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Abstract 15 

The fundamental understanding of solubility and nucleation kinetics are two primary pillars for 16 

liquid antisolvent crystallization (LASC) process development. In our present work, the solubility 17 

of intermediate A in four different solvents and binary mixtures with water, in the temperature 18 

range from 273 K to 323 K, was determined using a liquid chromatographic method to acquire 19 

the fundamental thermodynamic information for the LASC process. Intermediate A was monitored 20 

both in the solid phase and in the liquid phase by in line Raman spectroscopy. The importance of 21 

selection of the optimum scale and mixing conditions (volume and fluid dynamics dependency) 22 

for conducting metastable zone width (MSZW) measurements for the nucleation kinetics study, 23 

due to stochastic nature of nucleation, has been demonstrated to translate the findings to larger 24 

industrial scales. The 3.5 mL volume in reactor with a 3 blade downflow overhead impeller in the 25 

Crystalline™(Technobis) was found to be an optimal platform for the data generation for the 26 

extraction of nucleation kinetics. The minimum detection threshold value (𝑓𝑁) reported in the 27 

literature was experimentally derived for the intermediate A-solvent systems used, covering the 28 

effect of supersaturation, reaction volume and agitation rate. The combined polythermal and 29 

antisolvent addition approach was applied to determine MSZWs and, subsequently, the kinetic 30 

parameters were estimated based on both linearized integral and 3D nucleation models. It was 31 

demonstrated how the derived parameters complemented with accurate solubility data are 32 

required to guide solvent selection for bottom-up generation of nanosuspensions. The findings 33 

were validated by conducting batch and continuous LASC of intermediate A. Particle size 34 

distributions derived from electron scanning microscopy obtained at similar driving forces 35 

confirmed the solvents selection order based on their nucleation tendency of dissolved 36 

intermediate A. These results serve as an example for applying a nucleation kinetics-based 37 

fundamental approach for solvent selection in the development of LASC process for generation 38 

of long-acting injectable suspensions. 39 

  40 
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Nomenclature: 60 

aw: water activity 61 

b: cooling rate 62 

Ts: Saturation temperature 63 

Tn: Nucleation temperature 64 

∆Tn: MSZW 65 

x: mole fraction concentration 66 

Sn: mole fraction-based supersaturation: xn/xs 67 

∆𝐻𝑑: Enthalpy of dissolution 68 

𝑘B: Boltzmann constant 69 

R: Universal gas constant 70 

J: Nucleation rate  71 

𝑣m: Molecular volume 72 

γ: Interfacial energy  73 

AJ: Pre-exponential nucleation kinetic factor  74 

f: number of solute molecules per unit volume 75 

𝑓𝑁: total number density of the nuclei at moment of detection 76 

𝑟∗: critical nuclei radius  77 

Δ𝐺‡: activation energy barrier  78 

𝜏𝑛: nucleation time constant  79 

λmax: lambda max  80 

Subscripts 81 

d: dissolution 82 

m: molecular 83 

n: nucleation 84 

s: saturation 85 

sl: solid liquid 86 

B: Boltzmann  87 

J: nucleation rate 88 

N: number density  89 
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1. Introduction  90 

Long acting injectables (LAIs) are formulated to enable the extended release of a medicine i.e., 91 

to keep drug plasma concentrations within the therapeutic window for long periods of time, up to 92 

months, after a single intramuscular or subcutaneous injection. Some examples of LAIs currently 93 

in the market include Invega Trinza®, Invega Hafyera™, Cabenuva, Risperidal Consta®, and 94 

Zoladex [1–4]. Being a revolutionary treatment approach, LAIs allow for a reduced dosage 95 

regimen to patients, increase therapy adherence, reduced economic burden to the healthcare 96 

system and, most importantly, improved quality of life for patients [5]. However, from a chemistry 97 

manufacturing and control perspective, it is difficult to achieve an optimal balance between the 98 

particle size and solid form of the active pharmaceutical ingredient (API), and an excipient choice 99 

to achieve optimal dosing for an appropriate period for a given therapeutic application. The 100 

majority of LAIs produced so far are composed of aqueous suspensions of micro/nanosized 101 

crystalline drug particles stabilized with surfactants and/or polymeric steric stabilizers [6]. Both 102 

top-down (through comminution) or bottom-up (precipitation/crystallization) technologies can be 103 

used to produce micro/nanosized drug suspensions for injection [7,8]. Due to the injection volume 104 

limitation, typically high drug loadings (between 100 and 300 mg/ml) are required to maintain the 105 

therapeutic concentration for a prolonged duration [1,3] 106 

There are common challenges in the most frequently used top-down manufacturing methods 107 

(e.g., milling) resulting from long production times and high energy requirements. These include 108 

the presence of amorphous content and/or structural disorder in the crystalline lattice, difficulty in 109 

reaching a uniform particle size distribution, risk of mechanical contamination from the media 110 

milling or homogenization chambers, as well as the need for pre-milling the raw materials to 111 

reduce the particle size distribution prior to the main milling step [8,9]. Thus, bottom-up 112 

approaches such as liquid antisolvent crystallization (LASC) offer advantages in resolving the 113 

above issues when compared to existing top-down approaches, since particles are generated 114 

from solution and built up from the molecular level, permitting further control over particle 115 

properties such as size, morphology, surface energy, and crystallinity [4,6,9]. However, for LASC 116 

crystallization processes, in which ideally water is used as an antisolvent, the selected organic 117 

solvent must be completely miscible with water, approved for parenteral administration, included 118 

in the Inactive Ingredient Database (IID) and the API of interest must be freely soluble in the 119 

solvent of choice. The latter condition serves process productivity and intensification 120 

considerations for producing suspensions with the required final solid concentration for long acting 121 

injectables. 122 
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As nucleation is the primary step in crystallization, it plays a major role in the definition of the 123 

physicochemical attributes of the emerging crystalline phase, as well as the final product quality 124 

[10]. Although the underlying principles of crystal nucleation remain elusive due to the small 125 

dimensions and time scales involved, parameters such as temperature, solvent type, and 126 

supersaturation are reported to influence the process [11]. According to the recent findings in 127 

solution chemistry, the solute desolvation plays a pivotal role in the creation of molecular clusters 128 

during the nucleation process, emphasizing the role of the solvent selection during crystallization 129 

[12,13]. The effect of the solvent or composition of the solvent mixtures on the nucleation behavior 130 

of APIs should be thoroughly investigated, as stated in the literature [14,15]. Indeed, particularly 131 

when designing and controlling a LASC process, the rationalization of the solvent-solute 132 

interactions is critical, and for instance has proven to have the greatest impact on the initiation of 133 

salicylamide nucleation in all the studied experimental conditions [16,17]. Despite the crucial role 134 

of solvent choice in LASC, to the best of our knowledge, we are not aware of any published 135 

studies on nucleation kinetics for high molecular weight complex molecules in a range of different 136 

organic solvents. Most of the earlier research published in the literature has been carried out 137 

either in a single pure solvent or has been limited to lower molecular weight molecules. 138 

Furthermore, the fact that measuring MSZW based nucleation kinetics in a series of solvent 139 

mixtures is already a high time-consuming endeavor, the size and complexity of the solute 140 

molecule can unquestionably increase the challenges faced in an already elusive nucleation 141 

process. 142 

In this work, we have selected intermediate A, a Janssen process intermediate compound (1S)-143 

1,5-Anhydro-1-C-[3-[[5-(4-fluorophenyl)-2-thienyl] methyl]-4-methylphenyl]-D-glucitol 2,3,4,6-144 

tetrakis(2,2-dimethylpropanoate (CAS no. 1283129-18, molecular weight 781 g mol-1 and log P of 145 

7.2 at pH 7), as a model API with high complexity and lipophilicity, to study the effect of 146 

solvent/water mixture on the ease of nucleation. The goal is to unveil the fundamentals of 147 

crystallization and investigate the role of supersaturation and interfacial energy on LASC process 148 

performance and therefore, utilize nucleation kinetics as a guide for solvent selection in LASC 149 

crystallization process development to produce long-acting injectable suspensions. Based on 150 

preliminary screening and previously mentioned long-acting formulation criteria, four organic 151 

solvents 1) isopropanol (IPA), 2) acetone, 3) N-methyl pyrrolidone (NMP) and 4) N, N-152 

dimethylacetamide (DMAC); comprising a wide range of properties were selected for this work. 153 

The effect of solvent and water composition on the thermodynamic solubility of intermediate A 154 

was initially investigated. Given the notorious sensitivity of nucleation, the impact of reactor 155 
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geometry, fluid dynamic conditions (e.g., solution volume, and stirrer types), on the MSZW 156 

measurements, were evaluated to find a reproducible platform for nucleation kinetics study using 157 

intermediate A in IPA as model system.  158 

By employing Shiau’s linearized integral regression model and Sangwal’s model [18,19], the 159 

dependence of MSZWs on the thermodynamic driving force with changing water mass fraction 160 

and cooling rate in the four solvents, was explored in detail. Furthermore, the primary nucleation 161 

kinetic parameters (e.g., solid-liquid interfacial energy, corresponding critical nuclei size, critical 162 

Gibbs free energy barrier and nucleation rate) were derived. These parameters were then 163 

correlated with the nucleation time constant and the relationship between the critical parameters 164 

and the driving force was evaluated. Finally, the rank order of the solvents based on their ease of 165 

nucleation, with addition of the antisolvent, to guide solvent and process conditions selection for 166 

a LASC process for developing long-acting injectable suspensions was determined. 167 

