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Abstract 
 

The influence of solvent type on the solution thermodynamics, nucleation-kinetics and crystal 

growth of alpha para-aminobenzoic acid (PABA) crystallising from supersaturated ethanol, 

acetonitrile and water solutions, is examined using poly-thermal analysis of the metastable 

zone width. Application of a recently proposed model for analysis of crystallisation kinetics 

(J. Cryst. Growth, 312 (2010) 698–704) indicates a solvent and concentration dependence of 

the nucleation mechanism and key nucleation parameters for the alpha form of PABA.  The 

mechanism of nucleation is found to change from instantaneous to progressive with 

decreasing concentration and also when changing the solvent from ethanol to acetonitrile to 

water. The dependence of the nucleation mechanism is correlated to the kinetic component of 

the nucleation rate through calculated number concentrations of instantaneously nucleated 

crystallites, which increase from 1.40 × 109 m-3 in ethanol to 1.08 × 1010 m-3 in acetonitrile to 

2.58 × 1010 m-3 in water. This in combination with low calculated values of interfacial tension 

between 1.13 and 2.71 mJ/m-2, supports the conclusion that the kinetic component of the 

nucleation rate is more limiting when crystallising PABA from ethanol solutions in 

comparison to water solutions. This finding is further supported by molecular dynamics 

simulations of the solvation free energy of PABA, which is found to be greatest in water, -

42.4 kJ/mol and lowest in ethanol, -58.5 kJ/mol.  
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1. Introduction 
 

Cooling crystallisation from saturated solutions is widely used in the pharmaceutical, crop 

protection, energy and food industries as a methodology for effecting the phase separation 

and purification of target compounds1 .  Underpinning the process of crystallisation is 

nucleation, the intermediary step between the solution and solid-states, which as such can be 

considered to be crucial in determining the characteristic physical and chemical properties of 

the final solid form2.  The influence of the solution state structure in directing the nucleation 

and growth processes is not fully understood particularly for organic molecular materials.  

However, it is known that the solution chemistry of the solvent can strongly influence the 

molecular self-assembly, nucleation and growth processes and, hence, can impact on the 

morphology, habit and size distribution of particles in the resultant crystalline phase3 4 5.  

Davey6 proposed that the de-solvation rates of a solute molecule can be the rate-limiting step 

for both nucleation and crystal growth; this was recently highlighted by comparing the free 

energy of solvation of the carboxylic acid dimer of para-aminobenzoic acid (PABA) in 

various solvents, to attachment frequency calculated from isothermal nucleation studies7.  

From this it is clear that solution chemistry can change the interfacial energy at the liquid-

solid interface, either of a cluster of molecules or a crystallite surface.  However, for organic 

materials further studies are required to link the solution chemistry of a target molecule to the 

measured nucleation kinetics. A comprehensive review of nucleation rates and the potential 

relationship to solution chemistry and self-assembly has been recently provided by Davey et 

al8. 

Understanding, characterising and defining the nucleation process together with its 

underpinning thermodynamic and kinetic aspects is a necessary component in the design of 

crystallisation processes.  Recent studies have shown that nucleation kinetic parameters can 
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be derived from the probability distribution of induction times (time taken for a system to 

crystallise while under non-kinetic supersaturation conditions) as observed from 

measurements of induction times at a set temperature and hence supersaturation (isothermal 

method), and these have been related to the mechanisms by which critical nuclei form in 

supersaturated solutions9. The relationship between induction time and supersaturation can be 

used to calculate nucleation kinetic parameters, such as interfacial tension and the 

methodology has been successfully applied to organic materials7, 10, 11. 

Crystallisation parameters can also be obtained by observing the effect of cooling rate on the 

measured achievable undercooling (polythermal method) which has also been used to study 

crystallisation due to the fundamental connection between the meta-stable zone width (the 

difference between the equilibrium solubility and crystallisation temperatures, 〉Tc) and the 

crystallite properties12,13,14,15,16.  This method relates 〉Tc to the cooling rate, q, to calculate 

nucleation kinetics and information about crystallite growth. The most common interpretation 

of 〉Tc vs q data is using the empirical Nyvlt expressions17, 18, however Kubota19 and 

Sangwal20, 21 have recently re-interpreted these equations in order to derive more physically 

meaningful parameters. These poly-thermal approaches have been comprehensively reviewed 

and applied to paracetamol-ethanol solutions by Mitchell et al through which the key kinetic 

parameters were derived22.   

More recently a more rigorous theoretical approach has led to further development of the 

polythermal method by Kaschiev, Borrisova, Hammond and Roberts23, 24, 25 (KBHR).  The 

KBHR approach allows determination of important nucleation parameters providing also 

insight into the nucleation and growth mechanisms of crystallites. This approach has been 

recently applied to methyl stearate crystallising from kerosene from which the interfacial 

tension was determined and cross-validated using an isothermal methodology25.  
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These advances have provided significant mechanistic insight together with key kinetic 

parameters for both nucleation and growth and in this paper this approach is applied to para-

amino benzoic acid (PABA), shown in Figure 1.   

 

Figure 1 Chemical structure of para-amino benzoic acid 

 

PABA contains carboxylic acid and amino functional groups and as such exhibits some of the 

molecular scale characteristics of pharmaceuticals and their pre-cursors26,27,28,29,30,31,32,33. This 

work focuses on the crystallisation of the alpha polymorphic form of PABA as crystallised 

from three solvents; ethanol, acetonitrile and water. Preliminary studies of alpha PABA 

crystallising from ethanol have been previously published34. This paper extends this work by 

contrasting this with data collected using different solvents; acetonitrile and water. Through 

the identification of the nucleation mechanism and the characterisation of key nucleation and 

growth parameters for three different solvents, the aim of this study is to understand how 

changes in the solvation environment and crystallisation supersaturation direct the 

crystallisation of PABA and impact on its physical form. 

 

 

https://upload.wikimedia.org/wikipedia/commons/2/2b/4-Aminobenzoic_acid.svg
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2. Theory 

2.1. Assessment of solubility  

A compound’s molar solubility, x, is the concentration of the solute at equilibrium and can be related 

to the solubility of the ideal state xideal. through its activity coefficient, け,  given by expression (1), this 

was derived by equating the activities of the  ideal and non-ideal states from the normal definition of 

activity. 

