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ABSTRACT 

In this project, the effect of solution thermal and structural history on nucleation was 

investigated. Many researchers have shown that temperature and duration of 

pretreatment has an influence on induction time, polymorphic outcome and metastable 

zone width. Here, solution of tolbutamide in 1-propanol was first prepared with same 

conditions, to “standardize” and control the initial solution history. Next, pretreatment 

of varied duration and temperature was applied to introduce different solution history. 

Then, nucleation began in 9℃, and induction time and polymorphic outcome were 

measured. Two batches of 30 isolated nucleation experiments each, were done per set 

of conditions. The results showed an impact on induction time and polymorphic 

outcome. However, this change cannot be clearly correlated with the conditions of 

pretreatment. Furthermore, the deviation between series of experiments that were 

performed under the same set of conditions, showed that the parameters affecting 

induction time and polymorphism were not controlled sufficiently to reach a safe 

conclusion. 

Moreover, the effect of solution filtration right before nucleation was investigated. This 

filtration step decreased experimental induction time from 160 minutes to less than 5. 

It is possible that this filtration step removed the solution’s structural memory, which 

accelerated nucleation. However, the effect of evaporation on concentration for 

example, or other parameters was not investigated. 

Furthermore, the effect of using filtration with 0.1 and 0.2 μm filters was examined. It 

was found that using 0.1 filter results in decreased median induction time by a factor of 

4. Finally, filtration before standardization resulted in a 1.5% increase in concentration 

compared to solution that was not filtered. Filtration with 0.1 μm filter before 

standardization decreased median induction time by a factor of 4, as compared to using 

a 0.2 μm filter. 
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SAMMANFATTNING 

Detta projekt har undersökt effekten av en lösnings förhistoria vad gäller temperatur 

och struktur på kristallkärnbildning. Tidigare forskning har visat att både temperaturen 

och tiden för en lösnings förbehandling har inflytande på induktionstid, kärnbildande 

polymorf och metastabil zonbredd. I detta projekt förbereddes först lösningar av 

tolbutamid i 1-propanol vid identiska förhållanden, för att standardisera och kontrollera 

lösningens förhistoria. Därefter varierades längden och temperaturen för 

förbehandlingen för att introducera olika förhistoria. Kärnbildningsexperiment utfördes 

vid 9°C varvid induktionstid och kärnbildande polymorf noterades. Två batcher med 

30 lösningar vardera kristalliserades för varje uppsättning experimentella förhållanden.   

Resultaten påvisar ett inflytande på induktionstid och kärnbildande polymorf, vilka 

dock inte på ett tydligt sätt korrelerar med förbehandlingsparametrarna. Vidare visar 

spridningen mellan identiska experiment att parametrar som styr induktionstid och 

polymorfi inte kontrollerats tillräckligt väl för att dra tydliga slutsatser. 

Effekten av filtrering av lösningar precis innan kärnbildning har också undersökts. 

Filtrering ledde till en förkortning av experimentellt uppmätta induktionstider från 160 

min till mindre än 5 min. Det är möjligt att filtreringen raderade lösningens strukturella 

”minne”, vilket lett till en snabbare kärnbildning. Effekten av förångning av 

lösningsmedlet i samband med filtreringen på koncentrationen har dock inte 

undersökts.  

Skillnaden i effekt mellan användning av 0.1 μm och 0.2 μm filter undersökts. 

Användning av 0.1 μm filter resulterade i ett minskat medianvärde för induktionstid 

motsvarande en faktor 4. Ett filtreringssteg innan standardiseringssteget resulterade i 

en 1.5% minskning i koncentration jämfört med icke-filtrerade lösningar.  
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1 INTRODUCTION 

Crystallization is a separation process largely used in pharmaceutical, metallurgical, 

food, and fine chemical production. The goal of crystallization is to produce solid 

particles of desired size, shape, and structure. It is crucial that the produced crystals 

have the selected properties. Nucleation is the first step of crystallization, but it is 

generally considered complicated and not fully understood. In fact, designing a 

crystallization process requires knowledge or research on the specific substance to be 

crystallized (1), since the lack of understanding makes it difficult to have a standardized 

approach for all systems. Studying nucleation could help increase the control on 

crystallization process in the industry. 

Solution history effect is the phenomenon of influence of pretreatment temperature and 

time, and form of compound dissolved, on the outcome of nucleation. This phenomenon 

has been proposed to be an indication that the classical nucleation theory does not 

adequately describe nucleation in some cases. Investigating solution history effect 

could improve our understanding of nucleation. Moreover, this effect could be a 

liability to crystallization batch repeatability and integrity. 

The goal of this project is to investigate the effect of solution thermal and structural 

history on nucleation. Specifically, pretreatment time and temperature effect on 

induction time and polymorphic outcome of tolbutamide crystallization are studied. 

The impact of filtration of solution before crystallization are also investigated. The 

results should contribute to the discussion about the classical nucleation theory and the 

upcoming theories about nucleation.  
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2 THEORY AND LITERATURE REVIEW 

2.1 Basic theory and definitions 

Crystallization is the process of formation of crystals from a solution or melt. Crystals 

are solid materials whose molecules, atoms, or ions are organized in a specific structure 

(1). Crystallization from a solution can only occur if the concentration of the substance 

to crystalize exceeds saturation. Supersaturation is the difference or ratio between 

concentration and saturation. In a supersaturated solution without seeding, 

crystallization takes place in two steps; nucleation and crystal growth. Nucleation is the 

generation of new crystalline particles in the solution. It is considered primary 

nucleation when it is caused by supersaturation. Secondary nucleation appears due to 

crystals being present in the solution. Crystal growth is the incorporation of solute 

molecules on the crystal lattice (1). This report is concerned about primary nucleation, 

which is discussed further in later section. 

There is a supersaturation interval between the saturation and the concentration at 

which primary nucleation begins. This is called the metastable zone, and the difference 

of the two values is the metastable zone width (2). The difference in time between the 

moment that supersaturation is established until the moment when primary nucleation 

occurs, is the induction time (3). 

2.2 Polymorphism 

Polymorphs are different crystalline structures of the same substance, and have the 

same chemical formula but distinct physical properties. Polymorphs and their 

properties are particularly important in the pharmaceutical industry. It is very common 

that different polymorphs of the same substance have significantly different solubility, 

dissolution rate, stability and other properties (1). The first two greatly affect 

bioavailability, which is the fraction of the administered dosage of an active 

pharmaceutical ingredient that enters the systematic circulation of the patient, while 

retaining the same form. For orally administered drugs, such as tolbutamide, 

bioavailability is lower than one. The process of absorption and metabolism by the 

organism that receives the dosage limit this fraction. Thus, bioavailability is a very 

important parameter in drug development. Furthermore, solubility and other properties 

of the polymorph are important for the process of pharmaceutical production. For 

example, it is crucial for the optimization of the process of crystallization. Another 

important aspect of polymorphism is that patents for newly discovered solid drug 

compounds often refer to specific crystal forms.  The phenomenon of polymorphism is 

not yet fully understood, and it is important to investigate factors that may affect which 

polymorph of a dissolved compound is formed during crystallization. 
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2.3 Classical nucleation theory (CNT) 

CNT has been used to describe nucleation for solutions since the 1930s, when it was 

developed originally for vapor condensation (4–6). According to CNT, solute 

molecules collide and accumulate forming crystalline clusters. Generally, clusters are 

naturally formed in the solution, but many of them dissolve again. Only those that 

exceed a critical size are stable. A cluster which contains a critical number of molecules 

is called a critical cluster. When more molecules are added to a critical cluster, a nucleus 

is produced. 

The difference in Gibbs free energy between the dissolved and crystalline form of solute 

is described by equation (1). 

