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Admixtures like reactants and byproducts are soluble non-crystallizing compounds 
that can be present in industrial solutions and affect crystallization of the main 
substance. This thesis provides experimental and molecular modelling results on the 
influence of admixtures on crystal nucleation of vanillin (VAN). Seven admixtures: 
acetovanillone (AVA), ethylvanillin (EVA), guaiacol (GUA), guaethol (GUE), 4-
hydroxy-acetophenone (HAP), 4-hydroxy-benzaldehyde (HBA), and vanillic acid 
(VAC) have been used in this study. Classical nucleation theory is used as the basis 
to establish a relationship between experimental induction time and supersaturation, 
nucleation temperature, and interfacial energy. A novel multicell device is designed, 
constructed, and used to increase the experimental efficiency in the determination of 
induction times by using 15 nucleation cells of small volumes simultaneously. In 
spite of the large variation observed in the experiments, the solid-liquid interfacial 
energy for each VAN-admixture system can be estimated with an acceptable 
statistical confidence. At 1 mole % admixture concentration, the interfacial energy 
is increased in the presence of GUA, GUE, and HBA, while it becomes lower in the 
presence of the other admixtures. As the admixture concentration increases from 1 
to 10 mole %, the interfacial energy also increases. The interfacial energies obtained 
are in the range 7−10 mJ m−2. Influence of admixtures on metastable zone width 
and crystal aspect ratio of VAN is also presented. The experimental results show 
that the admixtures studied are potential modifiers of the nucleation of VAN. 
Molecular modelling by the program Cerius2 is used to identify the likely crystal 
growth faces. Two approaches, the surface adsorption and the lattice integration 
method, are applied to estimate quantitatively the admixture-crystal interaction 
energy on the dominating crystal faces of VAN, i.e., {0 0 1} and {1 0 0}. However, 
a simple and clear correlation between the experimental values of interfacial energy 
and the calculated interaction energies cannot be identified. A qualitative structural 
analysis reveals a certain relationship between the molecular structure of admixtures 
and their effect on nucleation. The determination of the influence of admixtures on 
nucleation is still a challenge. However, the molecular and crystal structural 
approach used in this thesis can lead to an improved fundamental understanding of 
crystallization processes. 

Keywords: Crystallization, nucleation, vanillin, admixtures, additives, impurities, 
induction time, interfacial energy, molecular modelling, interaction energy. 
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Crystal nucleation is a phenomenon of key importance to life, pure and applied 
sciences, and is referred as the initial process for the formation of a new crystalline 
solid phase from a supersaturated mother phase. Virtually, all industrial 
crystallization processes involve nucleation. Nucleation is the crystallization step 
that determines product crystal size, crystal size distribution and good quality of 
crystals. Sometimes it is crucial to promote nucleation, e.g., in the crystallization of 
proteins, which is of interest for the human genome program. In other cases, it is 
desirable to inhibit nucleation, for instance, in the pharmaceutical industry where 
inhibiting undesired crystal structures or polymorphs is necessary to control the 
stability, dissolution rate, bio-efficacy, and bioavailability of a drug. Therefore, we 
need to develop the understanding, predict, control effectively, and optimize crystal 
nucleation. It has become a common practice to control nucleation by introducing 
structurally related substances or so-called “tailor-made” additives (Weissbuch et 
al., 2003). This requires a proper knowledge of the mechanisms of action at the 
molecular level as well as understanding of the interfacial phenomena occurring at 
the solid-liquid interface of crystal nuclei. Such an understanding is still not very 
well established. 

