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Abstract

:

The potential of producing L-isoleucine crystals with the aid of electric potential and its effect on the nucleation kinetics of L-isoleucine were probed using polythermal and isothermal crystallisation techniques, assisted with 5 V, 9 V, and 20 V electric potentials. The polythermal experiments were conducted with cooling rates of 0.1 °C/min–0.7 °C/min, whilst isothermal crystallisation was conducted with a supersaturation of 1.30–1.70, and both were carried out in a 200 mL temperature-controlled jacketed reactor. Prediction of the nucleation rate and its associated parameters for isothermal crystallisation was carried out using a molecular dynamics simulation. In both crystallisation techniques, electric potentials increased the nucleation rate, but the intensity of the electric potential had less impact on the measured parameters. Nucleation rates for 5 V isothermal crystallisation were in the order of 1010 higher than for polythermal crystallisation. Electric potential doubled the nucleation rates for polythermal crystallisation and increased the nucleation rates 12-fold in isothermal crystallisation. The isothermal technique produced the form B polymorph, but mixtures of forms A and B were produced in polythermal crystallisation. The predicted critical number of molecules, N*, and the critical radius, r*, were in good agreement with the experimental data, with a higher predicted nucleation rate in the order of 102.
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1. Introduction


It is a well-known fact that controlling the nucleation rate and growth of a crystal to obtain desired crystals during crystallisation is a problem, particularly for pharmaceutical development and manufacturing. The proper design and control of the nucleation process are important to obtain the correct properties of the drugs, such as the polymorphic forms and morphology [1,2]. Recent advancements have probed the use of digital information and design to predict and improve the physical properties and performance of drug manufacturing [3]. Among the challenges is the control of nucleation to improve the physico-chemical properties, quality, and yield of crystals. Traditionally, nucleation can be controlled through the manipulation of crystallisation variables, such as supersaturation [4,5], stirring rates [6] and cooling rates [7], depending on the crystallisation technique adopted. In the case of the polythermal crystallisation technique, nucleation can be induced by reducing the width of the kinetically inactive metastable zone region by applying external influences, such as seeding [8], the addition of additives [4,9] and solvents (termed antisolvent) [10], a magnetic field [11], ultrasonic radiation [12] and electric potential [13,14,15]. However, manipulation of the region width could be at the expense of crystal quality produced, such as the polymorphic form, crystal shape and crystallinity [16].



Numerous studies of the application of an electric field in crystallisation with a wide range of electric potential intensity, for example, 2.4 V/cm [17], 860 V/cm [18] and 1 × 106 to 1 × 108 V/cm [19], have been reported. From their work, it was concluded that an electric field increases the ability of the solution to nucleation due to an increase in the probability of bond formations between nucleation molecules, which is caused by molecular agitation induced by the frequency of the electric field [17]. In the case of crystallisation of lysozyme (a type of protein), the crystal was found to predominantly nucleate on the cathode side of the electrode [15]. The electric permittivity difference between crystals and solute molecules in a solution, which is caused by the electric field frequency, is the main factor defining the driving force of nucleation (measured as chemical potential), and as the difference becomes larger, the impact of the electric field frequency on the nucleation rate increases [18]. However, nucleation can either be promoted or inhibited based on the ability of the process to surpass the Gibbs free energy barrier associated with nucleation, depending on the orientation of the electric field and the ratio of the dielectric constant between the solution and the crystalline phase [19]. The electric field was believed to cause the dipole of the polar functional group to align in parallel with the direction of the field. In the case of polyamide-6,6, the decrease in nucleation rate was due to the disturbance in the antiparallel orientation of the dipole of the amide groups, preventing the formation of a stable structure and, hence, molecular chain packing of the polymer [20]. The prediction of water molecule behaviour with the presence of an electric field using a computational technique later backed up the theory that an electric field causes a structural change in liquid water, making it more organised [21]. Nonetheless, for crystallisation of lysozyme, using an electric field the nucleation rate was successfully controlled through a series of works by Koizumi and co-workers [18,22,23].



The computational molecular modelling method has recently been in demand and has been used to predict the behaviour and properties of molecules [24,25,26,27]. In crystallisation, the application of the computational technique is to compliment the hypothesis associated with the nuclei formed during the nucleation process, which is not usually fully understood and not accessible through experimental methods [28,29,30]. Nucleation is known to have two types of mechanisms—i.e., heterogeneous and homogeneous nucleation. Heterogeneous nucleation usually takes place at a surface of a system—for example, liquid–vapour interface suspended particles and surfaces in the reactor. Homogeneous nucleation could occur in solution, away from the sites for heterogeneous nucleation. Homogenous nucleation is a slower process, with a higher energy barrier than heterogeneous nucleation. For heterogeneous nucleation, the nucleation process grows exponentially with a lower free energy barrier as the surface area of the nucleus in contact with surrounding fluid is less (due to the growth sites on the surfaces) than the area of a nucleus in homogeneous nucleation.



The nucleation mechanism and the aggregation of solute molecules can be explained by the collective behaviour of the molecules as a function of time [31] and can be obtained through molecular dynamics simulations. The nucleation rate is a key factor in characterising the nucleation phenomenon as it is related to the critical size of the nucleus, the supersaturation ratio, and the free energy change in nucleation. Nucleation rate prediction using molecular dynamics simulation was pioneered by Anwar and Boeteng [29]. Nucleation in dynamics simulation was described as the aggregation of particles induced by the Lennard–Jones potential, where the distinctive ordering of particles during clustering represents a nucleation process. The importance of the Coulombic contribution to nucleation was later emphasised [32] and the effect of the force field and the atomic partial charges on 2D nucleation was established for the nucleation process in a limited system [33].