2. Experimental section 168 

2.1. Materials 169 

Intermediate A, a Janssen intermediate compound, (1S)-1,5-Anhydro-1-C-[3-[[5-(4-fluorophenyl)-170 

2-thienyl] methyl]-4-methylphenyl]-D-glucitol 2,3,4,6-tetrakis(2,2-dimethylpropanoate) with CAS 171 

no. 1283129-18- with >99% purity was obtained from Janssen Pharmaceutica, Belgium. Purified 172 

water was freshly prepared using a Milli-Q® integral water purification system (Milli-Q Advantage 173 

A10; Merck Millipore, Denmark). NMP (>99%, CAS no. 872-50-4) and DMAC (>=99.5%, CAS no. 174 

127-19-5) were purchased from Sigma Aldrich, Belgium. IPA (>=99.7%, CAS no. 67-63-0) and 175 

acetone (>99%, CAS no. 67-64-1) were purchased from VWR Chemicals, Avantor, Belgium). 176 

Table 1 lists the physicochemical properties of the solvents used to perform the experiments 177 

presented in this work. 178 

Table 1. Physicochemical properties of intermediate A and solvents used in this work (experimentally 179 

determined) 180 

Chemical Chemical formula MW (g/mol) 
Density at 293 

K (g/mL) 
log P 

measured 

Intermediate A C44H57FO9S 781.00 1.190 7.20 

Water H2O 18.20 0.999 -2.91 

IPA C3H8O 60.10 0.786 0.05 

Acetone C3H6O 58.08 0.791 -0.24 

DMAC C4H9NO 87.12 0.937 -0.77 

NMP C5H9NO 99.13 1.026 -0.38 

 181 
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2.2. Solubility analysis 182 

A list of 16 water-miscible solvents (e.g., methanol, ethanol, isopropanol, 1-propanol, 1,4-dioxane, 183 

acetic acid, acetonitrile, ethyl lactate, ethylene glycol, propylene glycol methyl (PGME), dimethyl 184 

sulfoxide (DMSO), N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMAC), 185 

tetrahydrofuran (THF), N-butyl-2-pyrrolidone (NBP) and NMP) were initially screened based on a 186 

Boolean criterium with an API solubility selection limit of at least 5 g per 100 g solution. For the 187 

suitable four solvents (e.g., IPA, acetone, NMP, DMAC), 10 mL sample solutions of intermediate 188 

A were equilibrated in the EasyMax 102 Advanced Lab Reactor (Mettler Toledo, Germany) at a 189 

variety of compositions of water/organic solvent mixtures (ranging from 0, 5, 10, 15, 20, 25, 30, 190 

50, 80, 90 % w/w water) at 273, 283, 293, 303, 313, 323 K for acetone, NMP, DMAC, and at 323, 191 

333, 343 K for IPA, respectively, due to solubility properties of the compound. All the water/organic 192 

solvent mixtures were prepared beforehand in a fixed % w/w ratio in a total mass of 500 g. An 193 

excess amount of intermediate A was added into each 10 ml water/solvent mixture in a 20 mL 194 

glass reactor and the slurry was kept stirring at 700 rpm, at the desired temperature, for at least 195 

24 h to ensure that the solid-liquid equilibrium was reached. After the 24 h incubation period, the 196 

excess solid in equilibrium was analysed with an in situ RXN2 -MR 785 nm Raman probe (Kaiser 197 

optical systems, USA) using iC Raman™4.4.21.0 at sampling interval 1cm-1, exposure time 15 s. 198 

Afterwards, the acquired Raman spectra were compared against the reference spectrum of solid 199 

intermediate A and blank aqueous organic solvent mixtures to ensure no polymorphic form 200 

change had occurred during equilibration. After that, the slurries were sampled through filtering 201 

using a 3 mL syringe with Luer-Lok™ Tip with a 18G x 1 ½” needle and Acrodisc® 13 mm with 202 

0.45 µm PTFE syringe filter (Sigma Aldrich, Belgium). The syringes and filters were thermally 203 

equilibrated at the same temperature prior to the filtration. The filtrate was appropriately diluted 204 

with corresponding organic solvent for chromatography analysis. The solution concentration 205 

corresponds to the intermediate A solubility at a specific temperature and solvent/water 206 

composition (% w/w). Each set of experiments was conducted in triplicate. 207 

2.3. Chromatography analysis 208 

Solubility samples were analyzed on a Waters Acquity UPLC H-Class system (Milford, USA) with 209 

a photodiode array detector and Empower software. Intermediate A was assayed using an 210 

Acquity BEH C18 (50 × 2.1 mm), of particle size 1.7 μm column. Mobile phases were ammonium 211 

acetate 10 mM in water / acetonitrile (95:5 w/w) mixture and 100% acetonitrile and were pumped 212 

at a flow rate of 0.6 mL/min. The column temperature was maintained at 303 K, the injection 213 

volume was 0.5 μL, and lambda max (λmax) was set at 291 nm for determination of intermediate 214 
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A. The slope and intercept of the calibration curve were reported for linearity test as described in 215 

Figs. S1 to S4 (Supplemmentary Information). The robustness of the method was checked using 216 

six replicates at a concentration level of 50 μg/mL of intermediate A. The LOD (Limit of Detection) 217 

and LOQ (Limit of Quantification) had been used to determine the method’s sensitivity, as per 218 

Table S1. The signal-to-noise ratio for the LOD and LOQ were set at 3:1 and 10:1, respectively 219 

as per ICH Q2 guideline. 220 

2.4. Selection of optimum platform for metastable zone width measurements 221 

Several instruments of various scales are available to detect the onset of nucleation, which is 222 

notoriously sensitive towards reaction volumes and fluid dynamics. Therefore, choice of reactor, 223 

specifically the geometry and mixing conditions, are crucial factors in addition to the fact that 224 

nucleation is a stochastic event and requires many observations. Crystal 16® and Crystalline™ 225 

(Technobis, Netherlands) are computer-controlled multiple reactor station platforms with 16 vials 226 

of 1 mL and 8 vials of 8 mL volume, respectively, which have been used in several nucleation 227 

studies [20–22]. For both instruments, detection of nucleation is based on a built-in turbidity 228 

measurement principle i.e., the onset of nucleation is determined as the point where the light 229 

transmission starts to decrease due to presence of particles (cloud point). In automated Lab 230 

reactors such as the EasyMax 102 or RC1 of Mettler-Toledo, a separate probe can be used e.g., 231 

a Mettler-Toledo FBRM® G400 probes to track a change in chord length distribution (CLD) i.e., in 232 

detection count mode the probe detects the nucleation event by laser backscattering. These 233 

techniques allow the acquisition of reliable, repeatable, and scalable data which is a key step for 234 

accurately investigating nucleation kinetics. For this purpose, experimental data from Crystal 16® 235 

(1 mL scale corresponding to 90% of the reactor volume), Crystalline™ (3.5 mL and 6 mL 236 

corresponding to 60% and 85% of the reactor volume, respectively) and Easy Max 102 (100 mL 237 

corresponding to 60% reactor volume) were compared regarding their accuracy and replicability 238 

via cooling crystallization experiments for intermediate A in pure IPA. This step was followed by 239 

1 L scale results obtained using the RC1 system, considered as a reference standard based on 240 

internally gained knowledge of reactor geometry optimization by Myriams’ during her PDEng 241 

Thesis [23]. Effects of bottom and overhead stirring conditions were also evaluated. Table 2 lists 242 

a comparison between these distinct platforms. 243 

 244 

 245 
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Table 2. Comparison of different crystallizers/platforms used in this work. Legend: - = poor, + = adequate, 246 

++ = good, +++ = most efficient. 247 

 248 

Reactor 

Maximum 
working 
volume 
(mL) 

Temperature 

control 
Stirrer type 

Stirrer 

control 

Nucleation 

 Detection 

Crystal 16® 1 + Bottom/Hook - Turbidimetry 

Crystalline™ 5-8 + 

3-blade 

downflow 

impeller 

+ Turbidimetry 

Easy Max 102 100 + 

3-blade 

downflow 

impeller 

++ Nephelometry 

RC1 
500-1500 

 
+++ 

4-blade 

downflow 

impeller 

+++ Nephelometry 

For obtaining the nucleation kinetics, the saturated solution was cooled at a constant rate until 249 

nucleation occurred to determine the MSZW, using the polythermal method. Various solutions 250 

with specific concentrations of intermediate A in IPA were prepared and charged to the reactor. 251 

These solutions were firstly heated to 10 K above the saturation temperature (343K) and held for 252 

2 h to ensure complete dissolution. The saturated solutions were cooled down to and equilibrated 253 

at the saturation temperature for at least 30 minutes and then cooled down further using different 254 

cooling rates (0.1, 0.3, 0.5, 0.7 and 0.9 K/min), which subsequently resulted in different MSZWs. 255 

The nucleation temperature was detected based on the cloud point or relative increase to baseline 256 

counts in CLD. Taking into account the stochasticity and variability of nucleation phenomenon, 257 

each set of experiments was repeated at least four times for every processing condition. 258 

2.5. Induction time measurements to determine total number density of nuclei (𝑓𝑁) value 259 

As described earlier, induction time measurements of intermediate A in pure IPA were performed 260 

in two different batch crystallizers, RC1 (at 1 L scale) and EasyMax 102 (at 100 mL scale), at two 261 

different supersaturation (S) ratios (for RC1, the supersaturation was 2.83 and 3.41, while for 262 