Δ𝐺 = Δ𝐺𝑆 + Δ𝐺𝑉   (1)  

For a spherical crystalline cluster, equation (1) can be written as: 

Δ𝐺 = 4𝜋𝑟2𝛾 +
4

3
𝜋𝑟3Δ𝐺𝑣   (2) 

Where Δ𝐺𝑆 is the difference in Gibbs free energy between solute on surface and solute 

in bulk. 

Δ𝐺𝑉 is the difference in Gibbs free energy between solute in crystalline and dissolved 

form. 

Δ𝐺𝑣 is the specific difference in Gibbs free energy of transformation of dissolved solute 

to crystalline 

𝛾 is the interfacial energy between the two phases.  

r is the particle radius 

Δ𝐺𝑆 is positive, since the existence of a surface between solid and liquid means a higher 

free energy content. However, when solute concentration exceeds that of saturation, 

Δ𝐺𝑉  is negative. As a consequence, Δ𝐺  increases with particle radius and peaks at 

Δ𝐺𝑐𝑟𝑖𝑡 and then decreases. This emphasizes that for nucleation to take place, the cluster 

needs to overcome the energy barrier at which the cluster has a critical size (𝑟𝑐). After 

this point, nucleation becomes endothermic and in fact Δ𝐺  decreases exponentially 

with increasing particle radius. In order to calculate critical nucleus size, the differential 

form of equation (1) is used: 

dΔ𝐺

𝑑𝑟
= Δ𝐺𝑆 + Δ𝐺𝑉 = 0 

Which combined with equation (2), leads to: 

dΔ𝐺

𝑑𝑟
= 4𝜋𝑟2𝛾 +

4

3
𝜋𝑟3Δ𝐺𝑣 = 0 
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Thus: 

rcrit =
−2𝛾

Δ𝐺𝑣
   (3) 

Combining with (2): 

Δ𝐺𝑐𝑟𝑖𝑡 =
4𝜋𝛾𝑟𝑐

2

3
   (4) 

The rate of nucleation J is the number of nuclei created per unit volume and time, and 

is given by equation (5): 

𝐽 = 𝐴𝑒𝑥𝑝 (
−ΔG

𝑘𝑇
)  (5) 

Where A is a pre-exponential factor, k is the Boltzmann constant, and T the temperature 

of solution. 

For spherical nuclei, this equation can be written as (1): 

𝐽 = 𝐴𝑒𝑥𝑝 [−
16𝜋𝛾3𝑣2

3𝑘3𝑇3(𝑙𝑛𝑆)2
]   (6) 

Where S is the supersaturation expressed as the ratio of solution concentration over 

saturation at temperature T, and 𝑣 is the molecular volume. It is evident that nucleation 

rate greatly depends on temperature, supersaturation and interfacial energy. 

2.4 Problems with CNT 

CNT has been used by researchers for many years to describe nucleation. However, the 

validity of CNT in solution crystallization is being questioned over the last decades. 

The main reason for this, is that the results expected when using CNT to model 

nucleation, tend to disagree from experimental data (7). Several assumptions were made 

in the development of CNT, which could be responsible for the model’s inaccuracy. 

Some of these assumptions are discussed here.  

Firstly, clusters are considered by CNT as droplets of spherical shape with the same 

density, as the final crystal product. Moreover, the surface energy of the cluster is 

assumed to be constant, regardless of the cluster size (7) and temperature (8). It is 

doubted that the surface energy of the cluster can be approximated with that of infinite 

size, since at small size, the surface is significantly curved (9). 

Regarding cluster formation and growth, only the mechanism of collision and following 

accumulation of one molecule with a cluster, or another molecule are recognized by 

CNT. This is a significant simplification, since it does not consider the possibility of 

two or more molecules colliding with a cluster, or clusters accumulating with each other 
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(7). Furthermore, it is also possible that a cluster might break and form two or more 

smaller clusters. 

CNT considers cluster size distribution constant throughout nucleation. As a 

consequence, it does not acknowledge the time required for the system of clusters to 

form and reach steady-state, from the moment the solution becomes supersaturated (7). 
Another assumption within CNT is that the concentration and structure is identical 

within the whole cluster (7). It has been shown, by  that this is not the case for some 

systems, such as ethanol-water, since the concentration is significantly higher towards 

the cluster surface (10). Thus, this assumption has been proven to be false, and may 

affect the results. 

As mentioned earlier, CNT was firstly developed to describe vapor condensation, which 

may be a significantly different system compared to solid crystallization from solutions. 

However, even for vapor condensation, calculations based on CNT do not match the 

experimental results (7). Another concern about CNT is that clusters are simulated 

thermodynamically as droplets of a significantly large size, which contain many 

molecules. There are many objections regarding this in the literature. It has been 

observed that in many cases the clusters are not so large, and they contain fewer 

molecules, leading to contradictions within this assumption (9). 

In contradiction with CNT simplifications, it has been shown for some solution 

systems, that clusters do not have similar structure with the solute molecule, or with the 

final crystal product (7). Yau S.-T. and Vekilov P. G. in 2001 (11) investigated the 

structure and size of clusters in the solution that were close to critical with atomic force 

microscopy. They studied solutions of apoferritin in aqueous acetate, since these protein 

molecules are of large size and close to spherical shape. They observed that apoferritin 

molecules in the clusters did not organize into a spherical structure as the CNT assumes, 

but to a structure similar to the final crystal product, which is cubic consisting of several 

planes. They suggested that this could also be true for other molecules. Thus, this 

assumption of CNT and following derivations are criticized. At the same time, 

researchers have also showed that critical cluster structure may also differ substantially 

from the final  crystal structure (7,12). Hence, cluster structure can be difficult to 

predict.  

These were only some of the assumptions of CNT that have received criticism in the 

literature. The mathematical model for nucleation provided by CNT fails to predict the 

experimental values, and the above simplifications could be the reason. Nucleation of 

solids from solution is a complicated phenomenon, and this complexity is not reflected 

by the mechanism proposed by the CNT. 
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2.5 Solution history 

One of the ways that the flaws of CNT have been exposed experimentally is by the 

effect of solution history. Experimental work has shown that nucleation is influenced 

by the conditions, to which the solution was exposed prior to nucleation. This 

pretreatment needs to be performed before the solution is saturated (13). It has been 

shown that treatment of a solution with higher temperature or for increased amount of 

time, leads to a different nucleation characteristics. Another factor that appears to 

influence nucleation is the polymorph of solute initially dissolved. The effect of 

solution history has been observed on induction time, metastable zone width, 

polymorphic outcome, and even number of crystals formed. Some examples of such 

findings in different solutions are discussed here. 

Nordström F. et al., in 2012 (14)  investigated the effect of solution history on metastable 

zone width and polymorph outcome of cooling crystallization. Specifically, they looked 

into the effect of pretreatment temperature and time, but also polymorph used when 

preparing the solution. The experiments were performed using solution of m-

Hydroxybenzoic acid in ethyl acetate. It was shown that both thermal pretreatment and 

polymorph used have an impact on metastable zone width and polymorphic outcome 

of crystallization. Shorter pretreatment time lead to slightly shorter metastable zone 

width. Solvent form used to prepare the solution had a large effect; under mild 

pretreatment conditions, the fraction of form I was four times higher compared to the 

outcome after stronger pretreatment. In other words, if the pretreatment was strong 

enough, the polymorph outcome fraction was not affected with the form that was 

dissolved to prepare the solution. The effect of solution history was observed in 

experiments where pretreatment had lower duration or was done in lower temperature. 

Finally, it was concluded that the effect of solution history was observed, but it was no 

longer present given adequate pretreatment time and temperature. 

An experimental work was conducted in 2014 by Kuhs M. et al., (13), to investigate the 

influence of solution history in nucleation of Fenoxycarb in isopropanol. A minimum 

of 80 experiments were performed for each condition to statistically verify the outcome. 