The nucleation of methane hydrate using Gromacs software was evaluated by Yuhara et al. [34] by implementing the modified mean first passage time method and the survival probability method, which was originally used to calculate the vapour-to-liquid nucleation. It was reported that the predicted nucleation rate was in good agreement (within 20%) with the experimental data. Amongst other nucleation behaviour predictions using dynamic simulation is the prediction of homogeneous nucleation from the vapour phase by looking into the change in cluster size for nucleation [35]. The prediction of nucleation behaviour, from the prediction of critical radius to the number of molecules forming the critical radius of ammonium perchlorate, was carried out by adopting the Yasuoka and Matsumoto technique [32] using Gromacs software [31]. Their result was in good agreement with the experimental data, even though the predicted nucleation rate was higher than the experimental data. The nucleation rate from the dynamics simulation was determined from the plot of the number of molecules forming the nucleus against simulation time, which was derived from the radial distribution function of the solution. The number of molecules forming the nuclei changes with time until it levels off when the size of the cluster reaches a critical value.



In this work, L-isoleucine was used as the investigated material. L-isoleucine is the most hydrophobic amino acid and exists as zwitterions in solution [36]. Akin to most pharmaceutical products, L-isoleucine exists in crystalline form, which means that it can be produced through the crystallisation process. Many studies have been conducted using amino acids but only a few studies have focused on L-isoleucine. Its zwitterionic behaviour in both a solution and the solid phase makes it an interesting material, and its behaviour would be interesting to assess in the solution when an electric potential is present. The main objective of this study was to determine the nucleation behaviour of L-isoleucine using two crystallisation techniques, i.e., polythermal and isothermal crystallisations, with the presence of an electric potential. The nucleation behaviour of L-isoleucine was also predicted using a molecular dynamics simulation technique, which was then compared with the experimental data from the isothermal crystallisation technique.




2. Materials and Methods


2.1. Materials


The material used in this experiment was L-isoleucine (C6H13O2N, MW of 131.2 g/mol) with purity > 99.0%. This material was purchased from Merck Milipore, USA and distilled water was used to make up the solution. L-isoleucine is a zwitterion molecule, with carboxyl (COO–) and amine (NH3+) functional groups at one end and an alkyl side chain at the other end. Carbon (graphite, 98% purity) electrodes with dimensions of 1.0 cm × 0.1 cm × 10 cm were used in the crystalliser to transfer current to the solution. The current to the crystalliser was supplied by a direct current (DC).



L-isoleucine can crystallise in two polymorphic forms, form A and form B. Form A is packed in a monoclinic lattice with space group P21, Z = 4, Z’ = 2, and cell parameters of a = 9.68, b = 5.30, c = 13.96 Å, and β = 96.16° [37]. Form B also crystallises in a monoclinic lattice with space group P21, but with Z = 8 and Z’ = 4. The unit cell dimensions of form B are a = 9.68, b = 5.29, c = 28.01 Å, and β = 98.30° [38]. Form A forms dimers in its asymmetric unit, whilst form B contains four molecules in its asymmetric unit. Figure 1 shows the molecular arrangements of L-isoleucine pairs and clusters in their asymmetric units.




2.2. Methods


The experimental setup for electrocrystallisation is shown in Figure 2. The rig consisted of a 250 mL jacketed reactor attached to two programmable refrigerated baths so that the desired temperature of the solution for the crystallisation and dissolution process could be effectively achieved. In all the experiments, the volumes of the solution used were 200 mL and mixing of the solution was carried out by a glass retreat curve impeller. During polythermal crystallisation, only one refrigerated bath was used, and the second refrigerated bath was used for isothermal crystallisation so that sudden quenching of the solution could be achieved. In all experiments, two carbon electrodes were immersed in the solution at a depth of 3 cm and placed 5 cm apart while facing each other. Prior to this, the electrodes were cleaned by immersion in acetone, and then rinsed with distilled water and dried in an oven at 40 °C. A direct current was supplied to the solution from the beginning of the experiment until the end of the experiment. The current voltages used for polythermal crystallisation were 5 V (1 V/cm) and 9 V (1.8 V/cm), whilst for isothermal crystallisation, the electric potentials used were 5 V (1 V/cm) and 20 V (4 V/cm). All the experiments were repeated three times to ensure reproducibility.



2.2.1. Polythermal Crystallisation Experiment


A known weight of L-isoleucine was mixed in the jacketed reactor, and the solution was stirred using a glass retreat curve impeller. The solution was heated to 85 °C for at least 30 min to ensure all crystals were completely dissolved in the water. The electrodes were dipped in the solution, and the power supply was turned on. The solution was cooled to 20 °C at a known rate for the crystallisation process to occur. The crystallisation temperature, Tcryst, was visually observed and the temperature was noted when small crystals start to appear in the solution. The dissolution temperature, Tdiss, was recorded at the temperature when all the crystals completely dissolved, which was also observed using the visualisation technique. The crystals formed in the solution at the end of the experiment were collected and dried in an oven at 40 °C for at least 24 h before being sent for analysis. The L-isoleucine concentrations used in the polythermal experiment were 42 g/L, 44 g/L, 46 g/L, and 48 g/L, whilst the cooling and heating rates used were 0.10 °C/min, 0.25 °C/min, 0.5 °C/min, and 0.7 °C/min, achieved using the programmable refrigerated bath.