紘 噺 掴日匂賑尼如掴      (Equation 1) 

 

The ideal model solid-liquid equilibrium with the assumption of negligible contribution of heat 

capacity, Cp, can be expressed as 

ln岫捲岻 噺 ッ張肉祢濡眺 峙怠脹 伐 怠脹尿峩     (Equation 2) 

 

where R is the ideal gas constant, 〉Hfus is the enthalpy of fusion, T is temperature and Tm is 

the melting temperature of the solute35. Assuming non-ideal behaviour the van’t Hoff 

equation can also be expressed as; 

ln岫捲岻 噺 伐 ッ張匂日濡濡眺脹 髪 ッ聴匂日濡濡眺  (Equation 3) 

where ッ茎鳥沈鎚鎚  and ッ鯨鳥沈鎚鎚  are the enthalpy and entropy of dissolution respectively. The 

enthalpy reported in this study refers to the enthalpic change on dissolving a mole of a 

substance in an infinite amount of saturated solution36. A solute’s solvation enthalpy, ッ茎鎚墜鎮塚, is 

derived through ッ茎鳥沈鎚鎚through the enthalpy of sublimation of the solute ッ茎鎚通長, where ッ茎鎚通長 can be 

estimated through the crystalline materials lattice energy, 継鎮銚痛痛 (for the PABA alpha polymorph this 

was found to be 102.6 KJ/mol-1) 37. For a full derivation of terms please see the supplementary 

material. 
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2.2. Assessment of Crystallisation Kinetics using the KBHR Methodology 

The assessment of crystallisation kinetics was carried out through the application of the 

KBHR method. Using this approach the average values of Tdis and TC allow calculation of the 

critical undercooling, 〉Tc, using Equation 4, where Te is the equilibrium solubility 

temperature and TC is the crystallisation temperature; 

弘劇頂 噺 劇勅 伐 劇寵  (Equation 4) 

A value of the relative critical undercooling, uc, was calculated from Equation 5, where uc is 

dimensionless.  

憲頂 噺 蔦脹迩脹賑   (Equation 5) 

Analysis of the slope from a linear regression of the measured uc values versus cooling rate 

(q) in ln-ln coordinates can be used to assess the nucleation mechanism; instantaneous or 

progressive. A slope of < 3 is indicative of instantaneous nucleation, where nuclei all form at 

the same temperature, whereas a slope of >3 being indicative of progressive nucleation 

whereby nuclei are formed at various temperatures leading to varying crystallite sizes38.  To 

further scrutinise the dependence of uc on q, the following inequalities must be met.  

憲頂  隼  ど┻な┸ 欠憲頂  隼  な  (Equation 6) 

The values of a were calculated using Equation 7;  

欠 噺 碇賃 脹賑   (Equation 7)  
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where 倦 is the Boltzmann constant and 膏 is the molecular latent heat of crystallisation, these 

values were averaged for each concentration over the various cooling rates. 

 

2.2.1. Instantaneous Nucleation 

For the case of instantaneous nucleation the value of q0, a parameter related to the 

dependence of uc on q, can be related to the  concentration of crystallites, C0, at the point of 

nucleation, t0, through Equation 8, 

圏待 噺 峙 賃寧 寵轍岫津袋怠岻匂 底匂賑禰峩 迭尿匂  岫欠岻津 計弔 劇勅  (Equation 8) 

Where n and m are growth exponents for the growth mechanism of the crystallites; where n = 

1 is associated with diffusion of solute across a crystal/solution interface, and n = 2 indicates 

the presence of screw dislocations within the crystallite. The parameter m can take a value 

between 0.5 and 1, where m = 0.5 indicates undisturbed diffusion of the solute to the crystal 

surface and m = 1 indicates growth through diffusion of solute through a stagnant layer 

around the crystal39.  The value of d is the dimensionality of the crystal growth i.e. 1 for 

needle like crystallites. KG is the overall growth rate of the crystal (assumed as, 計弔  = な 抜 など貸腿 m/s from growth studies of PABA crystals in ethanol) and Kv is the crystallite 

growth shape factor e.g. 2A0 for needle like crystals (where A0 is the fixed needle cross-

sectional area and in this case was taken from measured widths of crystallites recovered from 

the polythermal cooling experiments). The value of q0 can be obtained through a Nyvlt17,18 

type relationship by plotting the q vs uc in ln-ln coordinates. 

健券 圏 噺 健券圏待 髪 岫券 髪 な岻健券憲頂  (Equation 9) 

2.2.2. Progressive Nucleation 
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For the case of progressive nucleation the uc (q) dependence can be related through the 

number of crystallites at the detection point, Ndet, which is described through the parameter 

q0.  

ln岫q岻 噺 ln岫圏待岻 髪 欠怠 ln岫憲頂岻 伐 銚鉄岫怠貸通迩岻通迩鉄    (Equation 10) 

Plotting crystallisation parameters in ln q vs uc coordinates followed by a non-linear least 

squares fit of Equation 10 enables calculation of free parameters related to the nucleation and 

growth of crystallites, in this instance the fitting was carried out using OriginPro40  software. 

In this a1 is a parameter related to the crystallite growth exponent’s m, n and d.  

欠怠 噺 ぬ    (Equation 11) 

The free parameter a2 is related to the nucleation parameter b and so can be used to calculate 

けeff where kn is the nucleus shape factor (16ヾ/3 for a spherical nucleus), v0 is the molecular 

volume in the crystal.  

欠態 噺 決 噺 賃韮 塚任鉄 廷賑肉肉典賃 脹賑 碇鉄     (Equation 12) 

The final free parameter q0 takes into account growth and nucleation parameters, where KJ is 

the nucleation rate constant. 