Variations of pretreatment temperature and time were used to introduce solution history 

in a controlled way. It was shown that induction time was affected heavily by 

pretreatment temperature, when the pretreatment time is short. For longer pretreatment 

time, the temperature showed a lower impact on induction time. When pretreatment 

was long enough, it was observed that the solution reached a steady state and solution 

history did not affect induction time. It was concluded that the solvent molecules shortly 

after dissolution maintain a structure that is similar to that of the original crystal 

compound. If the solution is kept in undersaturated conditions for a time long enough, 

the molecules form new structures, which were calculated to be more 

thermodynamically stable for the solution investigated. This transition progresses 

further if the solution is kept undersaturated in higher temperature and for longer time, 

prior to crystallization. Finally, it was claimed that the observed increase in induction 

time by pretreatment, was due to the fact that the molecules need to rearrange in the 

original – less thermodynamically stable – formation in order to from crystal nuclei. 

This mechanism was considered to cause the impact of solution history on induction 

time. 



7 

 

Hussain K. et al., in 2001 (15) looked into the influence of thermal history on metastable 

zone width and polymorph obtained after crystallization of vanillin and ethyl vanillin 

in different solvents. They reported a large increase of metastable zone width following 

pretreatment of the solution at higher temperature. Moreover, the polymorphic outcome 

was to some extent affected by the polymorph used to prepare the solution. Small angle 

neutron scattering measurements suggested that “colloidal aggregates” were present in 

vanillin solutions prior to nucleation. These aggregates were smaller on average when 

the solution temperature was lower.  

Researchers have also found evidence of history effect on crystallization of proteins. 

For example, Burke et al., in 2001 (16) investigated the effect of thermal pretreatment 

in nucleation of proteins. They observed that heating chicken egg white lysozyme at 

48℃ instead of 30℃ for 2 hours before crystallization, decreased the number of crystals 

formed by a factor of 20. They also proposed the use of such pretreatment to optimize 

crystallization. Specifically, it can be used to increase crystal size and decrease crystal 

number, which is a common requirement in industrial crystallization. 

It has been claimed that the effect of solution history on nucleation may not compatible 

with CNT, and it is believed that it needs to be investigated to achieve a better 

understanding of nucleation (14). The three theories that have been proposed to explain 

solution history are described here. The first two theories are in line with the CNT and 

suggest that the solution history effect takes place because the system is not ideal; it is 

caused by the presence of either homogeneous or heterogeneous particles in the 

solution. The third theory suggests that CNT fails to describe nucleation in some cases, 

and researchers have proposed novel theories about nucleation.  

The first theory claims that the reason for solution history is that the incomplete 

dissolution of solute. Small crystals may remain in the container where the experiment 

is held, and accelerate nucleation through seeding or secondary nucleation (17). When 

higher temperature or longer pretreatment time is applied, it is possible that these 

crystals dissolve completely. Whether there are small crystals are present or not when 

nucleation begins, might be causing the observed solution history effect. 

The second theory claims that solution history effect is caused by impurities present in 

the solution. Heterogeneous particles, are solid particles that do not come from solute 

or solvent, and should not be in the solution. These particles may act as catalysts, 

reducing the energy needed for formation of crystals, and, thus, accelerating nucleation. 

It has been suggested that stronger pretreatment can cause deactivation or melting of 

heterogeneous particles. Similar to the first theory, whether heterogeneous particles can 

catalyze nucleation or not, might be the explanation of solution history effect. 

The third theory consists of different novel theories for nucleation, that are not 

compatible with the CNT. These have been the focus of recent published research, and 

are discussed in the next chapter. 
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2.6 Non-classical nucleation and solute clusters  

A number of non-classical nucleation theories have been proposed by researchers to 

overcome the assumptions of CNT discussed earlier, and explain the solution history 

effect.  What these theories have in common, is that they include one more step before 

nucleation. This involves the presence of stable clusters in the solution before 

nucleation. The clusters can be present in the solution even when it is saturated, and 

they are believed to be stable. They grow and aggregate and eventually reach a critical 

size, but are still not crystals at this stage. The next step is the rearrangement of the 

solute molecules within these clusters into crystal nuclei. An interesting point of this 

theory is that the rate limiting step is thought to be the second step – the rearrangement 

of prenucleation clusters. It was suggested that this can explain the fact that solutes that 

can form multiple conformations, generally demonstrate longer induction times (3). 

 

Figure 1: Comparison of CNT and Two-step theory. 

The main difference of the two-step theory compared to the CNT is that takes into 

account the existence of stable prenucleation clusters in the solution that consist of 

solute molecules in dissolved state (Figure 1). Plenty of evidence of such clusters has 

been reported. For example, (18) observed a different phase in the solution that was 

neither same as the liquid solution, nor a crystal nucleus. There are no phase boundaries 

separating these clusters from the solution. The crystal nuclei eventually form from 

these clusters, or in other words; these clusters are an intermediate step of the final 

crystal product (7). 
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2.7 Observations of prenucleation clusters 

Researchers have also used microscopic imaging techniques in an attempt to observe 

prenucleation clusters. Advances in imaging techniques have allowed scientists to 

investigate the structure, size, and stability of clusters in solution. Evidence of 

prenucleation clusters has been reported both in supersaturated and undersaturated 

solutions.  

Liu et al., used small-angle X-ray scattering to observe nucleation at the microscopic 

level (19). They performed crystallization of glycine in aqueous solution. They found 

that solute molecules in the solution were arranged as dimers when it was 

supersaturated. The interpretation of the results suggested that nucleation of crystals 

took place by rearrangements in cluster formations. This phenomenon was regarded as 

evidence of two-step nucleation. 

Ginde R. M. and Myerson A. S. (20) performed further data analysis on results of 

previous studies to calculate the average size of clusters in supersaturated solutions. 

These studies had shown non-uniform concentration throughout the solution, which 

could be explained by the presence of clusters. The average cluster size was calculated 

to be between 2 and 100 molecules and depended on solution temperature. 

A distinction between two different types of clusters was made by Sorensen T.J. et al., 

in 2003 (21). They used SANS, Photon Correlation Spectroscopy and Static Light 

Scattering to observe clusters of vanillin in aqueous solutions containing 2-propanol. 

The small clusters were connected to liquid-liquid separation and their size depended 

on “the parameters that control supersaturation” and were found to be relatively 

independent of time. They appeared when vanillin concentration was high and were 

stable at supersaturated conditions. The second cluster type was observed at 

undersaturated solutions and were larger than the previous type. These kept growing in 

size by time, up to the point of crystallization, and could be connected with this 

phenomenon. 
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2.8 Analysis of induction time data 

Data from nucleation experiments tend to show a high variation in induction time even 

for experiments performed under practically identical conditions. For this reason, 

nucleation is said to have a stochastic nature in the literature(22),(23), meaning that it 

is difficult to predict, and cannot be studied by conducting only one experiment. Thus, 

it can be analyzed statistically.  

Jiang S. and ter Horst J. H. proposed a method to calculate nucleation rate from 

induction time data obtained from nucleation experiments performed with stirring (24). 

First, induction time data is used to outline the cumulative probability distribution of a 

large number of isolated experiments (n) performed under same conditions (equation 

7). Equation (8) is a probability distribution function that was derived from Poisson 

distribution and can be used to determine nucleation rate from a large number of 

isolated experiments. 