Progress in nucleation research has benefited from insights arising from 
experimental measurements, theoretical developments, and most recently, 
molecular simulations. Experimentation and theory has lead to past innovations by 
combining macroscopic studies of thermodynamic properties with kinetic 
measurements. A typical example is the linking between nucleation theory and 
experimental induction time through the interfacial energy between the nuclei and 
the crystallization medium. Because of the very small size range of nuclei, direct 
observation of the nucleation event is difficult, and the understanding of it is still 
highly insufficient. In addition, nucleation phenomena also suffer from the 
stochastic nature of the process itself. Fundamental theoretical approaches that aid 
to describe the properties of nucleating clusters on a molecular level have been 
developed (Ellerby et al., 1991, 1993, 1994) in parallel with more sophisticated 
experimental techniques (Laaksonen et al., 1995). Considerable efforts have been 
devoted to the formulation of phenomenological theories, which try to predict 
nucleation rates quantitatively starting from macroscopic, measurable properties of 
fluids (Laaksonen et al., 1995), and to the formulation of modern nucleation 
theories (Gránásy and Iglói, 1997). However, as McGraw and co-workers (1995, 
1996, 1997) remarked, at this time, none of these theories has proved to be more 
successful than the classical nucleation theory (Becker and Doring, 1935; Farkas, 
1927; Gibbs, 1948; Volmer and Weber, 1926, 1939). Thus, experiments are still the 
predominant source for obtaining data. However, in many cases, experiments are 
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time consuming and expensive, and the data available in the literature are almost 
always for pure components, though industrial crystallizing solutions are never free 
of impurities. 

The greatest advances made in the past decades in structure determination by 
methods like infrared, microwave and NMR spectroscopy, and X-ray 
crystallography are now complemented with molecular modelling techniques. 
Molecular simulations based on molecular mechanics force fields (Ferretti et al., 
2002; Shi et al., 2003) enable new insight into the behavior of a model system in a 
given thermodynamic state for specified interactions at the molecular level. 
Application of molecular modelling allows an increased understanding and 
appreciation of the intermolecular forces that govern the formation of crystals. A 
more detailed analysis of crystal structure and morphology, and an examination of 
the surface chemistry for the faces predicted is already possible as a result of the 
fast development of hardware and software in computer science in the last 20 years. 

Several studies (Myerson and Jang, 1995, 1996) highlight the importance of 
combining molecular simulations with experimental results in order to elucidate the 
molecular events that govern crystallization. This approach is especially important 
when dealing with the effect of admixtures, a general term that includes foreign 
molecules, e.g., reactants, by-products, impurities, and additives, present in a 
crystallizing solution. For some crystallization systems a clear experiment-
simulation correlation can be established. However, for other systems, as is the case 
of the system studied in this work, a simple and clear relationship cannot be 
identified and a deeper analysis of the results is required. 

����4��
��
��������!
�������

In this work, vanillin (4-hydroxy-3-methoxybenzaldehyde, C8H8O3, CAS-number 
121-33-5) is the test substance used for investigation of nucleation in absence and 
presence of admixtures (Figure 1). For vanillin, the abbreviation VAN is used 
throughout the text in this thesis. 

Crystalline VAN occurs naturally in cured vanilla pods, in potato parings, and in 
Siam benzoin (Budavari, 1996). Isolated VAN appears as white needle-like 
crystalline powder with an intensely sweet and very retentive creamy vanilla-like 
odor. 

Vanillin is a substance generally recognized as safe (FDA-Code of Federal 
Regulations, 2002) and is one the most important flavor-active additives used as 
sweetener in foods, confectionery, and beverages, as aroma in the production of 
balsams, cosmetics, perfumes, fragrances, deodorants, candles, incense, and air 
fresheners. VAN is also used as reagent in analytical chemistry, and in the 
manufacture of agrochemical products and pharmaceuticals (Gerhartz, 1988). Other 
uses for VAN include the prevention of foaming in lubricating oils, as a brightener 
in zinc coating baths, as an activator for electroplating of zinc, as an aid to the 
oxidation of linseed oil, and as an attractant in insecticides (Kroschwitz and Howe-
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Grant, 1997). Single crystals of VAN are useful in non-linear optics (Singh et al., 
2001; Sureshkumar et al., 1994; Yuan et al., 1996). 

 

Vanillin (VAN) 

OMe

CHO

HO

 

Vanillic Acid (VAC) 

OMe

CO 2H

HO

 

Acetovanillone (AVA) 

Ac

OMe

HO

 

Ethylvanillin (EVA) 

OEt

CHO

HO

 

Guaiacol (GUA) 

OMe

OH
 

Guaethol (GUE) 

OEt

OH
 

4-Hydroxyacetophenone (HAP) 

Ac

HO
 

4-Hydroxybenzaldehyde (HBA) 