圏待 噺 蝶 懲乍 脹賑朝匂賑禰 態長    (Equation 13) 

Following analysis of けeff though Equation 12 the critical nucleus radius, r* , can be calculated 

through the following expression;  

堅茅 噺 態 廷賑肉肉 塚任 碇 通      (Equation 14) 

the number of molecules within the critical nucleus, i* , can be evaluated through Equation 

15; 
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件茅 噺 態 銚鉄 賃 脹賑碇 岫通岻典      (Equation 15) 

A flow chart summary of the KBHR analysis procedure is provided in Figure 2. 

 

  

 

 

 

 

Figure 2: Flow chart indicating the procedure followed for application of the KBHR approach 
and ‘the rule of three’ analysis 
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3. Materials and Methods 
 

3.1. Materials 

All experimental work was carried out using >99% PABA, 99.9% absolute ethanol, 99.9% 

acetonitrile all purchased from Sigma Aldrich and laboratory de-ionised water. 

3.2. Polythermal Data Collection 

3.2.1. Apparatus 

Polythermal crystallisation experiments were carried out in a Technobis Crystal 16 unit41. 

This multiple reactor equipment allows sixteen 1.5ml vials, separated into 4 blocks, to be 

heated and cooled at specific rates by utilizing a combined Peltier heating and water bath 

cooling system. The vials were magnetically stirred using micro stirrer bars and the 

crystallisation process was monitored using a turbidometric system to detect the 

crystallisation and dissolution temperatures as a function of cooling and heating rates 

respectively.  

3.2.2. Sample Preparation  

Solutions of PABA in ethanol were prepared at 170, 180, and 190, 200 g/kg in acetonitrile at 

54, 64.8, 75.6 and 86.4 g/kg and in de-ionised water at 6, 8, 10 and 12 g/kg of solvent on a 10 

ml scale.  PABA was weighed into vials using a balance accurate to four significant figures, 

followed by addition of the solvent by mass.  The solutions were then stirred and heated to 

50°C on a stirrer hotplate at 300rpm until the material dissolved to give a clear solution; the 

solutions were then transferred to the vials using pre-heated pipettes (50°C) to prevent 

unwanted crystallisation. 
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3.2.3. Polythermal Methodology 

The solutions were heated and cooled in a pre-programmed cycle from 5°C to 50°C where 

the solutions were held at the higher temperature for one hour to allow complete dissolution 

of the solute, the rates of heating and cooling were 0.1, 0.3, 0.5, 0.7 and 1.0 °C / min with 

constant stirring by a micro magnetic stirrer at 300rpm. 

Each cooling rate was repeated five times at each concentration to give good statistics for the 

measured dissolution and crystallisation temperatures, Tdis and TC respectively.  Tdis and TC 

were obtained using a poly-thermal cooling profile where Tdis was determined when the 

transmission value reached 100% and TC was determined as the point when the transmission 

percentage from the turbidity signal was observed to decrease below 90%.  

3.2.4. Polythermal Data Analysis  

Extrapolation of the measured Tdis to 0°C/min cooling rate was used to calculate the 

equilibrium dissolution temperature, Te, and through this the solubility as a function of solute 

concentration and solvent choice. The values of Te and TC were then used to calculate the 

critical undercooling, 〉Tc from Equation 4. This allowed the calculation of the relative critical 

undercooling, uc, from Equation 5. It followed that for each solvent and the respective solute 

concentration, a plot of ln uc vs q was obtained, whereby the slope of a linear fit to the data 

points revealed the nucleation mechanism for the crystallisation process. This was followed 

by analysis using the procedure outlined in Figure 2, whereby the concentrations which 

revealed an instantaneous mechanism were further analysed using Equation 9, those which 

revealed a progressive mechanism Equation 10. 

3.3. Crystallite Size Characterisation 

The final crystallite size was determined by optical image analysis using a Malvern 

Morphologi G342 . Crystal samples were obtained from the sample vials after the 
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crystallisation experiments at a supersaturation of 1.2, by isolating the solids from solution 

using vacuum filtration. These crystals were then dried in an oven at 50°C. The samples of 

crystals were manually dispersed onto the automated glass sample stage with a spatula to 

prevent crystallite breakage. The imaging program scanned a predetermined circular area of 

sample using a 20x magnification lens providing resolution of 3.5 - 210 µm. Light intensity 

and lens focus were automatically calibrated using the instrument software form each 

measurement. The size distributions provided from this analysis were d0.1, d0.5 and d0.9 . 

3.4. Solvation free energies of PABA using molecular dynamics  

The solvation free energies of PABA were predicted with molecular dynamics simulations 

using the thermodynamic integration technique43.  Each of the states of PABA sampled was 

first minimised using the steepest descents method44.  Then each state was equilibrated at 293 

K and 1 atm for 100 ps.  The initial state (そ=0) was defined by turning off the electrostatic 

and VDW interactions between the solute and the solvent.  The final state (そ=1) was defined 

as having the single molecule fully solvated in a solvent box.  Eight ‘windows’ were used for 

the integration pathway going from the initial to the final state 〉そ= 0.0 0.2 0.4 0.6 0.7 0.8 0.9 

1.0.  For each window, further equilibration of the system was applied for 100 ps and 

sampled for 500 ps.  All calculations are preformed within the Gromacs programs package45. 

Topology files, bonded and non-bonded parameters were derived from the GAFF force 

field46.  For the electrostatic potential, RESP charges were derived from Antechamber47 

within Ambertools based on ab-initio calculations at the MP2/aug-cc-pvTz level of theory.  
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4. Results and Discussion 
 

This section provides detailed analysis of the crystallisation behaviour of PABA, drawing 

together data and analysis regarding solubility characterisation (section 4.1), meta-stable 

zone-width determination (section 4.2), nucleation kinetics and mechanism (section 4.3) and 

crystal growth mechanism (section 4.4). The above work is integrated (section 4.5) through 

relating the crystallisability of PABA to crystallisation solvent type and solute concentration. 