𝑃(𝑡) =
𝑛+(𝑡)

𝑛
   (7) 

Where: 

P(t) is the probability distribution of induction time 

n+(t) is the number of experiments in which nucleation is detected at time t 

n is the total number of experiments 

𝑃(𝑡) = 1 − exp (−𝐽𝑉(𝑡 − 𝑡𝑔))   (8) 

Where: 

P(t) is the probability that nucleation is detected in a solution 

J is the nucleation rate [m-3 s-1] 

V is the volume of solution in the experiment [m3] 

t is the time at which nucleation is detected [s] 

tg is the growth time, or time needed from first nuclei formation until the crystals have 

gained a size at which they are detectable [s] 

With this method, nucleation rate and growth time are estimated by the best fit of 

equation (8). 
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2.9 Tolbutamide 

The solvent chosen to investigate solution history effect in this project is tolbutamide. 

The reason is the abundance of published research regarding this compound, and the 

fact that it is known to have a large number of polymorphs, which are adequately 

described in the literature. 

Tolbutamide is an active pharmaceutical ingredient used to treat diabetes type II 

patients. It stimulates the pancreas, which in turn produces the hormone insulin. The 

chemical formula of tolbutamide is C12H18N2O3S, and its structure is shown in Figure 

2. 

 

Figure 2: Chemical structure of tolbutamide (25). 

There are six known polymorphs of tolbutamide; FIL, FIH, FII, FIII, FIV and FV (26).  
It is believed that this large number of polymorphs is due to the compound’s flexible 

structure. Specifically, there are 7 bonds on the tolbutamide molecule able to form 

different angles around the molecule’s axis (27). FIL and FIH are polymorphs with a 

very similar structure (28),(29). In fact, FIL was found to transform reversibly to FIH 

when the temperature exceeds 38C (30). FII is the thermodynamically stable polymorph 

at temperature up to 353K (27). After this transition point, FIH is the stable form of 

tolbutamide, up to its melting point at 401K (27). 

 

 

 

  

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C12H18N2O3S&sort=mw&sort_dir=asc
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3 MATERIALS AND METHODS 

The Royal Institute of Technology (KTH) provided all equipment and materials used 

for this project. The experiments were performed in the laboratory of the Department 

of Chemical Engineering, KTH. 

3.1 Materials and equipment 

Tolbutamide was the compound used for crystallization, and 1-Propanol was used as a 

solvent in all experiments. The properties and manufacturer of these main chemicals 

are shown on Table 1.  

Table 1: Solute and solver used for all nucleation experiments. 

Chemicals Manufacturer Purity 

Tolbutamide Merck Analytical standard 

1-Propanol Merck ≥ 99.8% 

Both reagents were stored at room temperature and were not purified further before 

usage. 

Fourier-transform infrared spectrometer (FTIR) 

The spectrometer used to perform FTIR was a Spectrum ONE FT-IR Spectrometer by 

PerkinElmer with a Zinc Selenide crystal window. It scanning range was in the range 

of 650-4000 cm-1 and the resolution 4 cm-1. The sampling technique used was 

Attenuated Total Reflectance. 

3.2 Nucleation experiments 

To investigate the effect of solution history on nucleation, the time and temperature at 

which the solution was kept prior to nucleation were varied. Moreover, the effect of 

filtering the solution before nucleation was also examined. For each experiment, 

induction time and polymorphic outcome were the data collected to allow for 

comparison of the results. 

Due to the stochastic nature of nucleation, it is common to obtain a large variation of 

induction time for experiments performed under the same conditions (24). For this 

reason, 60 isolated experiments were done for each set of conditions. It was chosen to 

perform two batches, each consisting of 30 test tubes. This allowed for comparison of 

results between batches performed under same conditions, in addition to comparison 

between different conditions. 

If the median induction time is lower than a certain value, the results for different 

pretreatment conditions might not show statistically significant variance. Identification 



13 

 

of induction time was done by visually observing recorded experiments, when each test 

tube nucleates. Since the accuracy of this technique is limited, induction time should be 

sufficiently long to make up for this issue. At the same time, induction times longer 

than five hours would also be problematic. Shortly after crystallization of a test tube, 

the crystals need to be filtered, dried, and analyzed for polymorphic outcome. Hence, 

the ideal induction time would not exceed five hours, and the median should be longer 

than 30 minutes. To achieve this, several experiments were done to specify nucleation 

conditions that would yield suitable induction time for the main experiments. 

Here, the steps followed for nucleation experiments are described. The first step was to 

prepare the solution to be crystallized. The next step was standardization, in which the 

solution was exposed to high temperature for an extended period of time. This way, the 

solution in all experiments had the same thermal history of 16 hours by the end of this 

step. Next, varied conditions of pretreatment were applied to introduce different 

solution history, which would affect subsequent nucleation. Finally, the formed crystals 

were separated and analyzed with FTIR. 

Solution preparation 

The solution used for nucleation was same for all experiments. It consisted of 10.841 g 

of tolbutamide dissolved into 144.54 g of 1-propanol. Tolbutamide weight was 

measured with accuracy down to the third decimal point, while the solvent weight was 

with accuracy down to the second decimal point. PTFE coated magnet bars and the 

solution were added in 250 ml flasks and were left for 16 hours at 35℃ to ensure 

complete dissolution. Stirring rate of 300 rpm was applied. The solution concentration 

was 0.075 g/g which corresponds to the saturation of tolbutamide form II in 1-propanol 

at 25℃ (26). 

When conducting primary nucleation experiments, the purity of components in direct 

contact with the solution (vials, magnet bars, caps) is crucial. This is because the 

presence of residual crystals from previous experiments or hetero-particles like dust or 

water can greatly affect induction time. For this reason, the equipment was washed by 

dish washer followed by brushing while using a small amount of acetone. Plenty of tap 

water, and then water treated with reverse osmosis was used to remove any residual 

impurities. Finally, the equipment was kept at 60℃ overnight to assure complete 

drying.  

The next step was to filter the solution into test tubes of 10 ml. Roughly 5 ml solution 

was added to each test tube, which was equipped with a PTFE coated magnet bar and 

immediately capped. Filters with 0.1 or 0.2 μm pore size fitted to 50 ml syringes were 

used depending on the experiment. Each syringe and filter was used to fill 10 test tubes. 

Roughly the first 5 ml of solution in the syringe were disposed, so that the filter was 

washed with solution before filling the test tubes. 

Standardization 

Each test tube was placed on a magnetic stirring base promptly after being filled with 

solution. For each experiment batch, 30 test tubes were placed on the magnetic stirring 

base which was immersed in a tank that also contained a level adapter (Figure 3). The 

tank was connected to a cryostatic control bath.  The test tubes were kept in this tank 
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set to 35℃ with a stirring of 300 rpm for 16 hours. For all steps including a cryostatic 

control bath in this project, an electronic thermometer was used to confirm and, if 

needed, adjust the temperature. 

Pretreatment 

This step was performed with different set of conditions for every experimental series 

to compare the effect of different pretreatment on induction time and polymorphism. 

The test tubes were moved from the standardization tank to the pretreatment tank, 

which was set to different temperatures (27℃ or 30℃) and for different duration. The 

stirring rate was set to 300 rpm. 

 As discussed earlier, the solution is saturated for form II at 25℃. Generally, metastable 

polymorphs are more soluble than the stable one (31). Thus, the solution at 27℃ is 

undersaturated for all tolbutamide forms. This allows the evaluation of the effect of 

pretreatment in undersaturated solution on nucleation.  

Pretreatment filtration 

In some experiments, filtration of solution after standardization was also performed to 

investigate the effect on nucleation. In these experiments, standardization was 

performed in 250 ml flasks. Preheated 0.2 μm filters fitted to 5 ml syringes were used 

to transfer roughly 4 ml of solution from the flask to the test tube. The filters were 

washed with some solution first. The test tubes were sealed promptly and placed in 

nucleation tank. 