CHO

HO
 

Figure 1. Molecular structures of vanillin and admixtures used in this work.       
Functional groups: acetyl (−Ac = −COCH3), aldehyde (−CHO), carboxyl 
(−CO2H, or −COOH), ethoxy (−OEt = −OC2H5), hydroxy (−OH), methoxy 
(−OMe = −OCH3). 
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In order to satisfy the increasing demand of this product in the world flavor market, 
VAN is commercially produced on a scale of more than 10 thousand tons per year 
mainly by chemical synthesis, either from petrochemicals, e.g., from guaiacol, or 
from lignin as a by-product of the pulp and paper industry (Gerhartz, 1988; 
Kroschwitz and Howe-Grant, 1997). A biotechnological alternative is based on 
bioconversion of eugenol, isoeugenol, feluric acid, vanillic acid, phenolic stilbenes, 
aromatic amino acids, lignin, or on de novo biosynthesis from glucose, applying 
fungi, bacteria, plant cells, or genetically engineered microorganisms (Overhage et 
al., 1999; Priefert et al., 2001). The synthesis of VAN from guaiacol (GUA, 
pyrocatechol monometryl ether) comprises its condensation with glyoxylic acid 
followed by processes of oxidation and decarboxylation. If guaethol (GUE, 
pyrocatechol monoethyl ether) is used instead of GUA, then ethylvanillin (EVA, 4-
hydroxy-3-ethoxy benzaldehyde) can be obtained. When VAN is produced from the 
lignin-containing waste, the VAN formed is separated from the by-products, 
particularly acetovanillone (AVA, 4-hydroxy-3-methoxy-acetophenone), vanillic 
acid (VAC, 4-hydroxy-3-methoxy-benzoic acid), 4-hydroxy-benzaldehyde (HBA) 
and 4-hydroxy-acetophenone (HAP), by extraction, vacuum distillation and 
crystallization. Crystallization plays a key role in the separation and purification of 
VAN from solutions in which similar species like the reactants and by-products 
mentioned above are present. These solutions containing admixtures are ideal for 
studying the proficiency of crystallization techniques in terms of crystal purity and 
different morphological effect. 

In the literature on crystallization of VAN, most work has been devoted to the 
measurement of solubility and metastable zone widths. Lier (1997) studied the 
effect of pure organic solvents on the solubility and on the width of the metastable 
zone of VAN. Hussain and co-workers (1998, 2001) measured the solubility and 
metastability of VAN in aqueous alcohol solutions. Sorensen et al. (2003) 
investigated the cluster formation in pre-crystalline solutions of vanillin by means 
of static light scattering (SLS), photon correlation spectroscopy (PCS), and small 
angle neutron scattering (SANS). Sureshkumar et al. (1994) and Velavan et al. 
(1995) studied single crystal growth of VAN (form I) and determined the crystal 
system as monoclinic using X-ray diffraction. The influence of admixtures on 
nucleation of VAN has not been explored and so far molecular modelling has not 
been applied to VAN. 

�� ��
!������7��%��

The objective of the present research work is to increase the understanding of the 
influence of admixtures on the crystallization behavior of organic substances. The 
basic approach is to combine experimental methods with computer simulations in 
order to investigate and rationalize the effect of admixtures from a molecular level 
perspective. 

In this thesis, the theoretical aspects of crystallization are considered in Chapter 2. 
A review on the influence of admixtures is given in Chapter 3. The experimental 
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work (Chapter 4) is focused on the determination of induction times for nucleation 
of vanillin from solutions containing admixtures. For this purpose, a novel multicell 
device is designed and constructed to increase the experimental efficiency by 
performing 15 experiments simultaneously. Extensive induction time data 
determined in such apparatus allows performing a statistical analysis of the 
stochastic character of nucleation and evaluating a fundamental physical property 
like interfacial energy, which is indispensable for the characterization of nucleation 
in solid-liquid systems. The effects of admixtures on the metastable zone width, and 
on the morphological aspect ratio, are also studied experimentally. The interaction 
energy between the morphologically important crystal faces of vanillin and 
admixture molecules is estimated using the program Cerius2 (BIOSYM/Molecular 
Simulations, 1995), a molecular modelling tool that also allows the analysis of 
crystal structure and surface chemistry (Chapter 5). Seven representative 
compounds, viz., AVA, EVA, GUA, GUE, HAP, HBA, and VAC, having a 
structural similarity to vanillin (Figure 1), are chosen as admixtures in order to 
investigate their influence on the crystallization of vanillin. The results are 
evaluated and discussed in Chapter 6, and the conclusions are given in Chapter 7. 
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Studies on any crystallizing system should start with knowledge about solution 
thermodynamics, and thus describing equilibrium (saturation) states and under 
which conditions a stable, metastable, or unstable (labile) state may be present. 