4.1. Solubility, Solution Thermodynamics 
 

The solubility, solution thermodynamics and meta-stability of PABA were assessed for the 

three solvents. An example of cooling and turbidity profiles for crystallisation from water is 

shown in Figure 3a) and b), highlighting the determination of Te as a function of solution 

concentration and solvent from the extrapolation of the values for Tdis and TC. The van’t Hoff 

plots of the solubility for PABA in ethanol, acetonitrile and water solutions, shown in Figure 

3c), d) and e) were consistent with less than ideal behaviour indicating a preference for solute 

– solute interactions in all three solvents.  In terms of the closest to solution ideality the order 

was ethanol > acetonitrile > water which is consistent with the relative solubility of PABA 

and with an inverse relationship to the dielectric constants of these solvents48. 
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The calculated activity coefficients, け, together with the values of the enthalpy and entropy of 

dissolution at solution saturation, 〉Hdiss and 〉Sdiss, are given in Table 1.  The lowest values of 

〉Hdiss and 〉Sdiss are calculated for ethanol, and the highest for water while the values for 

Figure 3: a) Typical poly-thermal cooling crystallisation profile from water, highlighting 
turbidity measurements (light transmittance %) of Tdis and TC,  b) light transmittance % vs 
temperature indicating extrapolation of Tdis and TC, c) van’t Hoff plot of the solubility measured 
from poly-thermal analysis vs the ideal solubility in ethanol, d) in acetonitrile and e) in water 
solutions 
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acetonitrile lie between the two.  As these values are calculated at saturation concentration 

this trend mirrors the measured solubility and indicate that the dissolution process is driven 

by the enthalpy change, this was also highlighted from the calculated free energy term, 〉Gdiss.  

 

 

 

The calculated values of 〉Hsolv shown in Table 1 indicate that at saturation, the solvation 

enthalpy in ethanol is -95.4 kJ/mol and -74.4 kJ/mol in water; this can also be interpreted as 

the energy required to de-solvate a molecule of PABA at saturation concentration. This trend 

was further supported by the calculated values of free energy of solvation, 〉Gsolv, from MD 

simulations at two concentrations, presented in Table 1. 〉Gsolv at the lower concentration in 

ethanol was found to be -53.5 kJ/mol and -43.9 kJ/mol in water, and hence de-solvation of 

PABA in the three solvents is most energetically favourable in water followed by acetonitrile 

and least favourable in ethanol. At the higher concentration this trend remains the same, 

however, 〉Gsolv was calculated as -58.5 kJ/mol in ethanol indicating an increase of solution 

Solvent け 〉Hdiss 
(kJ/mol) 

〉Sdiss (kJ/ K-1 
mol-1) 

〉Gdiss 
(kJ/mol) 

〉Hsolv 

(kJ/mol) 

〉Gsolv from 
MD higher 

concentration 

(kJ/mol) 

〉Gsolv from 
MD lower 

concentration 
(kJ/mol) 

Ethanol 1.10 12.3 0.017 7.2 -95.4 
26.40 g/kg = -

58.5 +/-1.7 
18.87 g/kg = -

53.5 +/-1.6 

Acetonitrile 2.31 22.3 0.043 9.6 -85.3 
63.96 g/kg = -

54.5 +/-0.9 
29.86 g/kg = -

52.9 +/-1.0 

Water  63.05 33.3 0.051 17.5 -74.4 
22.7 g/kg = -
42.4 +/-1.2 

10.79 g/kg = -
43.9 +/-1.7 

Table 1: Calculated values for the activity coefficient, け, enthalpy of dissolution 〉Hdiss, 
entropy of dissolution 〉Sdiss, free energy of dissolution 〉Gdiss and enthalpy of solvation 〉Hsolv 
for each solvent from a van’t Hoff analysis (assuming negligible changes of 〉Cp with 
temperature) of the measured concentration values from poly-thermal analysis and the MD 
simulation results of solvation free energy calculated for a monomer of PABA in ethanol, 
acetonitrile and water solutions respectively 
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concentration resulted in a larger increase in the de-solvation energy compared to water. The 

〉Gsolv in water at higher concentrations was calculated as -42.4 kJ/mol, which indicated de-

solvation in water is energetically more favourable with increasing solution concentration.  

4.2. Determination of meta-stable zone-width 
 

The meta-stable zone-width for PABA was assessed by analysis of the Tdis and TC values as a 

function of cooling rate to calculate 〉Tc; an example of calculated 〉Tc values for solutions in 

ethanol, acetonitrile and water is presented in Table 2 with example data provided in Figure 

4. The full list of dissolution and crystallisation temperatures together with calculated 〉Tc 

values for all cooling rates in ethanol, acetonitrile and water can be found in the 

supplementary material. 

 

 

Cooling Rate (°C/min-1) 〉Tc Ethanol / °C 〉Tc Acetonitrile / °C 〉Tc Water / °C 

0.1 6.9(1) 6.8(1) 6.5(6) 

0.3 13.2(1) 9.1(8) 8.1(4) 

0.5 21.4(6) 8.2(6) 8.6(6) 

0.7 23.9(1) 10.1(0) 8.0(6) 

1 29.9(8) 10.0(0) 10.5(8) 

 

Table 2: Calculated 〉Tc values from analysis of the crystallisation and dissolution 
temperatures in 170g/kg ethanol, 54 g/kg acetonitrile and 6 g/kg water solutions  
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Figure 4: Tdis, TC and supersaturation ratio as a function of cooling rate recorded for a solution 
concentration of a) 170 g/kg in ethanol, b) 54g/kg in acetonitrile, c) 8g/kg in water, d) 180g/kg 
in ethanol, e) 160 g/kg in ethanol and f) 150 g/kg in ethanol. 
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These data, which highlight the dependence of crystallisation and dissolution temperature on 

solution cooling rate, show a high dependence on cooling / heating rates for both the 

crystallisation and dissolution on-set points for crystallisation in ethanolic solutions (Figure 

4a). This suggests that the crystallisation process was rate limited by nucleation rather than 

by supersaturation generation due to cooling. To a lesser extent acetonitrile solutions (Figure 

4b) were also found to exhibit a small dependence of their crystallisation and dissolution on-

set points on cooling rate whereas, in contrast, the related data for water solutions (Figure 4c) 

exhibited little variation with cooling rate. The latter indicated that beyond a critical super-

saturation of ca 1.1, the solutions can nucleate comparatively easily and hence significant 

solution super-cooling beyond this threshold is not observed. This trend was also observed 

for ethanolic PABA solutions for lower solute concentrations, as highlighted in Figure 4d), e) 

and f), where the crystallisation temperatures were found to exhibit less dependence on 

cooling rate with decreasing concentration. A full set of plots of super-solubility and 

solubility curves, as derived from extrapolation of Te and Tc at 0°C/min cooling rate for the 

three solvents are provided in the supplementary material. 