EasyMax 102, supersaturation was 2.33 and 2.84). The effect of different stirring speeds of a 4-263 

blade downflow impeller was evaluated in RC1 (100, 200, and 350 rpm) based on previous 264 

research work [23]. The saturated solution of intermediate A in pure IPA was prepared in the 265 
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Crystallizer™ based on performed solubility measurement results. The temperature of the 266 

Crystallizer™ was maintained 5 K above the saturation temperature to ensure complete 267 

dissolution (for approximately 2 h) and was monitored by the G400 FBRM probe. Subsequently, 268 

the system was cooled down to the operating temperature of desired supersaturation and kept 269 

isothermally. After that, the FBRM probe was used to detect the nucleation, as described in 270 

Section 2.4, and the induction time was registered. Each of the experiments was repeated 271 

between 5 to 8 times, and the average induction time values were used for the determination of 272 

nucleation rates followed by calculation of total number density of nuclei.  273 

2.6. Combined antisolvent addition and polythermal approach to determine MSZW for solvent 274 

selection 275 

A computer-controlled measurement protocol for Crystalline™ was made using Crystallization 276 

system v.1.14.0 software for intermediate A in each of the four solvent systems to determine the 277 

MSZW. The experimental sample method for intermediate A in the IPA/water system is shown as 278 

example in Fig. S5. Saturated solutions of intermediate A at a specific temperature (344 K for IPA, 279 

323 K for acetone, and 303 K for NMP and DMAC) were prepared as described in Section 2.5. 280 

After equilibration, variable amounts of water (kept at same temperature in the thermostat bath) 281 

were added into the Crystallizer™. After confirmation of homogeneity, the supersaturated solution 282 

was cooled down at different cooling rates (0.1, 0.3, 0.5, 0.7 and 0.9 K/min). The temperature at 283 

which the transmissivity started decreasing steadily from 100% to 99% was noted as the 284 

nucleation temperature (Tn) as depicted in Fig. S1. The temperature difference between the 285 

saturation temperature and the nucleation temperature was registered as the MSZW. For each 286 

composition-temperature case, four repetitions were conducted.  287 

Water activity (aw) for each of the four solvents (e.g., IPA, acetone, NMP, and DMAC), 288 

corresponding to each water mole fraction added to the system during MSZW measurements, 289 

was calculated from the experimentally obtained binary solvent and water mixture data across 290 

the range of temperature.  291 

In addition, IR spectra of intermediate A in solution of the described 16 water-miscible organic 292 

solvents were also collected using a Mettler Toledo React IR™ 15 system, fitted with a silver halide 293 

probe composed of diamond composite and MCT detector cooled with liquid nitrogen. The data 294 

were collected in the spectral range of 2000–650 cm-1 with 4 cm-1 resolution using iC IR software 295 

version 7.1.84.0, to explore the application of a rapid screening method for solvent selection using 296 

spectroscopic analysis for LASC process development.  297 
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2.7. Liquid antisolvent crystallization at similar interfacial energy (γ) and driving force (∆μ) 298 

Reverse fed-batch LASC precipitation of intermediate A was carried out using four solvents (IPA, 299 

acetone, NMP and DMAC) at two processing conditions to experimentally verify the findings from 300 

the MSZW based nucleation kinetics studies. In the first set of experiments, to understand the 301 

effect of driving force on particle size, reverse LASC precipitation was conducted at similar water 302 

compositions (estimated bulk γ value of 0.4 mJ.m-2), where 1 part of organic solution of 303 

intermediate A (concentration of 10g /100g solution) was added to 9 parts of water at 303 K for 304 

each of the four solvents. The generated suspension was filtered using a 0.22 μm pore size, 47 305 

mm diameter Durapore® PVDF membrane (Sigma Aldrich, Belgium) and the samples were then 306 

air-dried. Each sample was then placed on a carbon tape attached to a 15 mm aluminum stub. 307 

The samples were coated with gold using an Emitech K550 (Emitech, UK) sputter coater at 20 308 

mA and for 60 s prior to capturing the SEM images using a PHENOM™PRO. The coated samples 309 

were then examined at an acceleration voltage of 10 kV, 30 μm aperture, and average working 310 

distance of 15 mm. All SEM images presented below were fully representative of each analysed 311 

sample. At least 10 images were captured to verify the consistency of the sample. From a 312 

minimum count of 200 particles, mean particle size was measured using the Image J software. 313 

Similarly, to evaluate the effect of γ on the resulting particles of intermediate A, reverse LASC 314 

was carried out at similar thermodynamic driving force ∆μ corresponding to similar 315 

supersaturation Sn of approximately 1000. In this experiment, a precalculated amount of organic 316 

solution of intermediate A having a concentration of 10g/100g solution (5 g IPA, 53 g acetone, 69 317 

g NMP and 60 g DMAC) was added to 95 g, 47 g, 31 g and 40 g water respectively in four separate 318 

experiments. After 24h of ageing, the generated suspensions were filtered, air-dried as described 319 

above and then a SU70 Hitachi SEM instrument (Hitachi Inc., Japan) was used to collect images 320 

of the samples prepared by the above-mentioned in this section. 321 

3. Theory 322 

Over the past century, Classical Nucleation Theory (CNT), which assumes that the emerging 323 

nucleus possesses the same macroscopic structure of the bulk material, remained the primary 324 

framework to quantitatively describe nucleation kinetics from solution[24–27]. Induction time 325 

measurements (isothermal approach) or MSZW determinations (polythermal approach) can be 326 

used to evaluate the nucleation behavior in a supersaturated solution based on CNT. This 327 

polythermal approach, where the solution is cooled at a constant cooling rate (b) from saturation 328 

temperature (Ts) up to the nucleation temperature (Tn), after which, the MSZW (∆Tn) is identified 329 
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by the registered temperature difference (Ts – Tn) [11,28,29], has become more relevant since 330 

there is no lag time for the supersaturated solution cooled at a constant cooling rate. Therefore, 331 

when determining the nucleation rate for a solute-solvent system, the MSZW data is expected to 332 

be more consistent than the induction time data [17,30–32].  333 

In the last decade, voluminous literatures have been focusing on elucidate how the choice of 334 

solvents influenced the induction time or the MSZW to probe the nucleation phenomenon at the 335 

molecular level [16,33]. Shiau et al. [34] investigated the influence of solvents on Isonicotinamide, 336 

Lovastatin, and Phenacetin nucleation kinetics. Furthermore, etoricoxib induction time-based 337 

kinetics results demonstrated the ease of nucleation order in four solvents namely toluene, 338 

acetone, acetonitrile, and ethanol [35]. Thus, the key control design strategy in LASC process 339 

should be based on the understanding of nucleation kinetics and the so-called “antisolvent 340 

potency”.  341 

In the case of the polythermal method, both Nyvlt’s and modified Kubota’s approaches relating 342 

the natural logarithm of the MSZW (𝑙𝑛∆Tn) and the natural logarithm of the linear cooling rate (𝑙𝑛b) 343 

are used to describe the experimental data satisfactorily [27,36,37]. From the theory of regular 344 

solution, Sangwal described the temperature dependence of the critical supersaturation 345 

according to Eq. (1) derived from the van’t Hoff equation, where Sn is the observed mole fraction-346 

based supersaturation of nucleation, ∆𝐻𝑑 is the enthalpy of dissolution and R is the universal gas 347 

constant. The nucleation rate (J) can be derived from the Eq. (2) where 𝑘B is the Boltzmann 348 

constant, 𝑣m is the molecular volume, γ is the nucleus/supersaturated solution interfacial energy 349 

and AJ is the pre-exponential nucleation kinetic factor according to CNT. Based on the Sangwal’s 350 

three-dimensional nucleation theory, when incorporating Eq. (1) into the Sangwal 3D nucleation 351 

equation (Eq. (3)), it yields the dependence of ∆Tn on b through the ∆𝐻𝑑 for a solute – solvent 352 

system. The model suggests that the quantity (Ts/∆Tn)2 declines linearly with an increase in 𝑙𝑛b, 353 

with slope FZ and intercept F (see Eqs. (4) and (5)). The value of the slope FZ depends on the γ, 354 

∆𝐻𝑑, and the AJ related with the integration of growth units to the growing nuclei, while the 355 

intercept F depends on γ, ∆𝐻𝑑, and the factor f, which denotes number of solute molecules per 356 

unit volume [24], governed by aggregation and diffusion processes in the solution [19,38]. This 357 

general trend has been noticed in numerous publications where researchers investigated the 358 

relationship between MSZW and process parameters in terms of γ, ∆𝐻𝑑, and AJ based on this 359 

model [11,28,37,39]. 360 
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𝐽 = 𝐴𝐽𝑒𝑥𝑝 [−
16 𝜋𝜈𝑚

2 𝛾3

3𝑘𝐵
3𝑇𝑛

3𝑙𝑛2𝑆𝑛

]                                                                                                                                      (2) 362 

(
𝑇𝑠

Δ𝑇𝑛
)

2

= 𝐹(1 − 𝑍𝑙𝑛𝑏)                                                                                                                                              (3) 363 

𝑍 = − 1 𝑙𝑛 (
𝑓𝛥𝐻𝑑

𝐴𝐽𝑅𝑇𝑠𝑇𝑛
)                                                                                                                                                  (4)⁄            364 