Crystallization is a kinetic process, and the rate at which it takes place depends on 
the driving force. Only when the solute concentration in the solvent exceeds its 
solubility the crystallization can occur. Therefore, the state of supersaturation is a 
prerequisite for all crystallization processes, and it is indeed its driving force. The 
thermodynamic driving force for crystallization is defined as the difference ∆µ 
between the chemical potential of the solute in the supersaturated solution (µs) and 
the chemical potential in the equilibrium state of a pure solid (crystal) or a saturated 
solution (µeq), and can be expressed in terms of activities or concentrations as 

( )
S

x
x

a
a

kTkT
lnlnln

eq

s

eq

seqs =
�
�

�

�

�
�

�

�
≈

�
�

�

�

�
�

�

�
=

−
=∆ µµµ

                             (1) 

in which as and xs are the activity and the mole fraction, respectively, of the solute 
in the actual supersaturated solution, and aeq and xeq are the activity and mole 
fraction, respectively, of the solute in a solution that is in thermodynamic 
equilibrium with the crystalline solid phase at the given absolute temperature T. k is 
the Boltzmann constant, and S the supersaturation ratio. The activity ratio and 
concentration ratio in eq (1) are valid for molecules that do not dissociate in the 
solution, i.e., for non-ionic crystals or molecular crystals. 

One of the methods used to generate supersaturation is by cooling a solution below 
its saturation temperature. Once supersaturation is created, local concentration 
fluctuations cause to appear ordered micro-regions or clusters of solute molecules. 
These clusters are expected to form with more or less the same structure as the solid 
phase. However, their size is still too small to be regarded as a separate phase. 

Two kinetic processes depending strongly on supersaturation are distinguished in 
solution crystallization: the formation of nuclei of a new microcrystalline solid 
phase, i.e. nucleation, followed by their growth to form macrocrystals. 

In this work, the effect of admixtures is focused on nucleation, which is a decisive 
step in crystallization and not very well studied mainly due to many theoretical and 
experimental difficulties. Other crystallization aspects that are likely to be 
influenced by the presence of admixtures are also targeted. The molecular 
modelling approach is introduced to support the understanding of the admixture 
effects at the molecular level. 
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The formation of new crystals via nucleation can occur by either primary or 
secondary mechanisms. Primary nucleation is the nucleation mechanism that takes 
place in absence of suspended solute crystals and crystalline surfaces, while 
secondary nucleation is the nucleation process that requires the presence and active 
participation of crystalline material in contact with the supersaturated solution. At 
high levels of supersaturation the formation of primary nuclei takes place 
spontaneously at random sites in the pure bulk solution (homogeneous primary 
nucleation), or at preferential positions acting as crystallization centers (hetero-
geneous primary nucleation). The idealized homogeneous primary nucleation, that 
assumes a progressive formation of crystallites with a stationary nucleation rate J, 
can seldom be achieved in practice. However, owing to the high rate of nucleation 
that occurs under conditions of extremely high supersaturation, homogeneous 
nucleation can be almost unaffected by the presence of substantial numbers of 
heterogeneous nuclei whose contribution to the nucleation rate is comparatively 
very small (Garten and Head, 1966). 

�����������	��
�������
����

The classical theory of homogeneous nucleation stems from the thermodynamic 
approach of Gibbs (1948). The molecular process of homogeneous nucleation is 
regarded as the production of nanoscopic particles (embryos, clusters, and nuclei) 
from the combination of solute molecules by an addition (collision) mechanism 
forming dimers, trimers, tetramers, and so on, represented as 

M1 + M1 ↔ M2 
M2 + M1 ↔ M3 
M3 + M1 ↔ M4 
M2 + M2 ↔ M4 
M3 + M2 ↔ M5 

… 

Mi-j + Mj ↔ Mi                                                        (2) 
 

This addition mechanism is reversible, i.e., the embryos and clusters formed are 
unstable and can dissolve, even when a positive thermodynamic driving force, eq 
(1), is applied. Only those particles that reach the nucleus critical size, which results 
from overcoming the nucleation activation barrier, can be considered as 
thermodynamically stable and continue a spontaneous outgrowth to macroscopic 
dimensions. This process is illustrated in Figure 2. 
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Figure 2. Gibbs free energy change for homogeneous nucleation. 
 