4.3. Analysis of the Nucleation Kinetics and Mechanism 

Polythermal data analysis of lnuc vs lnq, for ethanol, acetonitrile and water solutions at solute 

concentrations of 170, 54 and 6 g/kg respectively are given in Figure 5 a), b) and c) with the 

results of the KBHR analysis being given in Table 3. Examination of the data from the ‘rule 

of three’ analysis reveals that for all solute concentrations studied in ethanoic solutions, with 

the exception of the 160 and 150 g/kg solutions, the slope of these plots is < 3, revealing the 

nucleation mechanism in the higher concentration range studied to be instantaneous. In 

contrast for the two lower concentrations the nucleation mechanism was found to be 

progressive. 
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These results were mirrored in the analysis of the acetonitrile solutions with the higher 

concentrations being consistent with instantaneous nucleation, with the lower solute solution 

concentration data at 54 g/kg revealing a much larger slope of 3.21 consistent with a 

progressive nucleation mechanism.  Similarly, the results in higher concentration water 

solutions also reveal an instantaneous nucleation mechanism with a progressive mechanism 

for the lower concentration values e.g. 6 g/kg.  

 The slopes of these regressions in water however, were found to be much closer to 3 i.e. that 

required for progressive nucleation, thus indicating that in water, PABA nucleates more 

readily.  Conversely in ethanol and acetonitrile, putative nuclei seem to be stable for longer 

Figure 5μ a) plot of q vs たc in ln-ln coordinates for PABA in ethanol at a concentration of 170 
g/kg b) in acetonitrile at a concentration of 54 g/kg c) in water at a concentration of 6 g/kg d) 
Relative critical undercooling as a function of ln cooling rate for a solution concentration of 
6 g/kg in water, highlighted is the results of the best fit of Equation 10 to the data 
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time periods which is consistent with the larger undercoolings observed for these solvents. 

Interestingly the ethanolic PABA solutions highlight a concentration dependence upon the 

nucleation mechanism of the system whereby a change of mechanism from instantaneous to 

progressive occurs with decreasing concentration within a critical range from 170 to 160 

g/kg.  

The error bars highlighted in the lnq vs lnuc plots in Figure 5 highlight the stochastic  nature 

of crystallisation, where the recorded values of Tc provide a variation in the MSZW and 

hence uc. It should be noted that the derived Tc and Tdis values were the average of between 5-

8 experimental repetitions which complies with the guidance of the comprehensive error 

analysis of the KBHR method provided in CrystEngComm, 2014, 16, 974 supplementary 

material25.
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†calculated from poly-thermal KBHR analysis, ‡calculated from iso-thermal analysis referenced in Toroz et al34 

Conc. (g/kg) 

Ethanol 

Te (°K) Slope of ln 

q vs. ln uc 

R2 of linear fit 

to ln q vs ln uc 

Nucleation 

mechanism 

q0 (K s−1) n けeff  (mJ/m-2) Co (m-3) Nuclei/1 ml 
r* (nm) 

〉TC range /°C 

150 302.4(1) 3.69 0.64 Progressive  N/A N/A  2.71† 1.83×1010 N/A  0.30 – 0.49 16.1(0) – 25.7(8) 

160 304.8(5) 3.25 0.97 Progressive N/A N/A 1.79† 1.33×1010 N/A  0.17 - 0.37 14.2(0) – 29.8(0) 

170 302.4(6) 1.68 0.99 Instantaneous 1.36 0.68 N/A 8.60×108 860 N/A 8.3(0) – 31.3(7) 

180 304.8(5) 1.76 0.80 Instantaneous 1.86 0.76 0.85‡ 1.18×109 1180 0.69–1.98 7.3(2) – 21.5(0) 

190 307.3(2) 1.56 0.53 Instantaneous 1.65 0.56 N/A 1.06×109 1057 N/A 5.6(3) – 17.1(0) 

200 312.1(3) 1.62 0.62 Instantaneous 3.1 0.62 1.31‡ 1.96×109 1957 0.48–0.91 4.2(2) – 13.8(5) 

Acetonitrile            

54.0 288.4(2) 4.77 0.8 Progressive N/A N/A 1.13 3.22×1013 N/A 0.53 - 0.84 6.8(1) – 10.0(0) 

64.8 292.4(5) 1.56 0.43 Instantaneous 4.53 0.56 N/A 2.84×109 2838 N/A 3.7(8) – 7.7(5) 

75.6 297.9(8) 1.61 0.34 Instantaneous 8.58 0.61 N/A 5.36E×109 5364 N/A 2.9(6) – 4.8(5) 

86.4 303.1(1) 1.99 0.96 Instantaneous 38.86 0.99 N/A 2.42×1010 24221 N/A 2.1(9) – 5.5(1) 

Water             

6 302.2(5) 4.53 0.79 Progressive N/A N/A 1.95 3.45×1011 N/A 0.53 - 0.84 6.5(6) – 10.5(8) 

8 308.7(5) 2.41 0.49 Instantaneous 54.60 1.41 N/A 2.18×1010 21805 N/A 5.3(8) – 9.9(8) 

10 313.9(5) 2.39 0.62 Instantaneous 94.63 1.39 N/A 3.78×1010 37814 N/A 3.5(2) – 7.1(8) 

12 319.0(5) 2.13 0.95 Instantaneous 44.70 1.13 N/A 1.78×1010 17836 N/A 2.6(0) – 6.2(4) 

Table 3: Calculated nucleation kinetics as a function of concentration for alpha PABA in ethanol, 
acetonitrile and water from the slope and intercept of the linear fit to q vs uc in ln-ln coordinates 
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The values calculated for C0 at the various solution concentrations are presented in Table 3, 

the values show good agreement with calculated values for aspirin, a similar organic 

molecule, using this methodology.49 The relevant values of nuclei/ml for the three solvents 

were found, in general, to be low for ethanol solutions and higher for acetonitrile and water.  