2.2.2. Isothermal Crystallisation Experiment


In this experiment, two programmable refrigerated baths were used for heating and drastic cooling to achieve the desired temperature of the solution (see Figure 2). A known weight of L-isoleucine was dissolved in a 200 mL solution. The solution was heated to 15 °C higher than the saturation temperature for 60 min using the first refrigerated bath to ensure all the crystals were dissolved. Then, the supply of hot water from the first refrigerated bath was stopped and the supply of cold water (set to the desired saturation temperature) from the second refrigerated bath was started. The solution was drastically cooled (rate 1.8 °C/min) to the saturation temperature and the direct current (DC) (measured as the electric potential—e.g., 5 V) was supplied to the solution through the carbon electrodes. The temperature was kept constant until the crystal started to form. The time at which the solution reached supersaturation and the crystal started to grow was recorded as the induction time. The experiments were repeated three times for reproducibility using solution concentrations of 42 g/L, 44 g/L, 46 g/L and 48 g/L, and the supersaturation ratios depended on the target temperature sets for each experiment. Detail parameters used in this experiment were included in the Supplementary Materials, Section S1. The crystals formed in the solution were collected and dried in an oven at 40 °C for 48 h for characterisation purposes. However, we have not tested the effect of the drying process undertaken in this study on the physico-chemical properties of the crystals. For consistency, the crystals characterised in this study were the crystals collected from the solution only, and not including the crystals attached to the anode and cathode.




2.2.3. Solid-State Characterisation


The crystal properties of the polymorphic forms of L-isoleucine, such as the solubility, morphology, melting temperature, and diffraction patterns, were established by Anuar and co-workers [7,39]. In this work, the diffraction patterns of the crystals were determined with the intention of determining the type of polymorphic forms produced from the crystallisation techniques and parameters adopted. The crystals were analysed using X-ray powder diffraction (XRPD) (Rigaku Corporation, Tokyo, Japan) with Cu Kα radiation at 40 mA and 40 kV, with 2θ between 3° and 40°, and a rate of 0.01 °/s.




2.2.4. Computational Technique


The computational calculations adopted in this work were carried out using Material Studio 4.4 (Dassault Systemes, Shanghai, China). Throughout the simulation, the potential functions used was COMPASS II, a built-in function in Material Studio (MS). The forces on the molecule were calculated from the potential energy expression depending on the forcefield selected. COMPASS II is an established forcefield and is suitable for use with drugs and compounds, including ionic liquids and heterocyclic systems [40]. Its usage has been tested by many previous researchers and was developed based on the first generation of this forcefield, known as COMPASS [41,42,43,44].



In this work, simulation for prediction of the nucleation rate for isothermal crystallisation was performed under periodic boundary conditions through the molecular interaction assessment of L-isoleucine in bulk solution. Prior to the construction of an amorphous cell, a three-dimensional water molecule was sketched using a built-in tool available in MS. The L-isoleucine molecule was imported from Cambridge Crystallography Data Centre (CCDC) (Ref. code LISLEU02). Both molecules were optimised to the most stable configuration using COMPASS II as the forcefield. An amorphous cell is an arbitrary cell filled with molecules according to the criteria defined by previous researchers [41,44]. L-isoleucine in water was constructed by packing both molecules into this arbitrary cubic cell. The amount of L-isoleucine and water molecules set in the cubic cell was determined according to the known concentration in water of L-isoleucine, based on its published solubility data [39]. Both L-isoleucine and water molecules were randomly mixed in the arbitrary cell as it allows faster result for the production run in dynamic simulation. Solution supersaturation was achieved by setting a target temperature for the simulation. Table 1 shows the parameters used in this simulation.



The cubic cell was optimised, and the energy was minimised and relaxed using the COMPASS II potential function and Ewald summation method for dispersive energy calculations. The optimisation iteration step was set to 1000 steps to ensure accurate results. The equilibration run for this simulation was conducted using an isothermal-isobaric (NPT) thermodynamic ensemble, with a Berendsen thermostat used to control the temperature. The time step used for the equilibration run was 1 fs. The production run was simulated for 50 ps [41,44,45] using the NPT (constant number of particles, constant pressure, and constant temperature) ensemble and was temperature- and pressure-controlled using a Berendsen thermostat and a Berendsen barostat, respectively. The target temperature was the supersaturation temperature, as shown in Table 1, and the pressure was set to the vacuum condition, P = 0 GPa. The time step was set to 1 fs, and the trajectory was recorded every 1000 steps.



Dynamics simulation for determination of the effect of electric potential on the nucleation rate and its parameters was carried out by introducing electric potential to the system using the polarisation setting in the built-in tool in MS, which was set during the construction of the amorphous cell. The electric potential (5 V) and temperature (324.5 K for the concentration of 48 g/L and supersaturation, S = 1.33) were set prior to simulation. The trajectory frames generated during the production run (every 1 ps) were subjected to the electric potential effect in the dynamic simulation. The simulation parameters with the effect of electric potential were determined at 5 V using the supersaturation points and concentration sets in Table 1.






3. Results and Discussion


3.1. Polythermal Crystallisation of L-Isoleucine


Polythermal crystallisation of L-isoleucine was carried out in a batch jacketed reactor with the presence of electric potentials (5 V and 9 V) and cooling/heating rates, R with a range of 0.10 °C/min–0.7 °C/min. The underpinning fundamental theory involving calculation in this section is detailed in the Supplementary Materials, Section S2. Figure 3a depicts the crystallisation and dissolution temperatures recorded in this work. The result shows that the crystallisation temperature, Tcryst, significantly increased with the cooling rate. The application of an electric potential to the solution caused an increase in the onset of nucleation, which produced a higher Tcryst compared to crystallisation without an electric potential (labelled as 0 V in text and figures). Nonetheless, the change in dissolution temperature, Tdiss for 0 V with the rate was insignificant, as pointed out in our previous work [39]; however, increases in electric potential recorded higher Tdiss and Tcryst.