𝐹 =
1

𝑍
[

3

16𝜋
(

𝑘𝑏
3𝑇𝑠

𝜈𝑚
2 𝛾3

) (
𝛥𝐻𝑑

𝑅
)

2

]                                                                                                                                (5) 365 

Furthermore, Shiau and Lu [40] proposed a linearized regression model adapted from the integral 366 

method to estimate the AJ and γ of the crystalline substance based on the CNT utilizing MSZW 367 

data, using the same rationale described by Eq. (6) where the total number density of the nuclei 368 

at the moment of detection, 𝑓𝑁, is considered to be fixed, but unknown and dependent on the 369 

detection method, value. Similarly, a plot of 
1

𝑇𝑛
(

𝑇𝑠

Δ𝑇𝑛
)

2
 versus 𝑙𝑛 (

Δ𝑇𝑛

𝑏
) at a given Ts should result in 370 

a straight line, of which the slope and intercept allows the estimation of 𝛾. The calculated γ and AJ 371 

represent the exact values based on the nucleation event assumed to correspond to a point at 372 

which the total number density of the nuclei has reached a fixed value because the integral 373 

method is numerically integrated without any approximations.  374 

1

𝑇𝑛
(

𝑇𝑠

𝛥𝑇𝑛
)

2
=

3

16𝜋
(

𝑘𝐵
3

𝜈𝑚
2 𝛾3) (

𝛥𝐻𝑑

𝑅
)

2
[𝑙𝑛 (

𝛥𝑇𝑛

𝑏
) + 𝑙𝑛 (

𝐴𝐽

2𝑓𝑁
)]                                                                                         (6)                                         375 

The value 𝑓𝑁 is crucial to determine AJ, J and calculate precipitation time constant τn from the Eq. 376 

(7). τn is an important derived kinetic parameter which can provide insight about the time scale 377 

involved in a LASC process and correlate with the mixing time that will help to guide the selection 378 

of processing conditions and technology. 379 

𝜏𝑛 =
𝑓𝑁

𝐽⁄                                                                                                                                                                        (7) 380 

Based on the study of 28 inorganic systems, Mersmann and Bartosch [41] estimated 𝑓𝑁 = 381 

7.64*1011 for spherical uniform nuclei with a detectable size of 10 μm. As reported in literature, 382 

the 𝑓𝑁 value can be derived from the induction time method at the detection of the nucleation point 383 

with the minimum detectable size between 10 – 100 𝜇𝑚 using the Lasentec focus beam 384 

reflectance measurements reported by Lindenberg and Mazzotti [42],and using turbidimetry 385 

measurements as reported by Shiau et al.  [40]. Shiau demonstrated that the γ and AJ calculated 386 
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from the MSZW data are consistent with those calculated from the induction time data for 387 

potassium sulfate in water, borax decahydrate in water, butyl paraben in ethanol, and l-glutamic 388 

acid in water system [43,44]. The experimental MSZW data for all three systems evaluated, 389 

including glutamic acid, glycine, and NTO (3-nito-1,2,4-triazol-5-one) are well fitted to Shiau’s 390 

equation and shown to be consistent trend with Sangwal’s model [18,45]. Therefore, in this work 391 

we utilised both approaches for the determination of nucleation kinetics parameters for 392 

intermediate A in all four tested solvent systems. 393 

4. Results and Discussion 394 

4.1. Solubility measurements of intermediate A  395 

An accurate and precise representation of equilibrium solubility is the primary basis to understand 396 

the fundamentals of nucleation followed by crystal growth, as it influences yield, productivity, and 397 

the operating working ranges for the crystallizer. With the objective of solvent selection for 398 

developing LASC process for the LAIs, 16 fully water miscible solvents were screened based on 399 

a Boolean criterium with a selection limit of at least 5g per 100g solution. Consequently, from the 400 

initial 16 solvent, the following seven solvents were deemed suitable: acetone, THF, DMSO, DMF, 401 

DMAC, THF, NBP and NMP. Due to the observation of a liquid-liquid phase separation (LLPS) in 402 

the ternary mixtures, THF and DMSO were discarded. DMF and NBP were rejected as both 403 

solvents are not approved for parenteral uses. So that, NMP, acetone, DMAC and IPA were 404 

selected for further studies. Accurate solubility values for intermediate A were measured in the 405 

pure solvents and solvent/antisolvent mixtures (e.g., IPA + water, acetone + water, NMP +water, 406 

DMAC + water) from 273 to 323 K (temperature range used for IPA was from 323 K to 343 K) 407 

with mole fraction of water varying from 0 to 0.98 (equivalent to 90 % w/w) to provide the basic 408 

thermodynamic information for crystallization. These results are shown in Fig. 1. It can be 409 

observed that the solubility increases more significantly with decreasing mass fraction of water 410 

(antisolvent) than with increasing temperature. The solubility of intermediate A under this study 411 

as function of both temperature and solvent composition is well represented by the Van’t Hoff-412 

Jouyban-Acree model, as illustrated by the curves in Fig. 1. A linear dependence of intermediate 413 

A solubility with temperature was observed in all pure solvents in the order of NMP > DMAC ~ 414 

Acetone >> IPA. The solubility of intermediate A is extremely low in pure water (< 1μg / 100g 415 

solution) and undeterminable with standard techniques such as UPLC. Fig. 1 clearly shows that 416 

the solubility of intermediate A is much more impacted by the molar fraction composition changes 417 

rather than by temperature. Indeed, it follows a similar trend of the effects of antisolvent addition 418 

and temperature on the solubility demonstrated for many APIs in various solvents [46,47]. 419 
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Solubility values at specific temperatures were interpolated from the regression model fitted to 420 

the experimental data. Raman spectroscopic analysis of excess solid in the equilibrium of 421 

intermediate A after 24h confirmed there were no polymorphic phase changes at any of the 422 

various compositions and temperatures for all four solvents. Raman spectra of solid-phase 423 

analysis during solubility measurements can be consulted in the Supplementary Information, Figs. 424 

S 6 to S.9. Furthermore, the experimental value of ∆𝐻𝑑 was calculated from the slope of the 425 

Jouyban-Acree-Van’t Hoff plot from Fig. 1 and is constant for a given solute–solvent mixture 426 

system mentioned in Table 4. The resulting values reflect the rank order of descending values of 427 

∆𝐻𝑑 for intermediate A in IPA>>Acetone>>NMP>DMAC. A lower enthalpy of dissolution at a 428 

similar water composition corresponds to a lower stabilization in the solvent and corresponding 429 

desolvation i.e., the easier for an intermediate A molecule to form a cluster, nucleus, or crystal. 430 

A) 431 

 432 

B) 433 
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 434 

C) 435 

 436 

D) 437 
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 438 

Fig. 1. Equilibrium solute concentration (𝑙𝑛𝑋𝑠) of intermediate A as a function of Inverse temperature (K-1) in a binary 439 
mixture of water and solvent: A) IPA, B) acetone, C) NMP, D) DMAC. The experimental solubility data was fitted to the 440 
Jouyban-Acree-Van’t Hoff plot (Eq. (1)). The standard error at each point was obtained from triplicate experiments. % 441 
w/w AS denotes % weight of antisolvent present in the solvent/antisolvent mixtures. 442 

4.2. Selection of optimum platform for MSZW measurements 443 

The MSZWs of intermediate A in the pure IPA system was determined from the difference in 444 

saturation and nucleation temperatures at the various cooling rates at different scales (in RC1 1L, 445 

Easy Max 102 100 mL, Crystalline™ 3.5 mL, Crystal 16® 1 mL). Additionally, the effect of volume 446 

on the MSZW was also evaluated in these four instruments. It is well documented in the literature 447 

for several systems [19,27,45], including paracetamol in water, that due to the stochastic nature 448 

of crystallization, as the volume is increased, the spread of MSZW is reduced. The volume 449 

dependence indicates that for the stochastic model a transition volume exists above which the 450 

MSZW is reproducible. The MSZW above the transition volume can be considered practically - 451 

deterministic. According to the classical nucleation theory, plotting the logarithm of cooling 452 

rate (𝑙𝑛𝑏) versus the logarithm of MSZW (𝑙𝑛∆𝑇𝑛) allows the estimation of nucleation kinetic 453 

parameters from the slope and intercept of the graph as per the modified Kubota’s approach, 454 

Shiau’s linearized integral method, and Sangwal’s 3D nucleation approach (see Section 3) 455 

[19,27,45]. Values of the slope and intercept are thus critical to accurately determine reliable 456 

nucleation kinetics data. For this reason, both slope and intercept values obtained from three 457 
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different platforms were compared against reference data collected in an RC1 (Reaction 458 

calorimetry ) and correlated to pilot scale observations based on internal prior knowledge. 459 

(Figure 2). 460 

 461 

Fig. 2. Selection of scale and platform for the MSZW measurements. The standard error at each point was obtained 462 
from quadruplicate experiments. 463 

From Figure 2, it is observed that values from the Crystalline™ 3.5 mL scale almost replicate those 464 

obtained from of the RC1 platform, whereas the data generated in Easy Max 102 mL scale 465 

deviates slightly and shows poorer fitting probably due to inefficient mixing (overloading volume). 466 

While having the advantage of higher throughput and lower operating volume, the Crystal 16® at 467 