This observed trend follows an inverse relationship to solubility; PABA has the highest 

solubility in ethanol (144.0 g/kg at 20°C), but is found to nucleate the lowest number of 

nuclei at T0 , whereas in water the solubility of PABA is very low (3.4 g/kg at 20°C), 

however a large number of nuclei are formed upon instantaneous nucleation.   

The data measured at lower concentrations of the ethanol acetonitrile and water solutions, 

which displayed progressive nucleation behaviour, were further analysed using Equations 10-

15.  An example of this curve fitting for a water solution at a concentration of 6g/kg is 

highlighted in Figure 5d). The results of the fitting procedure were correlated to けeff for each 

solvent and concentration which displayed a progressive nucleation mechanism through 

Equation 12. Table 3 contains the values of r*  and i* from Equations 14 and 15, this was 

calculated for the high and low values of critical undercooling; 0.047 – 0.098 in ethanol, 

0.024 – 0.035 in acetonitrile and 0.022 – 0.035 in water.  

The results from the progressive nucleation analysis seem to indicate that the interfacial 

tension values for all three solvents were relatively low. The values in acetonitrile were found 

to be in reasonable agreement with calculated literature values of けeff for PABA solutions in 

acetonitrile from induction time measurements, where a value of 1.33 mJ/m-2 was presented7. 

Further literature values of けeff calculated from induction time analysis in higher concentration 

ethanolic PABA solutions, were found to be 0.85 and 1.31 mJ / m-2 for concentrations of 180 

g/kg and 200 g/kg respectively. Comparatively the calculated values of けeff from the KBHR 

analysis are also relatively low for the lower concentration ethanolic PABA solutions, where 
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values of 1.79 and 2.71 mJ/m-2 were calculated at concentrations of 160 and 150 g/kg 

respectively. 

4.4. Analysis of the Mechanism for Crystal Growth  

The results of the KBHR analysis were utilised to explain the crystal growth of PABA in the 

three solvents and this was further supported by experimental measurement of the recovered 

crystallite sizes. The value of the growth exponent, n, highlighted in Table 3 for ethanol and 

acetonitrile solutions was found to be 1, on average this value was slightly higher in 

acetonitrile.  This is indicative of a system where the growth of the crystallites is rate limited 

only by mass transfer i.e. the diffusion of the growth unit to the growing crystallite.  The 

results in water however have revealed that the average value of n is much closer to 2 and as 

such this is indicative of a system whereby growth is rate limited by rearrangement of the 

solute at the crystal/solution interface. Further to this, it was observed that the size of the 

crystallites recovered from the polythermal crystallisations varied between the three solvent 

systems. Micrographs of the recovered crystallites indicated that the crystals recovered from 

ethanol and acetonitrile were generally significantly larger than those recovered from water, 

this comparison is provided in Figure 6a), b) and c).  

Results from the optical image analysis of crystallite size in Figure 6d) shows the crystallite 

length distributions for the crystals recovered from crystallisation experiments. The length 

distribution mean values in Table 4 were found to be 37.25 µm in water compared to 90.64 

µm in acetonitrile and 113.11 µm in ethanol, this was further supported by the recorded 

values of length distributions; d0.1, d0.5 and d0.9. For example, the crystallite length d0.9 in 

ethanol is considerably larger, 262.90 µm, when compared to the same distribution in water 

at 92.60 µm.  
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Solvent Mean Length µm Length µm d0.1 Length µm d0.5 Length µm d0.9 
Ethanol 113.11 23.26 72.94 262.90 

Acetonitrile 90.64 4.60 40.01 247.63 
Water  37.25 4.98 14.89 92.60 

     
Solvent Mean Width µm Width µm d0.1 Width µm d0.5 Width µm d0.9 
Ethanol 23.13 7.15 16.64 45.91 

Acetonitrile 21.39 2.54 11.91 51.08 
Water  9.06 2.26 5.06 17.27 

 

Table 4: Results of optical analysis of crystallites recovered from cooling crystallisations in 
ethanol, water and acetonitrile, highlighting the measured crystallite length distributions 
and width distributions 

Figure 6: micrographs of crystals recovered from poly-thermal cooling experiments from a) 
ethanol, b) acetonitrile c) water solutions d) length distributions of recovered crystallites 
from cooling crystallisations at supersaturations =1.2 using optical analysis.  
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The crystallite width distribution analysis highlighted in Table 4, affords quantitative support 

of the observation that crystallites recovered from acetonitrile and ethanol were generally 

wider than those that are grown in water. This can also be seen in the micrographs in Figure 6 

which indicates that the crystals recovered from ethanol were generally longer along the 

needle axis and their crystallographic surfaces were more clearly defined, particularly when 

compared to crystals grown in water. The crystallites recovered from acetonitrile are 

generally crystallographically well-defined and were also found to be wider than the crystals 

recovered from water which usually exhibited shorter needle-like crystals with much less 

defined facets. It should be noted that whilst the trend in crystal size between these three 

solvents is clear, some caution should be exercised in terms of over interpreting this size data 

mindful of the potential of inter-particle attrition within the crystallisation vessel. 

 

Figure 7: An illustrated example of the possible pathway to nucleation and growth of alpha PABA 
considering addition to the fastest growing (0 1 0) plane of the needle b axis 
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50Further to this, Rosbottom et alError! Bookmark not defined.  have recently concluded that the 

growth direction of PABA crystals is found to be along the b axis in the (0 1 0) plane, where 

the fast growing needle axis is dominated by ヾ-ヾ stacking interactions of the aromatic rings. 

Considering n = 1 in ethanol and acetonitrile solutions and 2 in water solutions, if the only 

barrier to crystal growth were the free energy of de-solvation, it should be expected that 

crystals would be largest in water where the growth unit can de-solvate at a greater rate. 