The thermodynamic conditions necessary for a small crystal nucleating 
homogeneously from solution involve: 

i) the excess energy needed for the solute to change from the liquid to the solid 
crystalline phase (volume Gibbs free energy, VG∆ ), and 

ii) the excess energy accounting for the generation of a new solid-liquid 
interface (surface Gibbs free energy, SG∆ ). Thus, the overall Gibbs free 
energy is given by 

SV GGG ∆+∆=∆                                                        (3) 
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in which VG∆  is a negative quantity proportional to the supersaturation level, eq (1), 
and to the nucleus volume, while SG∆  is a positive quantity proportional to the 
solid-liquid interfacial energy and to the nucleus surface area. 

During the formation of the first sub-critical nuclei, an excess positive free energy 
change is stored at the surface due to unbalanced forces of the molecules that are 
not attached to other molecules in a lattice (missing bonds), in contrast with the 
molecules inside the crystal nucleus. In order to minimize the nucleus total surface 
area, new bonds are formed. The formation of new bonds is followed by a release in 
positive free energy with the consequent risk for nuclei to dissolve back into the 
(still supersaturated) solution. In order to contribute to a viable nucleation process, 
nuclei must overcome an energetic barrier by overcompensating the positive 
interfacial contribution with the free energy gain of the crystalline volume. The 
activation energy barrier for nucleation corresponds to the maximum (critical) free 
energy change  

( )2

23

crit
ln

�

STk
FG mSL ϑγ

=                                                   (4) 

which is derived from eq (3) in combination with the Ostwald-Freundlich relation 
that correlates the solubility of a particle to its size. In eq (4), F is a geometrical 
factor (e.g., 16π/3 for spheres; and 32 for cubes), and ϑm is the molecular volume. 
The term SLγ  represents the specific surface energy of the cluster/solution interface 
or simply the solid-liquid interfacial energy. In this analysis it is assumed that the 
interfacial energy is constant and equal to the interfacial energy for an infinitely 
large interface. We should be aware that the use of the term “interfacial energy” is 
not always appropriate, since the idea of an “interface” between a solution (even 
supersaturated) and a nucleus composed of only a few solute molecules is purely 
formal. In this context the term should merely be understood as a concept meaning 
the excess free energy of the surface over that of the bulk solid, which is inherent in 
the nucleus formation. 

When nuclei have overcome the nucleation barrier, further crystal growth is 
associated with a decrease in Gibbs free energy as shown in Figure 2. Thus, nuclei 
with a size greater than the critical size become stable. The energy barrier critG�  
should not be interpreted as an absolute value applicable to any point in a nucleating 
system, even when the temperature and pressure of the system is constant. Indeed, 
the amount of energy needed to form a stable nucleus should be considered as an 
average value due to fluctuations in the energy or velocities of the molecules 
constituting the system that are statistically distributed. Thus, in those 
supersaturated regions where the energy level rises temporarily to a high value 
nucleation will be favored (Mullin, 2001). 

The primary nucleation rate, J, is defined as the number of nuclei produced per unit 
volume per unit time. It can be understood as the probability for the critical nuclei 
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to pass through the critical size barrier and become free growing. Using the 
Arrhenius equation and taking the free energy change of the critical nucleus crit�G  
as the activation energy, the nucleation rate is expressed as 

�
�

	


�

�
−=

Tk
G

JJ crit
0

�
exp                                                   (5) 

and combining with eq (4) results 

�
�

	


�

�
−= 233

23

0
)ln(

exp
STk

FJJ mSL ϑγ
                                           (6) 

The above expression is derived under the assumption that equilibrium 
thermodynamics can be applicable to a kinetic situation (Walton, 1969). Thus, it can 
be questionable whether the chosen equilibrium situation is a suitable reference 
state in relation to the actual molecular state of the solution. 