Nucleation 

The test tubes were moved from the standardization (or pretreatment) tank to the one 

for nucleation. This was set to 8 or 9℃, and the stirring was once again 300 rpm. The 

nucleation procedure was recorded by a camera, and the recorded material was later 

used to specify induction time for each test tube. Induction time of over 14 hours was 

not possible to specify due to camera memory limitations. In Figure 4, the progress of 

nucleation of one test tube is shown from transparent solution to white suspension of 

crystals. These frames were captured with a time interval of just over two minutes. 

Induction times were specified when the solution appeared similar to that of the second 

frame. 

 

Figure 3: Set-up used for the steps of standardization, pretreatment, and nucleation. 



15 

 

 

Figure 4: Frames of test tube from transparent to white suspension of crystals. 

Shortly after nucleation, the vial was removed from the tank and the solution was 

filtered with filter paper. The filter was dried in room temperature for about an hour. 

The crystals were then analyzed within 24 hours with FTIR to identify which 

tolbutamide polymorph had formed in each test tube. 

 

3.3 Concentration measurement 

The concentration of solution in test tubes with and without filtration was measured to 

investigate the effect of filtration. Concentration, or supersaturation has an instrumental 

role in nucleation, and any difference caused by the experimental procedure could 

impact the results significantly. 

First, solution was prepared in a flask, in the same way as described in the primary 

nucleation experiments. Four test tubes of 5 ml were filled with solution using only 

syringe and sealed immediately. An additional 12 test tubes were filled with solution 

with filtration. For this step, a 0.1 μm filter was attached to the syringe, and it was first 

washed with some solution. Each test tube was weighed while empty, and when filled 

with solution with accuracy down to the fifth decimal point. All test tubes were then 

kept uncapped in a fume hood for 48 hours, and then at 50 ℃. The dry weight of tube 

and solute was measured repeated times, until the measurement was stabilized to the 

same figure. 

3.4 Data analysis 

The median induction time was used to characterize induction time data for each batch 

of isolated experiments. Median is not less affected by extreme values, which is useful 

when analyzing induction time data. Furthermore, induction time was measured up to 

14 hours. In many cases, test tubes had not nucleated by that time, and induction time 

was unknown. It was possible to calculate the median value, without ignoring these 

extreme values. 



16 

 

The 95% confidence intervals for median values were given by actual values of 

experimental data. These were calculated using equations (9) and (10). These formulae 

are used for normally distributed data. It is approximated that they can also be used for 

the induction time data obtained from experiments in this work. 

Lower limit: 

𝑛

2
−

1.96√𝑛

2
   (9) 

Upper limit: 

𝑛

2
+

1.96√𝑛

2
   (10) 

Where n is the sample size. 

Equation (8) was used to fit induction time data, using least squares fits of nucleation 

rate and growth time. Due to the type and quality of experimental data, it was decided 

to not perform further statistical analysis. The results are instead discussed in a 

qualitative manner. 
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4 RESULTS 

The results of experimental work are presented here. Initially, batches of nucleation 

experiments were performed in an attempt to identify a set of conditions that yield 

induction time distributions within practical time intervals. Furthermore, a consistency 

in batches with the same set of conditions was pursued. This would allow the study of 

nucleation with adequately controlled experiments. 

4.1 Nucleation experiment series at 8℃ with only standardization 

In Table 2 the specifications for this nucleation series are shown. 60 isolated 

experiments were performed in two batches. Each batch in this project consisted of 30 

test tubes. 

Table 2: Repeated primary nucleation experiments varying nucleation temperature. 

Experiment 
Step Parameters 

Solution 
Tolbutamide 

concentration 
[g/g] 

0.075 

Solution 
preparation 

Dissolution 
[hours] 

16 

Temperature [℃] 35 

Stirring [rpm] 300 

Filtration [μm] 0.1 

Standardization 
Temperature [℃] 35 

Duration [h] 16  

Nucleation 
Temperature [℃] 8 

Stirring [rpm] 300 

 

For every batch, two experiments did not nucleate within 8 hours, and are treated as not 

nucleated in this analysis. In Figure 5, induction time of two batches that were 

performed in the same conditions are shown as cumulative probabilities produced by 

equation (7). Using equation (8), the combined induction time data from both batches 

were fitted allowing the calculation of nucleation rate. 
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Figure 5: Induction time probability distribution of nucleation at 8℃ without pretreatment. 

Nucleation rate, and experimental and fitted median induction time for the two batches 

and combined series data are shown on Figure 10. R squared is used as a measure of 

quality of fit for the fitted PDF curves. Experimental median induction time was 

roughly 70% longer and the nucleation rate was 60% lower for first batch compared to 

second. 

As discussed earlier, a median induction time longer than 30 minutes is needed to 

ensure the quality of results. Thus, it was necessary to increase induction time, and one 

way to do this is by reducing the supersaturation. Several batches were performed with 

nucleation temperature of 9℃ and 10℃, which are not shown here. From the results, it 

was decided to use a nucleation temperature of 9℃ for the rest of experiments. Results 

also showed high variation in median induction time for batches performed with 

practically identical conditions. Thus, effort was made to control parameters that may 

have been causing this variation. Some experiments were done while developing 

detailed standards for each step. Finally, the detailed experimental protocol was 

finalized before the next series was started. 
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4.2 Nucleation experiment series at 9℃ with only standardization 

In comparison to previous series, only nucleation temperature was changed. From 

previous results, it was decided to use a nucleation temperature of 9℃ for the rest of 

experiments, as it tended to yield the most suitable induction time distribution. Figure 

6 shows the experimental induction time and equation (8) fits for five batches of 

nucleation experiments. The results are shown on Table3. Fitted median induction time 

spanned from 14.3 to 52.3, with a standard deviation of 21.4 minutes.  

Table3: Results for nucleation experiments at 9℃ without pretreatment. 

Batch 1 2 3 4 5 Combined 

Experiments nucleated 23 24 25 27 30 129 

J [m-3min-1] 2049 3201 4835 6721 10145 3990 

tg [min] 0 0 21.59 7.98 1.09 3.72 

R2 0,81 0,62 0.92 0.94 0.98 0.94 

Experimental median tind 

[min] 

52.3     27.5 50.8 27.5 14.3 28.1 

Fitted median tind [min] 67.7 43.3 50.3 22.4 14.8 38.5 

 

 

 

Figure 6: Probability distribution of induction time for five batches of nucleation experiments at 9, and fitted PDF 

curves. 
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Induction time data for all batches were combined to calculate combined nucleation 

rate and median induction time, shown on Table3. Equation (8) was used to fit data, 

and the fits are shown in Figure 7. 

 

Figure 7: Combined probability distribution of induction time and fitted PDF for nucleation series at 9℃ without 

pretreatment. 

 

4.3 Nucleation experiment series with varied pretreatment. 

Next, experiments with varied pretreatment were performed. The step of pretreatment 

was added to introduce solution history. Assuming that the step of standardization was 

adequate, by the end if this step, all test tubes in all series and batches should have the 

same solution history. Pretreatment with varied conditions was done to study the varied 

impact on nucleation. This time, the polymorphic outcome was also studied using FTIR. 

 Five nucleation series were performed to investigate the effect of pretreatment in 

induction time and polymorphic outcome during crystallization of tolbutamide in 1-

propanol. Each series consisted of two batches performed under same conditions. In 

Table 4, the parameters kept constant for all ten batches are shown. The varied 

conditions in the step of pretreatment for the different series are shown on Table 5. 
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Table 4: Constant parameters for all primary nucleation experiments. 

Experiment Step Constant parameters 

Solution 
Tolbutamide 

concentration [g/g] 
0.075 

Solution 
preparation 

Dissolution [hours] 16 

Temperature [C] 35 

Stirring [rpm] 300 

Filtration [μm] 0.2 

Standardization 
Temperature [C] 35 

Duration [h] 16  

Pretreatment Varied 

Nucleation 
Temperature [℃] 9 

Stirring [rpm] 300 

 

Table 5: Varied pretreatment parameters for primary nucleation experiments. 