However, the trend is the contrary and so it is likely that the attachment frequency to the fast 

growing (0 1 0) plane is relative to crystallite size. This suggests that there is a barrier to 

growth at the (0 1 0) surface in water which is not present or is decreased to a large extent in 

ethanol and acetonitrile solutions. Sullivan et al 7 have recently indicated the importance of 

dimer formation as a key step in attachment to the PABA crystal during crystallisation. 

Additionally, Toroz et al34 have suggested that COOH dimer formation may occur in 

supersaturated solutions of PABA in ethanol; this leads to speculation that formation of the 

COOH dimer could be the rate limiting step for growth allowing a favourable ヾ-ヾ stacking 

interaction to occur at the (0 1 0) plane. This mechanism for growth is presented in Figure 7, 

where the de-solvation process takes place before addition to the fast growing (0 1 0) plane. 

 

4.5. Crystallisability in Relation to Solution Chemistry 
 

The data reported in this work are summarised in Table 5 and can be applied in order to gain 

an improved understanding of the role played by solvent in the self-assembly, nucleation and 

ultimately crystal growth of PABA from the various solvents studied.  The values of 〉Hsolv 

calculated in the van’t Hoff analysis follow the same trend as those calculated from MD 

simulations, -74 kJ/mol in water solutions and -95 kJ/mol in ethanol, where de-solvation of 

PABA in water costs less free energy in comparison to the case in ethanol. This trend also 

seems to correlate well with the molecular structure of the solvent and its ability to solvate 
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PABA, where water poorly solvates PABA and hence the energetic penalty for de-solvation 

is less than the case of ethanol, which solvates PABA strongly.  

The free energy of de-solvation is an important factor when considering the nucleation rate of 

a solute and therefore is directly related to the achievable undercooling of a solution prior to 

crystallisation.  The values of 〉Hsolv directly correlate with the measured values of uc, 

whereby undercooling was greatest in ethanol and de-solvation is expected to be slowest, 

conversely in water the calculated values of uc  are less than those in ethanol and de-solvation 

is expected to be faster. Recent work relating attachment frequency, f*, to the free energy of 

de-solvation of PABA by Sullivan et al 7 has shown that f*  increases with decreasing de-

solvation free energy of the carboxylic acid group.  So it might be expected that the rate of 

nucleation is strongly proportional to the de-solvation free energy of the solute in a saturated 

solution.  This leads to the postulation that the nucleation rate in general is likely to be lower 

in ethanol than in water at relevant supersaturation and temperature, in line with the 

calculated values of 〉Hsolv and 〉Gsolv from van’t Hoff analysis and MD simulation 

respectively.  

The calculated values of interfacial tension, けeff , from the progressive nucleation analysis at 

the lower concentration of 6g/kg in water solutions were found to be 1.95 mJ/m3, this is 

significantly higher than the values of けeff calculated in ethanol which were found to be 0.85 – 

1.31 mJ/m-2 by Toroz et al. According to classical theory the nucleation rate J(t) is given by 

蛍 岫痛岻 噺  計徴結 貼弐岫迭貼祢岻祢鉄   (Equation 16) 

where b is the thermodynamic exponential function which is related to the interfacial tension, 

けeff through Equation 17; 

決 噺  賃韮 塚轍鉄廷賑肉肉典賃脹賑碇鉄    (Equation 17) 
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and where the nucleation rate constant KJ is related to the Zeldovich factor, z, Co and the 

frequency of attachment of the molecular building blocks to the nucleus,  f*   25, 38.  

計徴 噺 権血茅系待     (Equation 18) 

Considering this, an argument can be made that in the case of ethanolic PABA solutions J(t) is 

not limited by the けeff and hence the thermodynamic parameter b, but is instead limited by f* , 

which is likely a consequence of a higher free energy of de-solvation. This is also supported 

by the observed kinetic dependence of Tdis and TC on cooling rate highlighted in Figure 4a), 

b) and c). Comparatively the case in water can be expected to be the contrary situation where 

now J(t) is likely to be limited by けeff and not by f* , this is again consistent with the 

observation of the lesser cooling-rate dependant crystallisation parameters whereby the 

dependence of Tdis and TC on cooling rate is not significant. 
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Ethanol 

 
CH3CH2OH 

Acetonitrile 

 
CH3CN 

Water  

 
H2O 

Dielectric Constant 24.3 37 78 

# Atoms 9 6 3 

Solubility at 20°C / 
g/kg 

144.4 65 3.41 

Solution Ideality Most ideal case  Least ideal case 

Activity Coefficient 
け 

1.10 2.31 63.05 

〉Hsolv / kJ/mol 
(from experimental 

solubility 
measurements) 

-95.4 -85.3 -74.4 

〉Gsolv / kJ/mol 

(from MD 
simulation) 

-53.5 -52.0 -41.0 

Cooling effect on 
Tdis and TC 

Kinetic Kinetic Thermodynamic 

Degree of solution 
undercooling 

High Low Low 

C0 Nuclei 
concentration / m-3 

8.60×108 - 1.96×109 2.84×109 – 2.42×1010 1.78×1010 – 3.78×1010 

Growth exponent n 0.56-0.76 0.56-0.99 1.13-1.41 

Growth rate 
limiting, from n 

Mass Transport Mass Transport Interface Kinetics 

Mean Crystallite 
Length / µm  

113.11 90.64 37.25 

 

Further to this, an interesting cross-correlation was made between the calculated values of the 

C0, 〉Hsolv and 〉Gsolv.  The values of C0 in ethanol were found to be ぱ┻はど 抜 など腿- な┻ひは 抜 など苔 

m-3 which is much lower than the case in water with values of な┻ばぱ 抜 など怠待- ぬ┻ばぱ 抜 など怠待 m-3. 