1 mL scale is, arguably one of the most popular platforms for these types of studies, however it 468 

deviates significantly from the RC1 results and displays the largest uncertainty (poorest 469 

reproducibility). 470 

In Fig. 3, the MSZWs results for the effect of different stirrer types, corresponding to different 471 

hydrodynamic conditions, are compared against four blade downflow impeller data in RC1, for 472 

Crystal 16® magnetic bottom stirrer, overhead hook stirrer, for Crystalline™ magnetic bottom 473 

stirrer, and overhead three blade downflow impellers. For the experiments, highest stirring rate 474 

(1000 rpm) was selected to ensure sufficient mixing. Frawley and Ociarha reported similar 475 

behavior, when studying the influence of agitation on MSZW of paracetamol-ethanol solution 476 
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[21,48]. It was observed that a higher stirring speed resulted in a narrower MSZW. The graph, 477 

Fig. 2 shows a significant difference in the slope and intercepts values for the same setup with 478 

changing stirrer placement for both instruments and a smaller uncertainty which is presumably 479 

due to the changing fluid dynamics and mixing conditions. Only data from Crystalline™ with 480 

overhead three blade downflow impeller closely matches the reference RC1 values. 481 

 482 

Fig. 3. Effect of stirrer, i.e., fluid dynamic condition, on the MSZW measurements. The standard error at each point 483 
was obtained from quadruplicate experiments. 484 

For this reason and based upon earlier experimental observations, the Crystalline platform of 3.5 485 

mL scale with three blade downflow impeller was selected as the most suited platform for 486 

performing subsequent experiments, with the aim to study nucleation kinetics and gain better 487 

understanding of the LAS crystallization process. 488 

4.3. Calculation and validation of fN value 489 

Induction time measurements were obtained from RC1 and EasyMax 102 crystallizers at two 490 

different supersaturations ratios to determine experimental 𝑓𝑁 value for the intermediate A system. 491 

Based on the well-described probability distribution method in the consulted literatures, nucleation 492 

rate, J was calculated from plotting 𝑙𝑛(average induction time) versus (1 𝑙𝑛2𝑆𝑛⁄ ). Then the 493 

experimental 𝑓𝑁 values were calculated using Eq. (7), where τn is average induction time constant 494 
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for all cases. The impact of 3 different agitation rates in the RC1 crystallizer was evaluated as the 495 

more intense mixing the shorter the induction time. However, changing agitation speed did not 496 

have much influence on 𝑓𝑁 values which are summarized in Table 3. Although the experimental 497 

values were in the same order of magnitude of the ones previously reported in the literature for 498 

inorganic and small organic molecules. Nonetheless, the difference observed between the 499 

experimental and literature values of 𝑓𝑁 does not significantly impact the exponential part of the 500 

CNT equation. So, an experimentally validated constant value of 𝑓𝑁 = 7.64 × 1011 was established 501 

for future nucleation kinetics calculations. 502 

Table 3. 𝑓𝑁 value calculation from induction time measurements of intermediate A in pure IPA system 503 

Instrument Scale Supersaturation RPM 𝒇𝑵 value 

Literature Ref. 
[38,41,42] 

-  - 7.64 × 1011 

RC1 1000 mL 

2.83 100 7.42 × 1011 

2.83 200 4.55 × 1011 

2.83 350 4.14 × 1011 

3.4 100 4.30 × 1011 

3.4 200 2.60 × 1011 

Easy Max 102 100 mL 
2.84 350 7.75 × 1011 

2.33 350 3.19 × 1011 

 504 

4.4. Nucleation behavior of intermediate A in four organic solvent - water mixtures 505 

4.4.1. Effects of cooling rate and water composition on MSZWs 506 

The linear relationship between ln (average MSZW) versus ln (cooling rate) is well described by 507 

Nyvlt’s approach, Sangwal and Kubota’s progressive nucleation model, and it is displayed in Fig. 508 

4. The results reflect the interplay between water composition and cooling rate (b) in the 509 

nucleation process. A wider MSZW was obtained at a faster cooling rate and a lower mass fraction 510 

water composition. In general, for all solvent systems studies, the MSZW of intermediate A 511 

decreases significantly with an increasing amount of water added to the system. As also shown 512 

in Fig. 4., with increasing mole fraction addition of water added, a decrease in the slopes and 513 

prominently in the Y-axis intercepts were observed for all four solvents. This might imply that there 514 

is a fundamental change in the mechanism of the nucleation process with increasing water 515 

composition in the system. It was also observed that addition of lower than 0.2 solute free mole 516 

fraction of water, the nucleation of intermediate A did not occur in NMP and DMAC systems even 517 
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when applying the slowest rate 0.01 K/min and cooling the solution down to 253 K (lowest limit of 518 

instrument). Similarly, addition above 0.38 solute free mole fraction water, instantaneous 519 

precipitation was observed which was not possible to detect due to limited instrument operating 520 

sensitivity. The results indicate that the addition of water as antisolvent to the intermediate A 521 

solution impacted how solute molecules interact with solvent molecules, and that may vary with 522 

solvent type based on their hydrophilicity order (see Table 1). It can be explained that extremely 523 

hydrophobic molecules, such as intermediate A, are highly sensitive to the presence of water in 524 

the solution environment, resulting in higher difficulty in nucleate when less hydrophilic solvents 525 

are present at lower water composition. Above certain water compositions, the interaction 526 

between organic solvent and water molecules increases significantly which can be correlated with 527 

more hydrophilic nature of the solvent. So, solvent-solute interactions would no longer be in 528 

competition with solvent-water interactions. The order of solvent hydrophilicity according to their 529 

log P value is as follows: IPA < acetone < NMP < DMAC. 530 

A) 531 

 532 

B) 533 
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 534 

C) 535 

 536 

D) 537 
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 538 

Figure 4. Experimental MSZWs associated with the various cooling rates at different solute free mole fractions water 539 
(described as mol frac. in the legends) added in the four solvents: A) IPA, B) acetone, C) NMP, and D) DMAC. MSZWs 540 
were determined by combined polythermal and antisolvent addition method. Each point reflects natural logarithm of 541 
average MSZW with standard error from quadruplicate experiments as a function of natural logarithm of cooling rate.  542 

Crystal nucleation is dependent on the thermodynamic driving force represented by a chemical 543 

potential difference ∆𝜇 between the solute in solution 𝜇𝑙  and the solid phase 𝜇𝑠 [49], and this 544 

relationship is described by Eq. (8) as follows.  545 

Δ𝜇 = 𝜇𝑙 − 𝜇𝑠 = 𝑅𝑇𝑛𝑙𝑛𝑆𝑛                                                                                                                                           (8) 546 

For the correct representation of the mole-fraction, activity-dependent supersaturation carries a 547 

crucial role in the estimation of kinetic parameters in LASC process, when higher antisolvent 548 

amount is used. The literature has raised awareness and provided evidence [50] that neglecting 549 

activity coefficients, or the influence of the Δ𝐶𝑝 term (difference between the molar heat capacity 550 

at constant pressure of the solute in the melt and in the crystalline state) on their estimation, have 551 

the potential to cause large errors/uncertainties in the accurate representation of the derived 552 

nucleation kinetics parameters. However, in absence of enough available quality data to retrieve 553 

the Δ𝐶𝑝 coefficients for intermediate A, we proceeded with Van’t Hoff approximation by neglecting 554 

Δ𝐶𝑝 term (referred to as simplification III [50]) and quantified the driving force by mole fraction-555 

based supersaturation ratio (𝑆𝑛 = 𝑥 𝑥∗)⁄ , where 𝑥 is the molar concentration at starting 556 

temperature and 𝑥∗ is the equilibrium molar concentration at the nucleation temperature and 557 
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composition. Afterwards, ∆𝜇 was determined for solute free mole fraction-based supersaturation 558 

from the solubility curves at the corresponding nucleation temperature of MSZW experiments (see 559 

Fig. 1). As demonstrated in Fig. 5, average ∆𝜇 values were plotted against water activity, aw, for 560 

each solvent and was determined from the prementioned solute free mole fraction water added 561 

to each system (Fig. 4). The graph provides the comparison amongst solvents, thermodynamic 562 

driving forces required for intermediate A nucleation from the combination of antisolvent addition 563 

and cooling in MSZW experiments. The lower the ∆𝜇 needed at a certain water composition to 564 

cross the nucleation barrier, the better the solvent is deemed suitable to induce nucleation [51]. 565 

Figure 5. shows that the lowest thermodynamic driving force requisite corresponds to intermediate 566 

A nucleation from DMAC + water system. Therefore, the thermodynamic driving force for 567 

intermediate A to nucleate is following the descending order: IPA > acetone > NMP > DMAC. 568 

 569 

Fig. 5. Relationship between thermodynamic driving force (∆𝜇 = 𝑅𝑇𝑛𝑙𝑛𝑆𝑛) versus water activity, aw, of the four organic 570 
solvents IPA, acetone, DMAC, NMP at prementioned solute free mole fraction water added to each system. The 571 
standard error at each point was obtained from quadruplicate experiments. 572 

4. 4. 2. Pre-exponential factor and Interfacial energy 573 

As previously illustrated by Shiau’s linearized regression equation and Sangwal’s 3D nucleation 574 

approach (see Section 3) [45,52] the plot of (𝑇𝑠 Δ𝑇𝑛⁄ )2 ∗ (1 𝑇𝑛
2⁄ ) in function of 𝑙𝑛(Δ𝑇𝑛 𝑏⁄ ) and 575 