The plot of the metastable zone width (MSZW) in Figure 3b, defined as the difference between the saturation temperature and the temperature when spontaneous nucleation occurs [46,47], was extracted from the data in Figure 3a at an infinitesimal cooling/heating rate—i.e., R ≈ 0 °C/min. The result shows that, even without the effect of the cooling/heating rate, the MSZW decreases as the electric potential supplied to the solution increases. The result also shows that the onset of nucleation can be achieved at a faster rate when the electric potential was increased from 5 V to 9 V. This may also indicate that electric potential is a factor for the induction of supersaturation of a solution and may prompt nucleation formation. This leads to stable nucleus formation, which can be achieved at higher rates with the presence of an electric field. This also shows that electric potential can reduce the energy barrier for stable nucleus formation by inducing the preferential conformation of solute crystal and causing an increase in the growth of crystallites [15].



Cooling rates applied to a crystallising solution are also known to change the critical supersaturation, Scrit, of the solution. In this case, Scrit is defined as the ratio of initial solution concentration, C (g/L), to equilibrium solution concentration at Tcryst when a stable nucleus with critical size, r* is formed. Figure 3c depicts the Tcryst and the MSZW results for various solution concentrations for the system with a 5 V electric potential. The result shows that increasing the cooling rates reduces Tcryst and increases the MSZW for all solution concentrations tested. This means that the low cooling rates of a solution can easily induce the formation of nuclei in the solution, even at low supersaturation. This result is consistent with the results shown for the solution without the electric field. A comparison of the various solution concentrations also showed that the solution with a concentration of 48 g/L produced the smallest MSZW compared to other lower solution concentrations, which signifies that nucleation can be induced even at lower Scrit. In this case, the fastest nucleation can be obtained from the solution concentration of 48 g/L crystallised at a cooling rate of 0.1 °C/min. This is an advantage for manufacturing applications since the crystallisation process is usually carried out at low cooling rates due to the size of the reactor since nucleation is possible to achieve at higher crystallisation temperatures and since more crystals can be recovered with the aid of an electric field in the solution.



Figure 4 shows the plot of the nucleation rate constant, kn, and the order of nucleation, m with concentration for (a) a system without an electric field (0 V) and (b) for a system with the 5 V applied to the solution. Comparing between the values in Figure 5a,b, the nucleation rate constant, kn, for a 0 V solution is in the range of 2.38 × 10−8 to 6.8 × 10−6, whilst for the 5 V system, the kn values are in the range of 0.1- to 15-fold larger than for the 0 V solution. The order of nucleation, m, for the 0 V solution was slightly higher (2.7–4.4) than the 5 V solution (3.6–3.8). The nucleation rate constant, kn, nucleation order, m, and solution supercooling are the function of the nucleation rate, J, with a high dependency of J on m. Thus, a low m value means that the dependency of the nucleation rate on the solution’s environmental conditions, such as supersaturation and cooling rates, is low. In this case, the m values for the system without and with the electric field are almost within the same order, and hence their effect on the nucleation rate is less apparent. Meanwhile, the kn has a greater impact on the nucleation rate, in which higher kn for the 5 V solution results in higher J values, consistent with the results shown in Table 2. In the calculation of the nucleation mechanism parameters (refer to Equations (8) and (9) in Supplementary Materials, Section S2) the following values were used: L-isoleucine crystal density, ρc = 1201 kg/m3 [48] and the volume shape factor, α = 0.01 [49] for hexagonal plate-like morphology.



The nucleation rate, J is a measure of how fast the solution nucleates and this result displays a common trait of nucleation in higher supersaturation solutions. Table 2 shows a comparison of the nucleation rate, J, data at various concentrations, cooling rates, and electric potentials. In all cases, J values are within the order of 1025 to 1026 for systems without and with electric potentials (see Table 2). The nucleation rates for systems with an electric potential were approximately 1.3- to 1.9-fold higher than the solution without an electric potential. The 9 V solution had a J value that was 1.1- and 1.3-fold higher than the J value of the 5 V solution. Thus, crystallisation of L-isoleucine with the presence of an electric potential can be regarded as an advantage to the nucleating solution as it is capable of increasing the nucleation rate of the compound. This result is consistent with the findings in Figure 3.



For solution concentrations between 42 and 46 g/L, the electric potential doubled the nucleation rates of the solution when the solution’s cooling rates were increased from 0.10 °C/min to 0.7 °C/min. Nonetheless, changing the solution cooling rates does not show the same effect for the solution concentration of 48 g/L, in which the J values are within the range of 1.04 × 1026 to 1.38 × 1026.




3.2. Isothermal Crystallisation of L-Isoleucine


Figure 5a shows the relationship between the time taken for the solute to nucleate (τ, the induction time) and the solution supersaturation with the presence of 5 V electric potential. The underpinning theory involving the calculation in this section is detailed in the Supplementary Materials, Section S3. The relationship produces two distinguishable lines representing regions of the nucleation mechanism. This finding is consistent with the results reported by previous researchers [7,50] on the existence of the breaking line in the induction time plot, associated with nucleation at low and high supersaturations. Nonetheless, each solution concentration has its supersaturation boundary, ranging between 1.32 and 1.43 (marked by vertical dash lines). The boundary differentiates the type of nucleation mechanism in the solution, in which the nucleation is formed through a heterogeneous nucleation mechanism in solution with high supersaturation, whilst the homogeneous nucleation mechanism dominates in solutions with lower supersaturation [50,51].



At high solution supersaturation, the frequency of solute molecules forming clusters is high with a smaller critical size of nuclei, which successfully reduces the induction time [51,52]. This finding is also consistent with the result for the high solution concentration (48 g/L, which shows that a shorter induction time is required for nucleation generation, compared to the low solution concentration of 44 g/L (see Figure 5a)). The plot also shows that the boundary of the two mechanisms shifted to the higher S value for lower solution concentration, which indicates that lower solution supersaturation can maintain the nucleation and growth through a homogeneous nucleation mechanism at higher supersaturation before the heterogeneous mechanism dominates as the supersaturation increases.