However, considering that 〉Hsolv and 〉Gsolv are greatest in water, thus de-solvation is likely 

to be more favourable, and f*  is likely lower in comparison to ethanol, this further supports 

the conclusion that nucleation rates would be higher in water as consistent with the observed 

Table 5: Solvent properties and a summary of results from van’t Hoff, solution 
thermodynamics and KBHR analysis of the poly-thermal data collected 
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lower values of uc.  The case of acetonitrile solutions seems to lie within the middle of the 

water and ethanol solutions in terms of the values of 〉Hsolv and 〉Gsolv and as such the 

nucleation rate will likely be a middle value between the two. These results and observations 

are consistent with an inter-molecular association model for the crystallisation of PABA, 

whereby water fails to stabilise the non-polar moieties of the PABA molecule in solution 

which leads to lower free energy of de-solvation resulting in a higher nucleation rate.  

Similarly nuclei are not stabilised by the polar water molecules resulting in a lower barrier to 

nucleation and hence lower µc values. The opposite case can be expected for ethanol where a 

larger free energy of de-solvation, due to stabilisation of the non-polar benzene ring, affords a 

higher degree of undercooling. It should be noted that although the results of this analysis 

give a good indication of the nucleation behaviour at the molecular scale for PABA, the exact 

structure and size of the nuclei discussed have yet to be determined and future studies are 

required.
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5. Conclusions 

The paper highlights the importance of considering the chemical properties of a solvent in 

influencing and directing the de-solvation process, nucleation mechanism and hence growth 

kinetics of a crystallisation system. It has been demonstrated that ethanol can stabilise the 

supersaturated state of PABA during nucleation, acetonitrile offers less stabilisation 

compared to ethanol whilst water appeared to provide very little stabilisation at all which is 

reflected in the calculated values of uc.  This trend is also seen in the thermodynamics of de-

solvation; where the magnitude of 〉Gsolv was found to follow the trend water > acetonitrile > 

ethanol.  

The nucleation mechanism was found to be instantaneous at higher concentrations and 

progressive at lower concentrations in all solvents. The concentration effect which increased 

the progressive nature of nucleation with decreasing concentration was found to be associated 

with an increase in attachment frequency, f* , combined with a higher value for the interfacial 

tension, けeff, at the lower concentrations causing the thermodynamic component of the 

nucleation rate to become rate limiting. This resulted in a more thermodynamically controlled 

process and hence a more progressive mechanism. 

 The nuclei concentration upon instantaneous nucleation followed the trend water > 

acetonitrile > ethanol. The calculated interfacial tensions at the lower concentrations in water 

and acetonitrile solutions were found to be 1.95 and 1.13 mJ/m3 respectively. The growth 

exponent, n, followed the trend of water solutions > acetonitrile > ethanol suggesting that 

there is a barrier to growth in water solutions at the surface of the growing crystallite which is 

not apparent, or relatively decreased, in the cases of ethanol or acetonitrile.  This was 

extended to the habit surfaces important in the growth along the needle axis. This was found 
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to correlate well with measured crystallite lengths in ethanol, acetonitrile and water solutions 

were crystals recovered form ethanol and acetonitrile were found to be longer along the 

needle axis than those recovered from water solutions.  

Overall this work highlights the value of the poly-thermal technique in terms of providing a 

fully integrated analysis of a crystallisation process. The latter is assessed as a function of 

cooling rate, solute concentration and solvent choice, through a study encompassing both 

experimental studies and computational molecular modelling. 
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List of Symbols  

A0   Fixed needle cross sectional area (m2) 

a   Dimensionless molecular latent heat of crystallisation 

g  activity 

gdet  Detectable fraction of crystallised volume 

b   Dimensionless thermodynamic parameter 

Ce   Equilibrium solution concentration (m−3) 

C0   Concentration of instantaneously nucleated crystallites (m−3) 

Cp  Specific heat capacity (J/kg.K) 

d   Dimensionality of crystallite growth 

Elatt  Lattice energy (KJ/mol) 

f*   Attachment frequency 

〉Gsolv  Free energy of solvation (KJ/mol) 

〉Gdiss  Free energy of dissolution (KJ/mol) 

〉Hfus  Enthalpy of fusion (KJ/mol) 

〉Hdiss  Enthalpy of dissolution (KJ/mol) 

〉Hsolv  Enthalpy of solvation (KJ/mol) 

〉Hsub  Enthalpy of sublimation (KJ/mol) 

i*   Number of molecules in critical nucleus 



  

 

35 

 

J(t)  Nucleation Rate (m−3 s−1) 

k   Boltzmann constant (J K−1) 

KG   Growth rate constant m(1/m) s-1 

KJ   Nucleation rate constant (m−3 s−1) 

kn   Nucleus numerical shape factor 

kv   Crystallite growth shape factor (m3−d) 

m, n   Crystallite growth exponents 

Ndet   Detectable number of crystallites 

q   Cooling rate (K s−1) 

q0   Parameter in the uc (q) dependence for both PN and IN (K s−1) 

r*   Critical nucleus radius (m) 

S   Supersaturation ratio 

〉Sfus  Entropy of fusion (kJ/ K-1 mol-1) 

〉Sdiss  Entropy of dissolution (kJ/ K-1 mol-1) 

T0   Temperature at which crystallites are instantaneously nucleated (K) 

TC   Crystallisation temperature (K) 

Tdis  Dissolution temperature (K) 

Te  Equilibrium dissolution temperature (K) 

〉Tc   Critical undercooling for crystallisation (K) 
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Tm  Melting point (K) 

u   Relative undercooling 

uc   Relative critical undercooling for crystallisation 

v0   Volume of solute molecule in crystal (m3) 

V   Volume of solution (m3) 

x  Molar fraction  

そ   Molecular latent heat of crystallisation ( J) 

け  Activity coefficient 

けeff   Effective interfacial tension of crystal nucleus (mJ m−3) 

z   Zeldovich factor 

List of Abbreviations 

ACN   Acetonitrile 

PABA   Para Amino Benzoic Acid 

EtOH  Ethanol 

IN   Instantaneous nucleation 

PN   Progressive nucleation 

SD   Standard deviation 

KBHR  Kashchiev–Borissova–Hammond–Roberts approach 

MSZW  Metastable zone width 
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vdW  van der Waals 

H-bonding Hydrogen bonding 

MD  Molecular dynamics 
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