(𝑇𝑠 Δ𝑇𝑛⁄ )2 in function of 𝑙𝑛 𝑏 at different solute free mole fractions of water added to each of the 576 
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four organic solvents was hereby studied and follows a direct linear relationship. The 577 

corresponding slopes and intercepts of the fitted lines were utilsed to calculate 𝛾 and 𝐴𝐽, as shown 578 

in Tables 4 and 5 respectively.  579 

Table 4. The kinetic parameters of nucleation of intermediate A versus solute free mole fractions of. water added in the 580 

four solvents from Shiau's linearized integral method according to Eqs. 6, and 7. 581 

Solvent 
Mole 

fraction 
water 

Water 
activity 

(aw) 

∆𝑯𝒅 
(kJmol-1) 

Slope Intercept 𝜸  
(mJm-2) 

𝑨𝑱 
(# m-3s-1) 

RC 

IPA 

0.03 0.09 101.7 1.06 -13.14 2.37 2.43E+09 0.95 

0.15 0.44 118.9 2.18 -12.79 2.32 4.29E+09 0.85 

0.27 0.61 115.8 9.46 -56 1.40 4.12E+09 0.98 

0.45 0.77 114.2 566 -2509 0.35 1.82E+10 0.97 

Acetone 

0.03 0.14 37.8 1.99 -12.73 1.11 2.62E+09 0.94 

0.15 0.53 38.2 2.13 -12.50 1.09 4.35E+09 0.89 

0.26 0.67 39.4 8.81 -52 0.70 4.18E+09 0.98 

0.36 0.74 42.5 531 -2350 0.19 1.83E+10 0.97 

NMP 

0.22 0.12 3.4 0.40 -2.95 0.38 9.64E+08 0.98 

0.31 0.25 4.7 6.58 -40 0.18 3.33E+09 0.94 

0.38 0.35 5.0 424 -2743 0.05 9.94E+14 0.97 

DMAC 

0.20 0.09 1.4 3.16 -24 0.11 6.59E+08 0.97 

0.28 0.14 1.5 86 -466 0.04 6.48E+09 0.98 

0.35 0.19 1.7 4393 -25395 0.01 4.95E+14 0.94 

RC = Regression coefficients 582 

Table 5. The kinetic parameters of nucleation of intermediate A solute free mol frac. water added in the four solvents 583 

from Sangwal’s 3D Nucleation method according to Eqs. (3-5). 584 

Solvent 
Mole 

fraction 
water 

f (no. of 
cluster/ 
volume) 

Slope 

(FZ) 
Intercept (F) 

𝜸 

(mJm-2) 

𝑨𝑱  
(#m-3 s-1) 

RC 

IPA 

0.03 1.1E+30 503 -1750 2.55 3.58E+28 0.96 

0.15 1.1E+30 576 -1784 2.53 5.01E+28 0.93 

0.27 1.0E+30 2197 -7871 1.59 2.82E+28 0.99 

0.45 9.4E+29 115884 -453334 0.42 1.81E+28 0.98 

Acetone 

0.03 3.1E+30 444 -1543 1.26 4.01E+28 0.96 

0.15 3.0E+30 508 -1573 1.21 5.37E+28 0.93 

0.26 2.8E+30 19867 -6939 0.79 7.78E+29 0.99 

0.36 2.7E+30 102173 -399697 0.22 2.23E+28 0.98 

NMP 

0.22 7.5E+29 130 -602 0.37 2.96E+26 0.97 

0.31 7.3E+29 1433 -5391 0.21 8.87E+26 0.88 

0.38 7.1E+29 700636 -112 0.03 3.92E+28 0.86 

DMAC 

0.20 6.9E+29 659 -3165 0.12 9.02E+25 0.96 

0.28 6.7E+29 73080 -330687 0.03 1.22E+26 0.98 

0.35 6.5E+29 690326 -222409 0.01 8.64E+27 0.95 

The value of the 𝐴𝐽 is mainly dominated by the organic solvent - water compositions as observed 585 

in the data. The 𝐴𝐽  is considered a kinetic parameter which has a positive correlation with the 586 

diffusion coefficient and, which contains information on the kinetics of activation energy barrier 587 
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crossing. The results in Fig. 6. indicate that by increasing the water activity of the solvents in the 588 

binary mixture for both IPA and acetone, the kinetic factor 𝐴𝐽 does not increase significantly. On 589 

the contrary, the increase in 𝐴𝐽 value is more pronounced both in case of DMAC and NMP with 590 

increasing water activity in the binary system. Thus, it is much easier for the solute molecular 591 

clusters to aggregate together and overcome the activation energy barrier for DMAC and NMP 592 

system whereas, ITZ molecular clusters face more difficulty to cross kinetic barrier in IPA and 593 

acetone systems. Hence, it is evident that by increasing antisolvent (water in this study) 594 

composition in the binary system favors the nucleation process both in the kinetic and 595 

thermodynamic aspects and, therefore, translates in the high antisolvent potency of water. 596 

 597 

Fig. 6. Relationship between pre-exponential factor, 𝑙𝑛𝐴𝐽 with water activity, aw of the four organic solvents IPA, 598 
acetone, DMAC, NMP at prementioned solute free mole fraction water added to each system.  599 

The potential energy differences between the solute molecules within the crystal and that at the 600 

crystal surface due to the effect of solvent molecules is referred to as interfacial energy, 𝛾[49] 601 

However, 𝛾, which provides information on the difference between the solute-solvent and solute–602 

solute interaction forces, should not be underestimated. The relationship between 𝑙𝑛 𝛾 with the 603 

water activity of the four solvents in the binary organic solvent and water mixtures was illustrated 604 

in Fig. 7. In general, with increasing water content in the binary mixtures the 𝛾 of intermediate A 605 

decreases, which again highlights the key role of solvent – antisolvent compositions in promoting 606 
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the formation of ordered crystal structures. It can be found that the interfacial energy obtained in 607 

this work follows similar order compared to the values reported in the literature [35,46,53].   608 

 609 

Fig. 7. Relationship between ln Interfacial energy, 𝑙𝑛 𝛾, of intermediate A with water activity, aw for four solvents i.e., 610 
IPA, acetone, NMP, DMAC of the same four solvents at prementioned solute free mole fraction water added to each 611 
system in binary solvent mixtures. The faster rate 𝛾 of solute-solvent interface decreases with water addition, the more 612 
spontaneously new surface will be formed from the molecular cluster and higher will be the nucleation propensity.  613 

As illustrated in Tables 4 and 5, it is evident that with increasing water content in DMAC and NMP 614 

system, the 𝛾 of intermediate A decreases more rapidly at an order of magnitude higher than in 615 

the acetone and IPA systems, when similar water content is added to binary mixtures. In order to 616 

validate the determined 𝛾 values, both Sangwal’s and Shiau’s approach were compared. From 617 

the parity plot as shown in Fig. S 10, the values of 𝛾 determined by Sangwal’s approach were 618 

followed the similar trend as that from Shiau’s linearized integral method. 619 

In this work, the dramatic reduction in 𝛾 with increasing water activity in binary mixtures for both 620 

NMP and DMAC indicates that there is sudden fundamental change in solution stability, solute 621 

molecules in solution become more prevalent, which means that less effort is needed to overcome 622 

the free energy barrier. Hence, at a similar water composition, the lower the 𝛾 of the molecule, 623 

the easier it is for the solute clusters to nucleate spontaneously to form a new surface from the 624 

solution mixtures, and better the solvent for LASC. The descending order of 𝛾 value for 625 

intermediate A at similar water activities is as follows: IPA > acetone >> NMP > DMAC.  626 
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 627 

4.4.3. Ease of nucleation 628 

The contribution of solute-solvent interfacial energy 𝛾 was correlated with the thermodynamic 629 

driving force ∆𝜇 to rank order amongst the solvent for selection of antisolvent crystallization 630 

process. It has been well reported in the literature that challenge in nucleation primarily is 631 

governed by two variables, 𝛾, and ∆𝜇. 632 

𝐽 ∝ 𝐴𝐽𝑒𝑥𝑝 [
𝛾3

𝛥𝜇2
]                                                                                                                                                           (9) 633 

Thus, the contribution of 𝑙𝑛 𝛾3 was plotted against 𝑙𝑛 Δ𝜇2 as described in the Fig. 9, which derived 634 

from CNT equation. It is evident that the stronger the solute-solvent interactions, higher will be 635 

the solute – solvent interfacial energy. This facilitates dissolution of solute while preventing the 636 

new nuclei formation. However, with increasing percentage of water in the system as an 637 

antisolvent, the driving force increases and simultaneously 𝛾 decreases, as solvent - antisolvent 638 

interactions is becoming preeminent than solute – solvent interactions. This indicates that the 639 

clustering and aggregation of the solute molecules in solution become more prevalent and less 640 

energy is needed to nucleate spontaneously to form a new surface from the solution mixture, and 641 

better is the solvent for LASC process. Therefore, the lower the 𝛾 of intermediate A in the solvent 642 

and antisolvent mixtures and driving force required for nucleation, the easier it is for intermediate 643 

A molecule to nucleate from that solvent and water mixture, which is a closer representation of 644 

the actual LASC process occurring at extremely high supersaturation.  645 
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 646 