Nucleation is the process of forming a solid phase, in which nuclei aggregate together to form an embryo that will further grow once it reaches a critical size, r*, and forms a crystal. Figure 5b shows the dependency of the critical radius of nuclei, r*, on solution supersaturation for 5 V solution. Overall, within their respective nucleation mechanism vicinity, i.e., the heterogeneous and homogeneous mechanisms, the value of r* decreases as the supersaturation increases. For the heterogeneous nucleation mechanism (labelled as closed markers) in high supersaturation, r* does not change significantly for solution concentrations of 42 g/L–46 g/L. However, for the concentration of 48 g/L, the value of r* decreases, which indicates that a high supersaturation solution (the presence of a large amount of solute in the solution) initiates the formation of more nuclei with smaller cluster sizes [53]. At lower supersaturation (tagged as open markers), the changes in the r* values with the solution concentration were also insignificant. Smaller r* values were produced through homogeneous nucleation compared to heterogeneous nucleation, which is consistent with the lower Gibbs free energy barrier that must be overcome by the homogeneous mechanism [54]. The same trend was also noted for the number of molecules, N*, forming a critical radius with supersaturation. The N* values formed through the heterogeneous nucleation mechanism were between 14 and 35 molecules and were associated with r*, with values within the range of 8.3 Å–11.4 Å. For the low supersaturation solution, the N* formed through the homogeneous nucleation was in the range of 3–18 molecules and associated with the r* values within the range of 4.3 Å–11.8 Å.



Figure 6 shows the comparison of isothermal nucleation parameters between solution at 0 V and solution with the electric potentials. Overall, the nucleation rate, J in the homogeneous nucleation are higher compared to the heterogeneous nucleation mechanism (Figure 6a). The application of a 5 V electric potential to the solution does not significantly increase the J values compared to the 0 V solution. For the solution with 20 V potential, low J values were calculated, particularly for high supersaturation solution, whilst for supersaturation S < 1.6 (low supersaturation), the J values for 20 V solution are around the same range as the system with the 0 V and 5 V electric potentials (see Figure 6a). This result shows that the effect of the electric potential on the solution crystallisation through the isothermal nucleation is less significant.



Further analysis on the critical radius of nuclei, r*, growing into a crystal shows no consistent trend with the increase in electric potential (Figure 6b). The crystallisation of L-isoleucine through a homogeneous nucleation mechanism that takes place with lower solution supersaturation produces a more scattered size range of r* (ranging from 6 Å to 13.7 Å). Nonetheless, the effect of a 20 V electric field on the solution produces r* values between 7.1 Å and 8.2 Å for nuclei, generated through the heterogeneous mechanism, and between 11.5 Å and 12.7 Å through the homogeneous nucleation mechanism. The results presented here are consistent with the findings of Saban et al. [55], in which the application of electric potential further reduces the Gibbs free energy of formation, which results in easier nucleation formation. Thus, for this work, the r* decreases when the solution supersaturation, S, increases, regardless of the amount of electric potential applied to the solution. This result is consistent with the observations reported in [50,56] and with the findings in Figure 5 for variation in solution concentration.



Comparison of the nucleation rate, J, for the aqueous L-isoleucine solution using the polythermal and isothermal crystallisation methods in solution without and with the effect of electric potential are depicted in Figure 7a,b. In general, the results for both solution systems (0 V and 5 V) show that the nucleation rates of L-isoleucine using the isothermal crystallisation technique is in the order of 1010 faster than the nucleation rate using the polythermal crystallisation method. For the 5 V solution, the nucleation rate under the homogeneous mechanism are between 6 and 36 times faster than the nucleation rate through the heterogeneous nucleation. This serves as an added advantage to this system since crystallisation in a low supersaturation solution can produce a better-controlled crystal morphology and size [47] and higher purity crystals [57]. Nonetheless, it is still important to investigate the effect of electric potential on the morphology and polymorphism of the L-isoleucine molecule, which will be discussed in a later section.



In the case of the polythermal crystallisation technique, the finding in this study (Figure 7) agrees with a study by Koizumi et al. [22], where the nucleation rate for crystal formation increased due to the application of an electric potential. The same observation was also reported by Saban et al. [55], where the induction time for nucleation was found to decrease as the electric potential applied to the solution increased. In this case, the application of an electric potential caused the electrolysis process to occur. The reduction process took place at the cathode where the ions gained electrons and the reduced form was deposited and remained in the solution, whilst the oxidation process occurred at the anode, where anions move towards the anode and lose electrons, forming atoms or molecules [58]. Water exists as H3O+ and OH− ions in solution due to self-ionisation. Its high affinity causes it to deionise much more easily, which reduced at the cathode and oxidises at the anode, releasing H2 and O2 gas, respectively. L-isoleucine, on the other hand, is a hydrophobic molecule due to the presence of the hydrophobic alkyl group and tends to aggregates close to each other to reduce the contact with water [39]. When H3O+ and OH− ions are deionised near the vicinity of the electrodes, this creates a competition for L-isoleucine to form a hydrogen bond with water. Apart from L-isoleucine molecules being more prone to clustering in water [39], the ‘loss’ of water molecules to form hydrogen bonds with L-isoleucine molecules due to the reduction process at the electrodes induces the solution supersaturation, hence the nucleation of L-isoleucine molecules, reflecting the results obtained in this study. The self-ionisation of water does not cause proton transfer from the NH3+ to the COOH− to form salt L-isoleucine crystals in the solution. The XRPD analysis carried out in the next section proves that the L-isoleucine molecules remained in the zwitterionic form, which is the stable solid form.