Series 

Pretreatment 

Temperature 
[C] 

Time 
[h] 

Filtration, pore 
size [μm] 

1 - - - 

2 27 3 - 

3 30 3 - 

4 27 5 - 

5 - - 0.2 

 

According to the FTIR analysis, each isolated experiment yielded crystalline 

tolbutamide either of form I or form II. In some batches, no more than one test tube 

resulted in what seemed to be liquid-liquid phase separation. The solution looked 

cloudy (not transparent), but no solid matter remained on the filter paper after filtration. 

Perhaps it was droplets of a tolbutamide-dense liquid phase that were mistaken for 

crystals. This phenomenon was not investigated further since it occurred only rarely. 

Furthermore, in some cases crystal form could not be identified with reasonable 

certainty. Crystal form is displayed as “not specified” in all these cases. 
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Figure 8 shows induction time and tolbutamide form nucleated for each isolated 
experiment. Equation (8) fits for each batch are also shown for qualitative comparison. 
Figure 9 shows the combined induction time and equation (8) fit for the combined data of 
the two batches. The results for series 1 are summarized on Table 6. 
 

 

Figure 8: Induction time probability distribution for crystallization at 9℃ without pretreatment (series 1). 

 

Figure 9: Combined series 1 probability distribution with equation (8) fits. 
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Table 6: Results for series 1. 

Batch 1 2 Combined 

Experiments nucleated 24 27 51 

Fraction form I 0.89 0.91 0.89 

Fraction form II 0.11 0.09 0.11 

J [m-3min-1] 1112 702 807 

tg [min] 0 0 0 

R2 0.90 0.99 0.97 

Experimental median tind [min] 121.1 196.1 160.4 

Fitted median tind [min] 124.7 197.5 171.8 
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Figure 10 shows induction time, tolbutamide form for each isolated experiment, and 

Equation (8) fits for each batch. In Figure 11 the combined induction time and equation 

(8) fit for the combined data of these two batches are shown. Table 7 summarizes the 

results for series 2. 

 

Figure 10: Induction time probability distribution for crystallization at 9 with 3 hours pretreatment at 27℃ (series 

2). 

 

Figure 11: Combined induction time and fitted PDF curve for series 2. 
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Table 7: Results for series 2. 

Batch 1 2 Combined 

Experiments nucleated 20 23 43 

Fraction form I 0.92 0.88 0.90 

Fraction form II 0.08 0.12 0.10 

J [m-3min-1] 357 533 420 

tg [min] 0 0 0 

R2 0.97 0.94 0.98 

Experimental median tind 

[min] 
363.0 229.3 349.6 

Fitted median tind [min] 388.5 260.1 330.0 
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Induction time and tolbutamide form for each isolated experiment, along with Equation 

(8) fits are shown in Figure 12. Combined induction time and equation (8) fit for the 

the two batches are shown in Figure 13. Furtermore, the results for series 3 can be seen 

on Table 8. 

 

Figure 12: Induction time probability distribution for crystallization at 9 with 3 hours pretreatment at 30℃ (series 

3). 

 

Figure 13: Combined induction time and fitted PDF curve for series 3. 
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Table 8: Results for series 3. 

Batch 1 2 Combined 

Experiments nucleated 20 27 47 

Fraction form I           0.81               0.83               0.82     

Fraction form II           0.19               0.17               0.18     

J [m-3min-1] 387 1481 611 

tg [min] 0 0 0 

R2 0.81 0.79 0.7085475 

Experimental median tind 

[min] 
377.8 113.2 200.6 

Fitted median tind [min] 358.5 93.6 226.9 
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Figure 14: Induction time probability distribution for crystallization at 9℃ with 5 hours 

pretreatment at 30℃ (series 4). shows induction time and tolbutamide form nucleated 

for each isolated experiment. Equation (8) fits for each batch are also shown for 

qualitative comparison. In Figure 15, the combined induction time and equation (8) fit 

for the combined data of the two batches are presented. The results for series 4 are 

summarized on Table 9. 

 

Figure 14: Induction time probability distribution for crystallization at 9℃ with 5 hours pretreatment at 30℃ (series 

4). 

 

Figure 15: Combined induction time and fitted PDF curve for series 4. 
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Table 9: Results for series 4. 

Batch 1 2 Combined 

Experiments nucleated 25 24 49 

Fraction form I           0.89               0.75               0.81     

Fraction form II           0.11               0.25     0.19 

J [m-3min-1] 723 939 789 

tg [min] 0 0 0 

R2 0.88 0.81 0.86 

Experimental median tind 

[min] 
167.5 127.3 156.4 

Fitted median tind [min] 191.8 147.7 175.6 

 

  



30 

 

Induction time and tolbutamide form as well as equation (8) fits for series 5 are shown 

in Figure 16. Figure 17Figure 11 shows the combined induction time and equation (8) 

fit for the combined data of the two batches. The results for series 5 are presented on 

Table 10. 

 

Figure 16: Induction time probability distribution for crystallization at 9 with filtration as pretreatment (series 5). 

 

Figure 17: Combined induction time and fitted PDF curve for series 5. 
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Table 10: Results for series 5. 

Batch 1 2 Combined 

Experiments nucleated 30 29 59 

Fraction form I 0.93 1.00 0.97 

Fraction form II 0.07 - 0.03 

J [m-3min-1] 37704 56496 46733 

tg [min] 1.86 1.66 1.82 

R2 0.96 0.97 0.98 

Experimental median tind 

[min] 
5.6 4.2 4.8 

Fitted median tind [min] 5.5 4.1 4.8 

 

In Figure 18, fits of equation (8) for combined data of all five series are shown, and 

Table 11 summarizes these results for all series. 

 

Figure 18: Fitted PDF curves for series 1 to 5. 
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Table 11: Results for series 1 to 5. 

Combined series 
Series 

1 Series 2 Series 3 Series 4 Series 5 

Pretreatment None 
27℃, 3 
hours 

30℃, 3 
hours 

27℃, 5 
hours Filtration 

Experiments nucleated 51 43 47 49 59 

Fraction form 1 89% 90% 82% 81% 97% 

Fraction form 2 11% 10% 18% 19% 3% 

Form 2 in first half 0,0% 8,0% 10,0% 13,6% 6,7% 

Form 2 in second half 22,7% 11,1% 26,9% 24,0% 0,0% 

J [m-3min-1] 807 420 611 789 46733 

tg [min] 0,00 0,00 0,00 0,00 1,82 

R2 0,97 0,98 0,71 0,86 0,98 

Experimental median tind 

[min] 160,35 349,63 200,59 156,38 4,82 

Fitted median tind [min] 171,77 329,95 226,90 175,62 4,78 
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4.4 Filtration effect on concentration 

An experiment to investigate filtration effect on concentration was performed. Filling 

test tubes with syringe with 0.1 μm filter attached on it, is a process that lasts 

approximately 40 seconds. During this time, the solution is exposed to air. Evaporation 

can be an important factor considering that the solute, 1-propanol, is highly volatile. 

Furthermore, the filter itself could have an impact on concentration. For example, some 

larger clusters of tolbutamide molecules could perhaps be retained in the filter. To 

examine this issue, tolbutamide concentration was measured in 4 test tubes without 

filtration, and in 13 test tubes with filtration. All test tubes are ordered by the sequence 

that they were used in this experiment (Figure 19). 

The average concentration for test tubes filled without filtration was 0.07392 g/g 1-

propanol, (±0.000191) while the ones filled with filtration yielded a 0.07506 g/g 1-

propanol (±0.00135) on average. Thus, a small but consistent increase of 1.54% in 

concentration was observed when performing filtration. This observation can be 

interpreted as an effect of evaporation. 

