalline equipment itself.

To ascertain that the agitator was not inducing cauita and introducing turbidity. A pure
deionised water version setup was used. This was tested at the highest speed available on
the agitator overhead, @0 RPM. The appearance of the vial at this agitation speed is shown

in Figure6:17.

Figure 6:17: Photograph of 8 ml crystalline vial agitated at 2200 RPM using a downward flow-litage
propeller.

Figure6:17 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 notciar @t the lower

speed of 1250 RPEInd 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 shdwgune6:18.
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Figure6:18: 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 1.0@s indicate fitting according to Jiang and ter H48i.

Overhead stirring with a threbladed 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 ragdlbeavy water
samples. This can be done by compatiigure6:15 and Figure6:18. When using a stirrer
bar, 90 % and 14 % of solutions gOHand RO 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 violentedvead stirring with a thredlade
downflow propeller, no samples nucleated before reaching thetemperature isothermal
hold. Half of each cas total samples had nucleated before the end of the-lewperature

hold. Furthermore, when solutions of lowesupersaturation were used, the number

nucleated when using thiessvigorous agitation was significantly reduced.

All samples that nucleated from solution when using the Crystalline were also checked
through the captured images if any doubt existedhie 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 wa#fdrent 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 diekse fullyfor the next cycle, when this occurred that particular
cycle was removed from the analysis aeg@eated, this was not a common iss{gecurring

only 3 occasions across all of the overhead samples run with NaCl dissolvgd) ianD
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therefore wasnot a problem of any reabignificance Photographs taken of various
appearances are shown Figure6:19, Figure6:20 and Figure6:21 show images of sodium
chloride beforefull dissolution, a false positive of a nucleation event where undissolved
material was suspended at a temperature that would not permit its dissoluiod,sodium

chloride crystals which were formed through nucleation and crystal growth, respectively.

Figure6:19shows a wide distribution of particle sizes and manalgies, 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 imagegigare6:20 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 obserFglire6:21. In the

case of an actual nucleation from solution where all of itlnages of the particles showed

that theyare smallroughly the same sizand cubic in habit.

In the first interval inFigure6:20, between images one and two of the top row, shows
differences in brightness across the im&jgackground, 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 élows nucleation

to occur before isothermal conditions, as seerfFigure6:15. 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 seEBgure6:18.
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500 pm

Figure6:19: Crystalline Camera Images of Sodium Chloride béftirdissolution in BO. Images were takeat
30-second intervals, left to right. Scale bar in each image is 500 microns.

Figure6:20: Crystalline images of a false positive nucleation event of sodium chlorid®,imwkkreundissolved
NaCl has become suspended in the solution, giving the appearance of nuclkeatiges were taken at 38econd
intervals left to right in each row, therontinuingfrom the left-hand side of the row belowScale bar in each
image is 500 microns
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