3.3. Characterisation of L-Isoleucine Crystals from Polythermal and Isothermal Crystallisation


L-isoleucine crystals recovered from both the polythermal and isothermal crystallisation techniques were characterised for phase determination of the crystal. L-isoleucine has two polymorphic forms, i.e., form A and form B, and the detailed characterisations of these forms have been presented elsewhere [7]. L-isoleucine crystallises in a hexagonal plate-like shape, in which the shape of both forms cannot be readily distinguished by the naked eyes. They can be differentiated, however, through measurement of the apex angle of the crystals, where form A has an apex angle of 128.1° and form B has a smaller apex angle of 121.8°. For both crystallisation techniques employed with 5 V and 9 V electric fields, no significant change in the shape of L-isoleucine was noted. However, the application of a high electric field to the solution, such as a 20 V one, produces clumps of crystals with many undefined shapes. The morphology of the crystals extracted from this study, showing the differences between form A and form B, and the crystal shapes at various electric field applied can be obtained as Supplementary Materials, Section S4.



Table 3 shows a summary of the XRPD results for crystals grown using polythermal crystallisation techniques. The result shows that crystallisation using the polythermal technique resulted in uncontrollable crystal output, in which the process was prone to produce mixtures of form A and form B of L-isoleucine polymorphs. Form A is a stable form, whilst form B is a metastable form, and they are enantiotropically related [7]. For polythermal crystallisation, the form B polymorph was produced at low solution concentration (42 g/L) and high cooling rates (0.25 °C/min–0.70 °C/min), and the results were fairly consistent for both 5 V and 9 V solutions. Compared with the system without the electric field (0 V) for a solution concentration of 44 g/L [7], form B was produced from the solution with the cooling rates of more than 0.25 °C/min, whilst form A was produced by the solution cooled at 0.10 °C/min. The application of an electric field to the solution might disturb the kinetic route for form B formation in 44 g/L solutions and hence produced mixtures of A and B in the solution. Nonetheless, lowering the solution concentration (cooling rates between 0.25 °C/min and 0.7 °C/min) successfully produced a single form of polymorph B. On the other hand, Table 4 shows that form B has successfully produced from the isothermal crystallisation, regardless of the supersaturation and the intensity of the electric potential used.



The analysis of the results carried out in Figure 3 shows that at a solution concentration, C, of 42 g/L and cooling rates between 0.25 and 0.7 °C/min, the calculated MSZWs are amongst the highest and with the lowest Tcryst values recorded compared to the other parameters used in this study. These parameters could be the solution’s environmental conditions prompting for the formation of the metastable form and some changes in parameters result in solution mediated transformation to the more stable form A. In the case of the isothermal crystallisation technique, the crystals produced were the form B polymorph regardless of the crystallisation parameters used—i.e., the solution supersaturation, the type of nucleation mechanism and the intensity of the electric potential applied to the solution.




3.4. Dynamic Simulation for Nucleation Rate Prediction


Dynamic simulations of L-isoleucine to predict the nucleation rate of isothermal crystallisation, without and with the effect of electric potential, were carried out using the protocol described in Section 2.2.4. The underpinning theory involving simulation parameters and calculations in this section is detailed in the Supplementary Materials, Section S5. Figure 8 shows a snapshot of different configurations of the cell containing L-isoleucine molecules with a concentration of 44 g/L and supersaturation, S, of 1.48. Figure 8a shows snapshots of the arbitrary cell for the production run at 0 ps, whilst Figure 8b shows the arbitrary cell containing L-isoleucine and water during the dynamic simulation for the production at a time of 5 ps. In both figures, the L-isoleucine molecules were coloured in yellow for clarity since the cell contains many molecules. Water molecules are in the original colours of red and white, signifying the oxygen and hydrogen atoms, respectively.



At the start of the simulation (Figure 8a), L-isoleucine molecules were more dispersed in the cell since the molecules require time to interact with molecules and start to aggregate. At the simulation of 5 ps, the molecules started to aggregate closer to each other, as shown in Figure 8b by the white circle. The same occurrence was also observed by previous researchers [31,43,44], where the materials investigated seemed to be aggregated closer to each other until they reached optimum stability. The time taken for the molecules to stabilise depends on the condition of the system, such as the initial molecular configuration of the cell, the size of the cell, the number of molecules, the type of molecules, the running temperature, and the force field applied to the cell. Since L-isoleucine is a hydrophobic molecule, it tends to avoid interaction with water molecules and aggregates with other L-isoleucine molecules to form clusters and hence induce nucleation. This observation is consistent with the experimental findings in [39]. The effect of 5 V of electric potential on the nucleating solution was also simulated using a built-in technique called polarisation protocol, as described in Section 3.2. Figure 8c shows the snapshot of the cell at 5 ps, for a solution supersaturation of 1.40 and with the effect of 5 V of electric potential, and aggregates of L-isoleucine were also seen (shown by the white circles). The work by Jung et al. [21] has shown that the electric potential causes the structure of the ice-like water become more organised due to the structural changes in water. The dipole moment of water causes water molecules are capable to obtain extra energy supplied through the interactions with the electric potential. The energy supplied by the electric potential is greater than the kinetic energy in water and thus enables the structural orderliness in liquid water to be induced.