The nucleation rate approaches the pre-exponential coefficient J0 as the 
supersaturation approaches infinity and the exponential term goes to unity. 
Therefore the pre-exponential coefficient represents the maximum rate at which a 
nucleus can form. J0 has a theoretical value of 1025 to 1033 #nuclei cm-3 s−1, both for 
nucleation from melt and from solution (Garten and Head, 1966; Myerson and 
Ginde, 1993; Walton, 1969). However, for the latter case it is probably necessary to 
overcome (at least partially) the solvation of the monomers before nucleation can 
take place. Thus it may be expected that both the energy barrier to desolvation and 
the blocking tendency of escaping solvent molecules will lower J0 to a value below 
1010 (Walton, 1969). The pre-exponential coefficient has been expressed as a 
function of different parameters (Myerson and Izmailov, 1993; Walton, 1969) so 
that 
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�

�
−=

Tk
G

Nf
Tk

J D
D

SL
m

�
exp2 300

γϑ                                        (7) 

where f0 is an attachment (collision) frequency factor related to the number density 
of active nucleation centers N3D, and ∆GD is the energy barrier for diffusion from 
the bulk solution to the cluster (Walton, 1969). 

The appearance of the quantity ( )23 ln ST  in the denominator of the exponential 
argument of eq (6) gives the nucleation rate J a strong nonlinear dependence on the 
supersaturation and temperature. However, the pre-exponential coefficient J0 is 
relatively insensitive to changes in temperature and supersaturation (Kashchiev, 
1995; Walton, 1969). A strong dependence of the nucleation rate on the interfacial 
energy is found primarily in the argument of the exponential term, namely 
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( )3exp SLJ γ−∝ , while the pre-exponential coefficient, eq (7), exhibits a much 

weaker dependence on the interfacial energy SLJ γ∝0 . 

The classical theory has been widely applied to study nucleation of inorganic 
substances including some chromates, iodates, molybdates, oxalates, selenates, 
thiocianates, tungstates (Nakai, 1969; Nielsen and Söhnel, 1971; Söhnel and Mullin, 
1988). Nucleation studies on organic substances and biochemicals have increased in 
the last decades. Compounds of industrial and practical importance like adipic acid, 
albendasol, amino acids, aspargine, lovastatin, paracetamol, proteins, succinic acid, 
tetracosane, and urea are included in these studies (Biscans and Laguerie, 1993; 
Black and Davey, 1988; Chen et al., 1993; Galkin and Velikov, 2000; Granberg et 
al., 2001; Hendriksen and Grant, 1995; Lee et al., 1976; Liszi and Liszi, 1993; Liszi 
et al., 1997; Mahajan and Kirwan, 1994; Myerson and Jang, 1995, 1996; Waghmare 
et al., 2000). The experimental procedures used for studying nucleation are very 
simple and much qualitative work has been done by preparing supersaturated 
solutions and observing the visible onset of nucleation. However, many of these 
methods yield low-reproducible results, and more advanced techniques have been 
developed such as crystalloluminiscence (Garten and Head, 1966), dilatometry (Lee 
et al., 1976), laser diffraction (Biscans and Laguerie, 1993), conductometry and 
refractometry (Nývlt et al., 1994), turbidimetry (He et al., 1995), differential 
scanning calorimetry (Myerson and Jang, 1995, 1996), interferometry (Mohan et 
al., 2000), high pressure nucleation (Waghmare et al., 2000), the use of 
electrodynamic levitation with light scattering (Izmailov et al., 1999; Mohan et al., 
2000), and the ultrasonic technique (Titiz-Sargut and Ulrich, 2002). 

Heterogeneous nucleation is in general a more important phenomenon in industrial 
crystallization practice than homogeneous nucleation. Heterogeneous nucleation 
can occur on suspended dust particles or apparatus surfaces having the function of 
active sites for nucleation. In the expression for heterogeneous nucleation  
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exp

STk
FJJ mSL ϑγθ

                                     (8) 

θ is a factor less than 1 that accounts for the fact that crystallization is carried out on 
a substrate with relatively low interfacial area, and hetJ 0  is related to the number of 
sites available for nucleation and hence the surface area of the nucleation substrate.  