 

Figure 19: Effect of filtration on concentration. 
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5 DISCUSSION 

Experiments were performed to investigate the effect of solution thermal and structural 

history on induction time and polymorphic outcome following nucleation experiments. 

If the results showed a significant difference in either median induction time, or 

polymorphic outcome, in experiments performed with identical conditions, but only 

different pretreatment, solution history effect would be confirmed.  

The solution was kept in identical conditions of temperature and stirring for 16 hours. 

This was done in order to control solution history, and ensure that all experiments start 

from the same situation. Varied pretreatment was then applied, to introduce different 

solution history in test tubes used for experiments. Assuming adequate control of 

external factors, any consistent and statistically confirmed difference in the investigated 

parameters, would be evidence of solution history effect. 

The qualitative analysis of results showed a variation in induction time and 

polymorphic outcome between experiments. However, the degree of variation did not 

follow the pattern of “pretreatment strength”. This means that longer pretreatment at 

same temperature, or pretreatment at higher temperature for same duration, did not have 

a similar impact on induction time and polymorphic outcome. Furthermore, a high 

degree of variation was also observed between practically identically performed 

batches of isolated experiments. Despite the effort to prepare the solution and transfer 

it to the test tubes in a way that the solution between such batches was identical, this 

variation persisted. The possible explanations could be the stochastic nature of 

nucleation, variations in concentration due to evaporation, variation of temperature 

during nucleation, presence of impurities, and others. These are discussed in detail in 

this chapter. For the above reasons, it cannot be claimed that the results of this work 

provide evidence in support of solution history effect. Nevertheless, some conclusions 

can be drawn that can be useful for future work. 

Effect of nucleation temperature 

A comparison between experiments with nucleation temperature of 8℃ and 9℃ was 

made. The experimental median induction time from these two series is shown in Figure 

20. The 95% confidence intervals are large for some of these batches. However, 

nucleation experiments at 9℃ showed a slightly higher median induction time. This 

result is consistent with the fact that solubility of tolbutamide in 1-propanol increases 

with temperature. The pre-exponential factor “A” in equation (6) is a function of 

temperature. Lower temperature leads to slower kinetics according to Arrhenius 

equation, thus it would be expected that lower nucleation temperature would yield 

longer induction time. At the same time, the thermodynamic driving force is increased 

with a lower nucleation temperature. The results suggest that the increase in 

thermodynamic driving force had a more dominant effect than the reduction in kinetics. 
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Figure 20: Comparison of experimental median induction time between crystallization at nucleation temperature of 

8℃ and 9℃, with 95% confidence limits. 

 

 

Effect of filtration pore size in solution preparation 

The effect of filter pore size used to filtrate solution before standardization was 

investigated. In Figure 21, experimental median induction time between series where 

0.1 and 0.2 μm filters were used prior to standardization is shown. The confidence 

intervals for some batches were large, but a clear difference in median induction time 

can be seen. Thus, according to the results from these experiments, there seems to be a 

significant impact of filtration pore size on induction time. This filtration step was used 

to remove impurities from the solution while filling the test tubes. One possible 

explanation for the influence of filter pore size could be that the 0.2μm did not 

effectively remove heterogeneous particles such as dust. However, if this was the case, 

it would be expected that 0.2 μm filtration would lead to faster nucleation. This is 

because heterogeneous nucleation is known to have a lower energy barrier than 

homogeneous. Another explanation is that smaller pore size increased the time of 

filtration and, thus, the effect of evaporation. This may have resulted in a higher 

concentration of solution filtrated with 0.1 μm filter, which could then accelerate 

nucleation. 
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Figure 21: Comparison of experimental median induction time of nucletion experiments prepared with 0.1 and 0.2 

μm filtration. The lines represent 95% confidence intervals.  

 

 

Solution history effect on induction time 

The experimental median induction time for series with varied pretreatment (Table 5), 

with 95% confidence intervals, are shown in Figure 22. The confidence intervals for 

the median are large in most batches, which adds a great degree of uncertainty in 

conclusions drawn. Series 1 did not include any pretreatment, and can be used to see 

the effect of different types of pretreatment included in series 2 to 5. The experimental 

median for the first series using combined data from both batches, was 160 minutes.  

For the second series, which included pretreatment at a relatively high temperature 

(30℃) for 3 hours, it was 201 minutes. It can be claimed that pretreatment at low 

temperature lead to an increase in induction time, since it was doubled. It is possible 

that this increase was a result of solution history that was established during 

pretreatment. Since the solution was kept at lower temperature but still in 

undersaturated conditions, the clustering effect described by the non-classical 

nucleation history may have had been increased. This would be expected to result in 

shorter induction time, which is the opposite of what the results show. One explanation 

is that the prenucleation clusters present after pretreatment had a different structure than 

the final crystal product. The rearrangement of solute molecules into the crystal 

structure could then take longer time, leading to increased median induction time. It is 

true that both batches of 30 test tubes yielded higher median induction time for series 

2, compared with series 1. At the same time, the confidence intervals are large for all 

batches. More importantly, the disparity in median induction time between each batch 

is high; up to 244 minutes for series 2. 
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Figure 22: Comparison of experimental median induction time for individual batches and combined series with 

varied pretreatment. 

Series 3 yielded a combined median induction time of 350 minutes.  This series 

included pretreatment of same duration (3 hours) but at a lower temperature (27℃). It 

should be noticed that at this temperature, the solution is still undersaturated. Combined 

median induction time indicates an increase compared to series 2. This shows 

consistency in the sense that pretreatment at lower temperature results in longer 

induction time. As discussed earlier, this is contrary to expectations according to the 

literature. However, it seems to be consistent up to this point, and a possible explanation 

for this phenomenon was discussed. However, the difference in median induction time 

between the two batches of series 3 was 133 minutes, and the large confident intervals 

of all batches should also be taken into account. 

The fourth series included pretreatment at low temperature (27℃) for longer period (5 

hours). Considering the data of previous three series, the observed solution history 

effect was stronger when lower pretreatment temperature was used. Applying low 

temperature for longer period of time could be expected to yield higher solution history 

effect. However, the results for series 4 yielded a median induction time of combined 

batches was 156 minutes, which is almost equal to that of the first series without 

pretreatment. Furthermore, the difference of median induction time between the two 

batches of this series was lower, but still significant. The 95% confidence intervals were 

once again large. Thus, the results series 1 to 4 show a variation in median induction 

time, but this variation does not reflect the intensity of pretreatment. One explanation 

for this could be that pretreatment duration and difference in temperature were very 

small. It is possible that the effect of this pretreatment was not large enough to be 
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detected, due to the parameters chosen. Furthermore, the difference of median induction 

time between the two batches of this series was lower, but still significant. The 95% 

confidence intervals were once again large. 

The most profound difference in median induction time compared to the first series, 

was observed in series 5. The combined median induction time was lower than 5 

minutes, and it is evident that both batches yielded similar results. This series included 

a filtration step as pretreatment after standardization, and before nucleation. Filtration 

at this stage could possibly change solution structure physically, and as a consequence 

lead to a solution history effect.  

However, the validity of these results needs to be discussed. As discussed earlier, the 

effect of filtration on concentration has been investigated in this work. It was found that 

concentration was increased slightly with filtration. However, there were differences 

between the two filtration procedures. For the previous filtration step, larger sized filters 

(radius) were used. These covered the opening of the test tubes, reducing evaporation. 

Furthermore, they allowed for faster filtration, due to the higher number of pores 

present in larger sized filters. In pretreatment filtration, the smaller filters lead to longer 

filtration time, during which the top of test tubes was exposed to air. Thus, the effect of 

evaporation could be expected to be higher. Furthermore, filtration had an effect on 

solution temperature. The solution had a temperature of 35℃ after standardization, but 

filtration was performed in room temperature. Even though preheated equipment was 

used, the solution temperature probably dropped during the process. It is important to 

note, that these changes in equipment and procedure between standard filtration before 

standardization, and pretreatment filtration, were made for practical reasons. 