Prediction of nucleation rate and its associated parameters was carried out by analysis of every frame of the simulation, which was also used by previous researchers [31,35]. The analysis was carried out to obtain the RDF for L-isoleucine molecules where the structural changes for the molecules in the cell were calculated. Figure 9 shows the RDF graph for 0 V and 5 V for the concentration of 44 g/L at a supersaturation ratio of 1.48 and at 50 ps time frames. In Figure 9a,b, strong peaks were present mainly in the region of radius less than 4 Å. In general, peaks of the RDF curve that lies within 3.5 Å are caused by the hydrogen bonding and also chemical bonding, while the curve that lies outside of 3.5 Å comes from the van der Waals and Coulombic interactions [44], which in this case is consistent with the result in Figure 9. The nucleation parameters were determined through further analysis of these data for the calculation of the number of molecules present within the pre-determined vicinity. The data were extracted from all the visible peaks in Figure 10 for the radius range between 5 Å and 20 Å. The insets in Figure 9 are examples of the small peaks, which will need to be included in the calculation. The number of molecules present within a predetermined threshold (n) were calculated from the integral of Equation (16) (see Supplementary Materials, Section S5), which gives the number of molecules encloses between two spheres, which is the volume occupied between two adjacent radii. This technique, which is known as the Yasuoka–Matsumoto method [35] requires the total number of molecules at a radius from the central atom (denoted as N > number of molecules) collectively added to the number of smaller radii that were previously identified. Figure 10 shows the number of molecules calculated within the radius vicinity from the central atom, denoted as N > number of molecules associated with the radius from the central atom.



The slope of the plot was divided by the volume of the cell and was equal to the nucleation rate. The number of molecules starts to level off when the aggregated molecules do not increase in size, and this is when the nuclei reach the critical size of r*. From Figure 10, the number of molecules seems to be constant at a simulation time of 5 ps for all boundary sets for the total number of molecules. For instance, for N > 20 at 5 ps, there are 13 molecules of L-isoleucine available between N > 20 and N > 25. The boundaries of N > 20 and N > 25 were determined based on the two enclosed radii from Figure 9. For N > 20, the slope of the data set before it became constant was four (see the linear equation for the slope). Dividing this number by the volume of the cell gives the critical number of molecules, N*, associated with the critical radius equal to 40 molecules, and the r* equal to 9.55 Å. The data for each of the conditions in this simulation were extracted, and the results are shown in Figure 11. Comparison between simulated and experimentally derived N* values (Figure 11a) shows good agreement, particularly for the 44 g/L solutions with a 5 V electric potential. The rest of the systems show that the experimental N* values are higher than the predicted values. For r*, most of the simulated values were within the same range as the values determined experimentally by the isothermal crystallisation technique (see Figure 11b). Further analysis of the data shows that the predicted nucleation rate, J, was on average 300-fold higher than the experimentally determined J. The same observation was made by Shim et al. [31], where the simulated value for the nucleation of ammonium perchlorate was higher than the experimental result. This has shown that the conditions and parameters used in the simulation can predict the values for both N* and r* but overpredict the nucleation rate of the isothermal process. This could be because the nucleation conditions obtained using molecular modelling were simulated in a prescribed process (i.e., for the nucleation of ammonium perchlorate was higher than the experimental result), whilst the experimental result was calculated based on real solution conditions. The real solution conditions could mean that nucleation can be affected by homogenous, heterogenous, and secondary nucleation, which were not considered in this system.





4. Conclusions


The effect of electric potentials on a crystallising solution was measured through two crystallisation techniques, i.e., polythermal crystallisation and isothermal crystallisations, and the results showed that electric potential can induce crystallisation and increase the nucleation rates of a crystallising solution. Nonetheless, in both cases, increasing the intensity of the electric field did not have a significant impact on the nucleation kinetics.