Fig. 8. Ease in nucleation order determined from the combined contribution of interfacial energy, 𝛾 and thermodynamic 647 
driving force, ∆𝜇 covering solvent interaction in binary mixtures, supersaturation, and temperature effect on 648 
crystallization of intermediate A at different solute free mol fraction water added to four organic solvents (IPA, acetone, 649 
NMP, DMAC) for LAS process. The values in % at each points denote the % w/w of water added to each solvent 650 
system. 651 

Amongst the four solvents, interfacial energy 𝛾 and driving force ∆𝜇 were significantly lower in 652 

DMAC than in the other solvents studied. Ease of nucleation follows the order of DMAC > NMP 653 

>> acetone > IPA which means intermediate A will face the lowest difficulty to nucleate in DMAC 654 

and water system corresponding to lowest 𝛾 of intermediate A in solvent + water composition to 655 

form a new surface and lowest ∆𝜇 required to cross nucleation barrier. The experimental data 656 

showed that the intermediate A will face difficulty in nucleation in the solvents as follows: IPA > 657 

acetone >> NMP > DMAC. 658 

4.4.4. Critical nucleation kinetics parameters  659 

According to the CNT, the critical nuclei radius 𝑟∗, the activation energy barrier Δ𝐺‡, and the 660 

nucleation rate, J were calculated for each four solvents at all water compositions based on 𝛾 and 661 

𝐴𝐽 results (see Section 4.4.2), are expressed by Eqs. (10 -12) respectively.  662 
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𝑟∗ =
2𝛾𝜈𝑚

Δ𝜇
                                                                                                                                                                   (10) 663 

Δ𝐺‡ =
16𝜋𝜈𝑚

2 𝛾3

3Δ𝜇2
                                                                                                                                                       (11) 664 

𝐽 = 𝐴𝐽 ∗ exp (− Δ𝐺‡

𝑘𝑏𝑇𝑛
⁄ )                                                                                                                                    (12) 665 

As discussed in the sections 4.4.2 and 4.4.3, it was shown that with the increase of water content, 666 

the 𝛾 decreases while the ∆𝜇 value increases, which leads to a decrease in 𝑟∗ and Δ𝐺‡. Thus, the 667 

smallest critical nuclei radius 𝑟∗ and lowest activation energy Δ𝐺‡ for nucleation are related to the 668 

lowest interfacial energy 𝛾 to cross the nucleation barrier. As presented in Table 6, Δ𝐺‡ and 𝑟∗ 669 

values estimated using two different approaches (Shiau's Linearized Integral and Sangwal's 3D 670 

Nucleation), were compared. It is worth noting that values obtained from both methods although 671 

differ slightly, follow similar trends for all kinetic parameters.  672 

Table 6. Critical nucleation kinetics parameters of intermediate A in four solvents (IPA, acetone, NMP, DMAC) 673 

determined using two approaches Shiau's linearized intergral and Sangwal's 3D nucleation model. 674 

Model Shiau's Linearized Integral Sangwal's 3D Nucleation 

Solvent 
mole 

fraction 
water 

∆𝝁 = 

𝑹𝑻𝒏𝒍𝒏𝑺𝒏 
𝚫𝑮‡

 

(J mol-1) 𝒓∗
 (nm) 

J 
(# m-3 s-1) 

𝝉𝒏 =
𝒇𝑵 𝑱⁄  (s) 

 

𝚫𝑮‡ 
(J mol-1) 𝒓∗

 (nm) 
J 

(# m-3 s-1) 
𝝉𝒏 = 𝒇 𝑱⁄  

(s) 

IPA 0.03 3544 6.70E-21 405 5.64E+08 1354 8.38E-21 885 5.75E+27 193 

0.15 3581 5.15E-21 357 1.40E+09 545 6.70E-21 794 1.17E+28 91 

0.27 3639 1.47E-21 238 3.00E+09 254 2.18E-21 571 1.77E+28 58 

0.45 5062 4.02E-23 76 1.81E+10 42 6.76E-23 196 1.78E+28 52 

Acetone 0.03 2809 1.20E-21 445 1.92E+09 398 1.75E-21 575 2.55E+28 122 

0.15 2806 1.15E-21 487 3.29E+09 232 1.56E-21 553 3.68E+28 81 

0.26 2844 6.63E-22 487 3.59E+09 213 9.74E-22 541 6.22E+29 5 

0.36 4628 2.18E-24 53 1.83E+10 42 3.66E-24 63 2.23E+28 122 

NMP 0.22 1896 9.74E-23 246 9.40E+08 813 9.09E-23 241 2.96E+26 2537 

0.31 1983 1.15E-23 122 3.32E+09 230 1.60E-23 136 8.87E+26 824 

0.38 3059 8.47E-26 20 9.94E+14 20 1.55E-26 12 3.92E+28 18 

DMAC 0.20 1284 4.87E-24 104 6.58E+08 1161 7.07E-24 118 9.02E+25 7607 

0.28 1596 1.47E-25 31 6.48E+09 118 5.22E-26 22 1.22E+26 5497 

0.35 2780 1.14E-27 5 4.95E+14 5 2.19E-27 6 8.64E+27 75 

In Figure 9, 𝑙𝑛 Δ𝐺‡ was plotted against water activity in the binary mixtures, corresponding to the 675 

solute free mol fraction water added to the solvents. In general, it was observed that with 676 

increasing water activity in the binary mixtures, the activation energy Δ𝐺‡ of intermediate A, 677 

required to cross nucleation barrier, tends to gradually decreases. The reduction in the activation 678 

energy barrier is highest in case of DMAC, then NMP, acetone and IPA, respectively, with 679 

increasing water activity in the system. When compared to similar water activity aw (between 0.15 680 

and 0.2) at a certain solute free mole fraction water added to all four solvents, the lowest Δ𝐺‡ was 681 

required for DMAC + water system, while the highest value was for IPA + water system. Taking 682 
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these results into account, it is hypothesized that the addition of water as antisolvent affects the 683 

intermolecular forces between the solute-solute, solute-solvent, solvent-antisolvent, solute-684 

antisolvent, thus affecting the aggregate and desolvation process of the nucleation precursors 685 

which result in an anomalous relationship between the activation energy Δ𝐺‡ and thermodynamic 686 

driving force ∆𝜇. 687 

 688 

Fig. 9. Relationship between natural logarithm of activation energy barrier, 𝑙𝑛 𝛥𝐺‡  of intermediate A with water activity, 689 

aw for four solvents i.e., IPA, acetone, NMP, DMAC at prementioned solute free mole fraction water added to each 690 

system in binary solvent mixtures.  691 

It has been described in the literature [13,49] that the addition of antisolvent can accelerate the 692 

rate of the desolvation step which may act as an activation step involved in the nucleation process. 693 

This is in accordance with solvent polarity order, corresponds to the stronger interaction between 694 

solvent and antisolvent molecules. Hence, it is reasonable to assume that the desolvation 695 

process, might be the major contributor for the nucleation activation energy barrier which the 696 

solute molecules must overcome, will be fastest in the solvent in which the compound has the 697 

lowest enthalpy of dissolution at a given antisolvent compositions. This might imply that the 698 

solvent with the minimum driving force required corresponding to the lowest activation energy is 699 

the most favorable one to induce nucleation in presence of water. Based on these arguments, the 700 

rank order of best-suited solvent for a liquid antisolvent crystallization process of intermediate A 701 
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should be IPA<< acetone < NMP< DMAC. As described in the Fig. S 11, the values of Δ𝐺‡ derived 702 

by Shiau’s linearized integral method were plotted against that determined by Sangwal’s Method. 703 

It is self-evident from the parity plot, the Δ𝐺‡ derived by these two different approaches maintained 704 

the similar pattern. 705 

The values of 𝑟∗ and J for intermediate A were derived from Eq. (9) and (11) by using both Shiau’s 706 

and Sangwal’s 3D nucleation methods mentioned earlier in Table 6, which follow the same trends 707 

for all compositions when plotted against the water activity of the solvent in binary mixtures. From 708 

the graphs of 𝑙𝑛𝑟∗ and 𝑙𝑛 𝐽 with water activity of each solvent as demonstrated in Fig. 10, we 709 

observed an inverse trend between J and 𝑟∗ for Intermediate A when plotted against water activity 710 

for all the four solvents in binary mixtures.  711 

 712 
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 713 

Fig. 10. Relationship between natural logarithm of critical nuclei radius, 𝑙𝑛 𝑟∗ (top) and of Nucleation rate, 𝑙𝑛 𝐽 (bottom) 714 
of intermediate A with water activity, aw in the binary mixtures of each solvent corresponding to the solute free mol frac. 715 
water added to the four solvents i.e., IPA, acetone, NMP, and DMAC. 716 

It has been showed that the change of nucleation rate 𝐽 and critical nuclei radius 𝑟∗ in NMP and 717 