In order to relate the experimental data to true homogeneous nucleation the 
macroscopic thermodynamic parameters responsible for nucleation, namely the 
driving force (supersaturation ratio, S) and the solid-liquid interfacial energy ( SLγ ) 
should be correctly defined (Mullin, 2001). Studies of solid-liquid interfaces 
(Matsuoka et al., 2002) have elucidated the existence of a continuous interface layer 
(diffuse layer) between the substrate crystal and the deposits of a structurally similar 
compound present in solution. Molecular characterization of the solution structure 
near the solid-liquid interface and its thermodynamics has been provided by using 
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molecular dynamics simulation (Uchida et al., 2003). Despite the many studies on 
solid-liquid interfaces, the determination of a key physical property like the solid-
liquid interfacial energy, SLγ , is still a difficult problem (Granberg and Rasmuson, 
2004; Wu and Nancollas, 1999). Values of the interfacial energy are normally 
obtained experimentally from determination of contact angles or from the 
dependence of the nucleation rate, J, on the supersaturation ratio, S, and on the 
temperature, T, the latter being described in next section. 

��	��������
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The classical theory of homogeneous nucleation summarized above assumes ideal 
stationary conditions and predicts immediate nucleation upon the creation of 
supersaturation in solution (e.g., by assessing a fast cooling). Contrarily to these 
expectations, some characteristic period of time must elapse from the attainment of 
supersaturation state up to the appearance of the first stable nuclei of detectable 
size. This macroscopic measure of the nucleation event is referred in literature 
(Walton, 1969; Mullin, 2001) as the induction time of nucleation, tind. 

The nucleation induction time consists of three components (Mullin, 2001): 

(i) the transient period (ttr), i.e., a relaxation time needed to achieve a quasi-steady-
state size distribution of molecular clusters as response to the imposed 
supersaturation; 

(ii) the period for the formation of stable nuclei, also called nucleation time (tn); and 

(iii) the period required for the critical nuclei to grow up to detectable dimensions, 
or growth time (tg). Thus, 

gntrind tttt ++=                                                           (9) 

At moderate levels of supersaturation and low viscosity, ttr is negligible (Mullin, 
2001; Myerson and Ginde, 1993; Söhnel and Mullin, 1988), i.e., the steady-state 
size distribution of clusters is achieved very quickly, no matter whether the 
nucleation is homogeneous or heterogeneous. Thus, the induction time is assumed 
to be a function of tn and tg only. If the physical conditions of the experiment 
minimizes the contribution of the growth time (i.e., tn >> tg) then the nucleation step 
is rate controlling and according to the classical theory of homogeneous nucleation, 
the induction time is related inversely to the nucleation rate ( 1

ind
−∝ Jt ). These 

assumptions, in combination with eq (6), allow expressing the induction time as a 
function of important crystallization variables like supersaturation, temperature and 
interfacial energy as follows 

( )233

32
1

0
1
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ln

lnlnln
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JJt SLm γϑ

+=∝ −−                                    (10) 
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Equation (10) predicts a linear dependence between indtln  and ( ) 23 ln −− ST  when the 
value of the interfacial energy and the pre-exponential factor are constant and 
independent of supersaturation and temperature. Then from the slope 

( ) ( )( ) 33223 /ln/ln kFSTdtd SLmind γϑβ == −−                              (11) 

of such a linear plot, the interfacial energy SLγ  can be determined over a wide 
range of supersaturation and temperature. 

�
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Supersaturated solutions are metastable, i.e., crystallization is more likely to occur 
as the level of supersaturation increases. However, there is a maximum 
supersaturation level that must be reached otherwise nucleation can take a long time 
to occur. The maximum supersaturation level represents the limit of metastability. 
Thus, the metastable zone width is defined as the region between the saturation 
(solubility curve) and the metastability limit (maximum supersaturation) beyond 
which spontaneous nucleation rapidly takes place. For instance, for a substance with 
a solubility curve as shown in Figure 3, cooling the undersaturated solution (right 
side of solubility curve) with the concentration C leads to the temperature T*, at 
which the solution is just in equilibrium with the solid phase. Following the 
operating line, at a constant cooling rate, a supersaturated solution is created. The 
supersaturation, ∆C=C−C*, will increase proportionally to the undercooling, 
∆T=T*−T, until the metastability limit Tmet is reached, at which the solid phase is 
formed.  

 
Figure 3. Determination of metastable zone width in solutions during cooling 

crystallization. 
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The metastable zone width can be expressed as a maximum possible undercooling 
∆Tmax=T*−Tmet, corresponding to a maximum supersaturation ∆Cmax=C−C*

met that a 
solution will tolerate before nucleating. 