Application of 5 V–9 V electric potentials during polythermal crystallisation increased the nucleation rates of L-isoleucine almost 2-fold compared to the solution without the electric potential, and high cooling rates can further double the nucleation rates. Supersaturation measured as a function of cooling rate and the solution concentration had a significant impact on the nucleation rate, consistent with the findings of previous researchers. For isothermal crystallisation, nucleation took place during two types of mechanisms, i.e., homogeneous nucleation and heterogeneous nucleation, in which the nucleation rate was higher for homogeneous nucleation (i.e., at low solution supersaturation) compared to heterogeneous nucleation. Application of an electric potential to the solution can further increase the rate by up to 12-fold, but caution must be exercised when applying the electric potential to the crystallising solution through the isothermal technique as a higher electric potential can cause a significant reduction in the nucleation rate. Isothermal crystallisation successfully produced a single form B L-isoleucine polymorph. Polythermal crystallisation produced mixtures of form A and form B, except at high cooling rates and for a low supersaturation solution, in which form B was also produced. The prediction of nuclei clustering for nucleation formation was successfully carried out through molecular dynamics. The simulated nucleation parameters, i.e., the critical radius, r*, and the number of molecules associated with the critical radius, N*, were in good agreement with the experimental results. The simulated nucleation rate, however, was about 300-fold higher than the experimental values, which could be due to the effect of the difference in the solution environmental conditions set between the simulation and the real conditions.
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Figure 1. (a) Asymmetric unit of form A, forming dimer interactions, and (b) the asymmetric unit arrangement of the form B polymorph, consisting of four molecules in an asymmetric unit. 
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Figure 2. Schematic diagram for the electrocrystallisation experimental rig used in this study. Two refrigerated baths were used for isothermal crystallisation, ensuring that sudden cooling could be achieved. 
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Figure 3. (a) Temperature of dissolution, Tdiss (shown by the solid line), and temperature of crystallisation, Tcryst (shown by the dashed line), for a solution concentration of 42 g/L with the presence of various electric potentials. Data for 0 V were extracted and recalculated from the data presented by Azmi et al. [39], (b) Tdiss, Tcryst, and metastable zone width (MSZW = Tdiss − Tcryst) of L-isoleucine extracted at an infinitesimally slow rate (R ≈ 0 oC/min) from the intercepts at the y-axis of Figure 4a, representing data at equilibrium. (c) Relationship between the Tcryst, solution concentration and MSZW when a 5 V electric potential was applied to the solution. 
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Figure 4. Nucleation order and nucleation rate constant of L-isoleucine in solution with various heating/cooling rates for (a) 0 V and (b) 5 V. The plotted values for 0 V were calculated from data obtained from Anuar and co-workers [7,39]. The blue dots in both figures represent the nucleation order, m (secondary axes). 
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Figure 5. Isothermal crystallisation of L-isoleucine at 5 V: (a) nucleation time of solutes in high solution supersaturation and low solution supersaturation, showing that the associated nucleation mechanisms took place in the solution during crystallisation, with the regions marked by vertical dash lines and (b) critical nuclei radius, r*, formed at high supersaturation (closed markers) and low solution supersaturation (open markers) for solution concentrations of 42 g/L–48 g/L. 
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Figure 6. Nucleation parameters from isothermal nucleation due to variation in the electric potential applied to the solution. (a) Nucleation rate and (b) critical radius, r*, variations with supersaturation. 
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Figure 7. Nucleation rate, J, of polythermal and isothermal crystallisation of L-isoleucine in the aqueous phase under different solution conditions: (a) 0 V and (b) 5 V. 
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Figure 8. Snapshots of the cell showing the evolution of the simulation containing L-isoleucine and water molecules during the production run. (a) Cell at 0 ps, (b) cell at 5 ps for the 44 g/L concentration and supersaturation ratio of 1.28, and (c) cell at 5 ps for the solution with a 44 g/L concentration and supersaturation of 1.40 with the presence of a 5 V electric potential. 
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Figure 9. The RDF of the 44 g/L system for a simulation time of 50 ps with (a) an electric potential of 0 V at supersaturation of 1.28 and (b) with an electric potential of 5 V at supersaturation of 1.40. The insets are the enlarged results for interaction distance between 5 Å and 20 Å. 
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Figure 10. Evolution of the number of molecules forming clusters with time for the solution concentration of 44 g/L at S = 1.28, without the presence of electric potential. 
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Figure 11. Comparison between experimental and simulated values for (a) the critical number of molecules, N*, (b) critical radius, r*, and (c) nucleation rate, J. 
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Table 1. The arbitrary cell conditions used in induction time study, showing the number of molecules required to achieve the solution concentration at saturation temperature, Tsat. The temperature, T (K), is the targeted temperature to create supersaturation conditions.
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Concentration (g/L)

	
Number of L-Isoleucine Molecules

	
Number of Water Molecules

	
Tsat (K)

	
Supersaturation, S

	
T (K)






	
48

	
50

	
7600

	
345

	
1.34

	
324.5




	
1.27

	
327.5




	
1.22

	
329.0




	
1.20

	
330.5




	
44

	
50

	
8300

	
339

	
1.34

	
316.0




	
1.28

	
319.5




	
1.25

	
321.5




	
1.23

	
323.0











[image: Table] 





Table 2. Nucleation rate of L-isoleucine from polythermal crystallisation, calculated using Equation (9) in Supplementary Materials, Section S2 for a system without electric potential (0 V) and a solution with electric potential.
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Nucleation Rate, J (no. of Nuclei/m3⋅s)




	

	
0 V a

	
5 V

	
9 V

	
0 Va

	
5 V

	
9 V




	
Conc., C

(g/L)

	
Cooling Rate, R = 0.1

(°C/min)

	
Cooling Rate, R = 0.7

(°C/min)






	
42

	
7.15 × 1025

	
9.90 × 1025

	
1.12 × 1026

	
1.47 × 1026

	
2.24 × 1026

	
2.58 × 1026




	
44

	
7.69 × 1025

	
1.13 × 1026

	
1.25 × 1026

	
1.51 × 1026

	
2.36 × 1026

	
2.81 × 1026




	
46

	
9.53 × 1025

	
1.22 × 1026

	
1.52 × 1026

	
2.03 × 1026

	
2.91 × 1026

	
3.67 × 1026




	
48

	
8.51 × 1025

	
1.04 × 1026

	
1.22 × 1026

	
1.27 × 1026

	
1.32 × 1026

	
1.38 × 1026








a The tabulated values at 0 V were calculated from data obtained in other work [7,39].
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Table 3. Tabulated data for X-ray powder diffraction (XRPD). Characterisation result for the crystal product collected from polythermal crystallisation experiment.
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Electric Potential

	
Rate, R (°C/min)

	
Solution Concentration




	
42 g/L

	
44 g/L

	
46 g/L

	
48 g/L






	
5 V

	
0.1

	
A + B

	
A + B

	
A + B

	
A + B




	
0.25

	
B

	
A + B

	
B

	
A + B




	
0.5

	
B

	
A + B

	
B

	
A + B




	
0.7

	
B

	
A + B

	
A + B

	
B




	
9 V

	
0.1

	
A + B

	
A + B

	
A + B

	
A + B




	
0.25

	
B

	
B

	
A + B

	
A + B




	
0.5

	
B

	
A + B

	
A + B

	
A + B




	
0.7

	
B

	
A + B

	
A + B

	
B
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Table 4. Polymorphs of L-isoleucine grown from the isothermal crystallisation experiments.
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Electric Potential

	
Isothermal Crystallisation




	
Homogeneous

Mechanism

	
Heterogeneous

Mechanism

	
Homogeneous

Mechanism

	
Heterogeneous

Mechanism






	

	
S = 1.41

	
S = 1.49

	
S = 1.34

	
S = 1.42




	
5 V

	
B

	
B

	
B

	
B




	

	
S = 1.62

	
S = 1.74

	
S = 1.61

	
S = 1.70




	
20 V

	
B

	
B

	
B

	
B
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