Conclusively, no safe conclusions can be drawn from series 5. 

Solution history effect on polymorphic outcome 

The form of tolbutamide crystals obtained from nucleation experiments is shown in 

Table 11. Additionally, the fraction of experiments that yielded form II crystals is 

shown in Figure 23. According to the FTIR analysis, each isolated experiment yielded 

crystalline tolbutamide either of form I or form II. However, there were some 

experiments, where it was not possible to identify the crystal form. Here, these cases 

are ignored. For series 1 and 2, roughly 90% of isolated experiments resulted in form I 

crystals. Form II fraction was almost doubled from 10% to 18 – 19%. Suppose that the 

observed increase in form II nucleation in series 2 was caused by solution history. This 

effect would be expected to be higher for series 3, since pretreatment in lower 

temperature was used compared to series 3. However, this is not the case according to 

the results; series 2 yielded similar results to series 1. Series 5 showed an even higher 

preference towards form I. 
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Figure 23: Fraction of experiments that yielded form II crystals for series with varied pretreatment, with 95% 

confidence intervals. 

Further discussion on experiment results 

When analyzing polymorphic outcome after nucleation, there is an inherent issue that 

needs to be considered. Thermodynamically unstable polymorphs may convert into the 

stable one, at any time. In this work, form II tolbutamide was the stable polymorph for 

the temperature interval at which experimental work was performed. Thus, form I 

crystals may have been converted into form II before FTIR analysis was performed. 

This may have happened while the crystals are in the solution, or while they were drying 

on filter paper. 

There is another inherent concern when conducting nucleation experiments with varied 

pretreatment. Nucleation temperature is same for all batches, but this is not true for the 

temperature of solution at the instant the test tubes were placed in the nucleation 

cryostatic water bath.  In this work, nucleation started with the solution at 35℃ for one 

series, and at 27℃ for the next one. In the first series, there was some time needed for 

the solution to reach 27℃, as it was being cooled down. However, since the volume of 

solution was only 5 ml approximately, and the median induction time spanned from 5 

minutes to 6 hours, the time needed for heat transfer was ignored in this work. 

The main concern regarding the results was the inconsistency between batches of 30 

isolated experiments that were performed in practically identical way, as reflected on 

induction time distribution. Here, the parameters that may have had an effect on 

induction time are discussed. As described earlier, nucleation rate for a solution of given 

components, depends on temperature and supersaturation or concentration (equation 6). 

Thus, the control of these two parameters was vital for obtaining consistent results. 

The temperature in nucleation experiments was mostly controlled using cryostatic 

water baths. Electronic thermometer was used to measure and adjust the temperature in 

the internal tank that contained the test tubes. It was observed that the water baths 

provided adequate control of temperature. Any variation in temperature should be 

common for all batches and experiment series. Thus, temperature was probably not the 

parameter that affected the results. 
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Evaporation and filtration are the two factors that could result in change of 

concentration. Evaporation could only take place while the test tubes or flask are not 

sealed. After filtration the test tubes were not opened again until after nucleation. 

Concentration after filtration was measured and a very minor difference was found. It 

is true that a small increase in concentration would result in a larger increase in 

supersaturation, if the latter is defined as the difference between saturation and 

concentration. Measuring concentration in each batch would further increase 

confidence in this assumption. 

Nucleation rate depends only on temperature and supersaturation for pure solutions. 

The presence of impurities could have a great impact on induction time. There is also a 

theory attempting to explain the effect of solution history based on the presence of 

heterogeneous particles. One source of impurities could be the chemicals used to 

produce the solution; tolbutamide and 1-propanol. These were both used as purchased, 

and were not purified or analyzed further. Furthermore, impurities could be contained 

in the equipment that was in direct contact with the solution. Extensive care was taken 

during the experimental procedure to clean the equipment before usage from both 

impurities, but also microcrystals from previous experiments. The test tubes used for 

each batch were not exactly the same, thus it was not possible to investigate systematic 

error caused by specific test tubes. Equipment drying time was at least 16 hours, to 

ensure that no water was present on the equipment surface when the experiment started. 

Dust or other particles could also enter the solution during the time that it was exposed 

to ambient air. For this reason, this time was restricted to the degree possible. Despite 

the effort, it is not possible to exclude these possibilities. 

As discussed in theory, nucleation is known to be a stochastic process. A large number 

of isolated experiments is commonly used, and analyzed statistically to draw 

conclusions. In this work, 60 experiments were performed for each set of conditions. 

Researchers have used both larger and smaller populations. It is true that a larger 

population would only improve the quality of data obtained. It is possible that a large 

increase in number of isolated experiments could reduce the inconsistency between 

same batches of test tubes. 

Furthermore, solution volume is also important for a stochastic process. The factors that 

affect nucleation rate have been discussed earlier, but induction time was the parameter 

observed in this work. Induction time refers to the time needed for nuclei to form in a 

solution of specific volume. In the present work, this volume was roughly 4 to 5 ml. 

Crystallization in larger volume would be expected to yield shorter induction time, and 

more consistent results.  

Future work 

The results from this work can be used to improve future work that includes nucleation 

experiments. There are a number of suggestions that may assist in this direction. To 

ensure that the concentration in test tubes is precise, one control test tube can be used 

to measure concentration in every batch. Furthermore, to protect the experiment from 

the effect of evaporation, a solvent less volatile in room temperature can be used. As 

discussed earlier, in some experiments starting temperature was lower than others. It is 

possible to measure or calculate the time needed for heat transfer, and then correct the 

observed induction times. Moreover, further monitoring and evaluation of the 
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experimental procedure could help identify those steps that may be causing the 

inconsistency between batches. 

A modification can be made to the experimental procedure, to estimate the effect of 

microcrystals or heterogeneous particles present in test tubes. Using the same test tubes 

for every batch, it would be possible to use statistical analysis to identify the ones which 

consistently yield significantly different results. 

Regarding the setup, there are many improvements that could be made. First, even 

though the water baths seemed to offer adequate temperature control, perhaps using 

more accurate cryostatic water baths could help control and stabilize the temperature 

during nucleation to a higher degree. Furthermore, some researchers have used 

automated online induction time measurement (24). This way, the error caused by 

growth time (tg) is greatly decreased. Finally, increasing the number of isolated 

experiments per set of conditions, could only increase the validity of nucleation 

experiments.  
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6 CONCLUSION 

Varied pretreatment in terms of duration, temperature, and filtration, in nucleation 

experiments showed an effect on median induction time, and polymorphic outcome. 

However, the degree of change does not follow a pattern that allows for correlation with 

pretreatment variables. Furthermore, the results showed significant inconsistency, as 

reflected by the variation of induction time in batches of isolated experiments with same 

set of conditions. Despite the effort to control the parameters affecting nucleation, the 

results show that this was not achieved to an extent that would lead to a safe conclusion 

about solution history effect in this work. 

Filtration directly before nucleation decreased experimental induction time from 160 

minutes to less than 5. It is possible that this filtration step removed the solution’s 

structural memory, which accelerated nucleation. However, the effect of evaporation 

on concentration for example, or other parameters ware not investigated. 

Filtration before standardization resulted in a 1.5% increase in concentration compared 

to solution that was not filtered. Filtration with 0.1 μm filter before standardization 

decreased median induction time by a factor of 4, as compared to using a 0.2 μm filter. 

These findings were interpreted as effect of evaporation on induction time, emphasizing 

the difficulty to isolate the effect of pretreatment conditions from other parameters.  
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