DMAC is interestingly sharper than the one observed in case of acetone and IPA. Thus, it is easier 718 

for the nucleus of intermediate A to overcome energy barrier and a greater number of nuclei will 719 

form at a faster rate. Furthermore, it was compared in the Fig. S 12 and S 13, the values of 𝑟∗ 720 

and 𝐽 estimated using both Shiau’s and Sangwal’s approaches, and both shown similar trend to 721 

the observed in this case. 722 

Accordingly, smallest 𝑟∗ and highest 𝐽 were found through both approaches in DMAC and water 723 

system, which interestingly aligns with the ∆𝐻𝑑 values for intermediate A at similar binary 724 

mixtures. The value of 𝑟∗ and 𝐽 follow the order: DMAC > NMP >> Acetone > IPA. Hence, this 725 

strengthens the argument to use nucleation kinetics as solvent selection tool to guide a LAS 726 

crystallization process. 727 

4.4.5. Nucleation time constant calculation 728 

The nucleation time constant 𝜏𝑛, can be estimated from 𝑓𝑁 value and nucleation rate derived from 729 

nucleation kinetics, which is expressed by Eq. (13). When 𝜏𝑛 is inserted in the Eq. (12), it results 730 

on Eq. (14). The Eq. (15) shows that the term 𝜏𝑛  depends upon Δ𝐺‡ and 𝑇𝑛, being these 731 
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dependent on nucleation kinetics parameters (𝛾, ∆𝜇, and 𝑇𝑛) and determined from MSZW and 732 

solubility measurements. Moreover, it has been demonstrated that 𝑙𝑛 𝜏𝑛  follows a reasonable 733 

proportional relationship with Δ𝐺‡ 𝑇𝑛⁄  as per classical nucleation theory.  734 

𝜏𝑛 =
𝑓𝑁

𝐽⁄                                                                                                                                                                      (13) 735 

𝑙𝑛 𝜏𝑛 =  𝑙𝑛
𝑓𝑁

𝐴𝐽
+ ( 

1

𝑘𝐵
∗

Δ𝐺‡

𝑇𝑛
)                                                                                                                                 (14) 736 

𝑙𝑛 𝜏𝑛 ∝
Δ𝐺‡

𝑇𝑛
∝

𝛾3

(ln 𝑆𝑛)2𝑇𝑛
3                                                                                                                                             (15)       737 

Δ𝐺‡ includes the contribution of both 𝛾3 and ∆𝜇2. Consequently, 𝜏𝑛 is also affected by these two 738 

variables. Moreover, it has been demonstrated in Fig. 11. that 𝑙𝑛 𝜏𝑛 follows a proportional 739 

relationship with Δ𝐺‡ 𝑇𝑛⁄  as per classical nucleation theory. When 𝜏𝑛 and Δ𝐺‡ 𝑇𝑛⁄  were plotted at 740 

different mol frac. water added to the binary solvent, both these factors reduce proportionally with 741 

increasing water composition in the solvent mixtures. Furthermore, it interesting to note that from 742 

extrapolation of the experimental values using Eq. (12), we can roughly estimate the precipitation 743 

time in the actual working space of LAS process operated at extremely high supersaturation. That 744 

can be further correlated with mixing time scale achievable in different devices, which can provide 745 

further guidance with respect to process parameter optimizations and technology selection for 746 

LAS approach.  747 
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 748 

Fig. 11. Relationship between natural logarithm of nucleation time constant, 𝑙𝑛𝜏𝑛 with 𝑙𝑛 𝛥𝐺‡ 𝑇𝑛⁄  of intermediate A in 749 

the binary mixtures corresponds to solute free mol frac. water added to four solvents (IPA, acetone, NMP, and DMAC). 750 

The values in % at each points denote the % w/w of water added to each solvent system. 751 

Furthermore, lower the 𝜏𝑛 value and lesser the Δ𝐺‡ 𝑇𝑛⁄  required to cross the nucleation barrier 752 

the higher the chance of nucleation at similar water composition in the solvent as mentioned in 753 

Fig. 11. Hence, the descending rank order of 𝑙𝑛 Δ𝐺‡ 𝑇𝑛⁄  and 𝑙𝑛 𝜏𝑛  value when compared at similar 754 

portion of water added to the binary mixtures is as follows: DMAC < NMP << acetone < IPA which 755 

correlates with ease of nucleation sequence. 756 

In situ FTIR spectroscopy was used to estimate solute solvent interaction and establish a link with 757 

the ease of the nucleation from the studied solvents for intermediate A. This was done by 758 

investigating any shifts in frequency, specifically C-O and C=O stretching, in the spectra. If the 759 

link is established, it will help might validate the findings from nucleation kinetics. Moreover, 760 

spectroscopic analysis can be used as rapid analytical tool to screen out solvent for LASC process 761 

development, which would be a beneficial contribution for the experimental setup required. In 762 

contrast to the literature [46,54], in the study hereby presented no correlation was observed for 763 

the shifts in spectra (C-O strong for aromatic alcohol, ether and tertiary alcohol regions 764 

characteristic to Intermediate A, no shift in C=O stretching region). So, a spectroscopic tool was 765 

not able to provide us significant information for solvent selection in this study. 766 
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4.5. Comparison of intermediate A crystal size distribution at similar γ  767 

The effect of thermodynamic driving force on intermediate A particle size distribution and 768 

morphology was experimentally evaluated in the four solvents keeping 𝛾 constant (estimated bulk 769 

γ value of 0.4 mJm-2) and by adding similar mass fraction of water during the reverse LASC 770 

process. Mean particle size as illustrated in Fig. 12 was obtained for intermediate A from SEM 771 

analysis as follows (D) DMAC = 4.2 ± 2.3 μm < (C) NMP = 8.9 ± 3.6 μm < (B) acetone = amorphous 772 

aggregates, around 30 μm < (A) IPA = 55 ± 13 μm. At similar γ, the lowest mean particle size was 773 

observed in DMAC and the highest in IPA. These results demonstrate that the effect of the driving 774 

force ∆𝜇 on nuclei formation followed by crystal growth, was most pronounced in DMAC + water 775 

system amongst all four tested solvent systems. Similar polymorphic form was obtained for 776 

DMAC, NMP and IPA after LAS process, confirmed by PXRD analysis. In case of acetone, 777 

amorphous form with collapsed aggregated morphology of intermediate A was obtained. 778 

 779 

Fig. 12. Scanning electron microscopy images of intermediate A microparticles produced by reverse LASC process 780 
with addition of 90 wt.% water at 303.15 K to four organic solvents: A) IPA B) acetone C) NMP and D) DMAC (mean 781 
particle size: A>>B>C>D) experienced similar 𝛾 . 782 
 783 

4.6. Comparison of intermediate A crystal size distribution at the similar ∆𝜇 784 
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 785 

Fig. 13. SEM images of filtered intermediate A microparticles produced by reverse LAS crystallization at similar 786 
thermodynamic driving force (∆𝜇 = 𝑅𝑇𝑛𝑙𝑛𝑆𝑛 = 2519 kJmol-1) corresponding to mol frac. based supersaturation 1000 to 787 
four organic solvents A) IPA B) B) Acetone C) NMP and D) DMAC (mean particle size: A>>B>C>D) at 303.15 K 788 

The effect of interfacial energy on intermediate A particle size distribution and morphology was 789 

experimentally evaluated in the four solvents keeping driving force ∆𝜇 constant (estimated bulk 790 

∆𝜇 value of 2519 kJmol-1) by adding different mass fraction of water during the reverse LASC 791 

process. The mean particle size of intermediate A determined from SEM pictures in the four binary 792 

mixtures is presented in Fig. 13, D) DMAC = 6.7 ± 2.9 μm < C) NMP = 12.5 ± 4.6 μm < (B) acetone 793 

= amorphous aggregates, approx. 10-20 μm < (A) IPA = 64 ± 15 μm. This further underlined the 794 

remarkable impact of 𝛾 based upon the choice of solvent system on the particle formation of 795 

intermediate A in LASC process at similar driving force, confirming the rank ordering of solvent. 796 

These results are the experimental proofs from the actual antisolvent crystallization process to 797 

find the order of selected solvents. Furthermore, this validates the findings and interpretation of 798 

solvent selection guide from nucleation kinetics using the combined MSZWs approach. 799 

5. Conclusion 800 

To control the LASC process, basic solubility, and kinetics information of the molecule in the 801 

system need to be acquired to understand the mechanism underlying the process. From the 802 

solubility studies, it was shown that the ∆𝐻𝑑 is a major indicator for solvent selection. ∆𝐻𝑑 value 803 

at similar mole fraction of water added to the binary mixtures for the intermediate A is lowest in 804 

the solvent with the most hydrophilicity and highest polarity, which follows the order: DMAC, NMP, 805 



39 
 

acetone and IPA. It was also shown that proper scale and fluid dynamic selection for MSZW 806 

determination is crucial to harmonize the data to the larger industrial scale. A glass reactor with 807 

3.5 mL solution volume and a 3-blade downflow impeller in the Crystalline™ system was proved 808 

to be the most optimal and robust platform for conducting MSZW studies. Using the novel 809 

combined polythermal and antisolvent addition approach, it was possible to extract the kinetic 810 

information at reasonably high driving forces (far higher than literature reported studies) which 811 

contributes towards more accurate prediction of LASC processing conditions. Nucleation kinetics 812 

results clearly revealed that lower the solute - solvent 𝛾 and lower the ∆𝜇 ,required at given water 813 

content added, to cross the activation energy barrier, better the propensity for the solvent to 814 

induce faster nucleation, leading smaller particle generation. Furthermore, derived 𝜏𝑛 can be 815 

further extrapolated to the actual LASC process condition to guide the design of operating 816 

parameters for bottom-up crystallization. Experimental results of mean particle size obtained from 817 

SEM support the rank order found from the nucleation kinetics and solubility experiments. For 818 

LAS crystallization of intermediate A, the selection of solvent follows the order: DMAC > NMP >> 819 

acetone > IPA. In conclusion, these results establish that nucleation kinetics can be effectively 820 

used as a solvent selection toolbox for bottom-up generation of long-acting injectable suspensions 821 

in the future. 822 
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