The measurement of MZW is in general carried out by the polythermal method 
(Kim and Ryu, 1997; Mullin and Jancic, 1979; Nývlt, 1968), i.e., by using a 
constant cooling rate to generate supersaturation. The nuclei are detected visually or 
instrumentally. Theoretical models have been derived to estimate the metastable 
zone width in crystallizers acting with homogeneous nucleation, heterogeneous 
nucleation, and surface nucleation (Kim and Mersmann, 2001). In contrast to the 
saturation boundary, the supersaturation boundary that delimits the metastable zone 
width is not defined thermodynamically. The MZW is strongly influenced by a 
number of factors such as temperature, thermal history, cooling rate, mechanical 
effects (agitation, shaking, knocking, ultrasonic), experimental setup, measuring 
technique, nature of solution, pH, and of course, by the presence of admixtures 
(Nývlt et al., 1970, 1985; Mullin, 2001). Thus, the MZW cannot be considered as a 
characteristic property of a crystallizing system. However, the knowledge about the 
MZW for each particular crystallizing system and parameters influencing on it is 
important for industrial applications (Myerson and Ginde, 1993). 

���� ��������8��0���

Following nucleation, crystals continue growing in solution. Crystal growth is 
carried out in two successive steps: diffusional transport of solute molecules 
(growth units) from the supersaturated bulk solution to the crystal surface, and 
surface integration of growth units oriented for incorporation into the crystal lattice 
at appropriate sites. Both steps, diffusion and integration, can occur in a so-called 
adsorbed layer (Clontz and McCabe, 1971; Garside et al., 1979; Mullin, 2001) as 
shown in Figure 4. 

 
Figure 4. Adsorbed layer of solute on the surface of a growing crystal. �, AmBn × pH2O; 

�, hydrated A+n ions; �, hydrated B-m ions (After Randolph and Larson, 1988). 
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Figure 5. Crystal growth model. (a) Continuous growth, (b) surface nucleation growth 

(birth and spread), (c) continuous-step growth (screw dislocation or BCF) 
(After Randolph and Larson, 1988). 

 

The adsorbed layer is composed of partially ordered solute, perhaps in a partially 
desolvated lattice. The thickness of this layer is related to the relative rates of 
diffusion and surface integration. 

In the diffusion step, solvated solute must desolvate at the surface, and the solvent 
must diffuse away from the surface. At some point near the surface, surface 
integration mechanisms predominate over diffusion mechanisms. 

The integration step has three categories (Garside, 1984), continuous growth, 
surface nucleation growth (birth and spread), and continuous-step growth (screw 
dislocation). The continuous growth mechanism assumes a rough surface, as shown 
in Figure 5(a), where the growth units are oriented to and integrated at sites with the 
lowest energy. The number of such sites can be large and randomly distributed over 
the surface. Surface nucleation growth shown in Figure 5(b) is controlled by the 
frequency of formation (birth) of two-dimensional nuclei on the smooth face of a 
growing crystal and a subsequent addition of growth units (spread) around the 
nucleus, the latter being much more rapid because of the lower energy 
requirements. The continuous-step growth mechanism, known as BCF after Burton, 
Cabrera, and Frank (1951), considers a lattice distortion in which the attachment of 
growth units to the crystal face results in the development of a spiral growth pattern 
or a screw dislocation as shown in Figure 5(c). 
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A relation between internal crystal structure and crystal growth is established by the 
equilibrium form, i.e., the morphology of a crystal obtained with a minimum energy 
as dictated by the Wulff condition. In early works, Donnay and Harker (1937) used 
simple lattice geometry rules to isolate the likely crystallographic growth planes. In 
combination with the Bravais-Friedel laws the plane area is related with its 
interplanar distance, hkld , which in turn is a measure of the linear growth rate. Thus, 
thinner growth planes grow faster, hklhkl dR /1∝ . The Bravais-Friedel-Donnay-
Harker (BFDH) law may be summarized as “The greater the interplanar spacing, 

hkld , the greater the morphological importance of the corresponding crystal plane   
{h k l}”. The primary downfall of this model is that it is substantiated by empirical 
observation only and does not consider specific interatomic or intermolecular 
energetic interactions, such as hydrogen bonding interactions, influencing the 
crystal morphology. However, it is always useful for identifying important faces 
that may be present in the crystal. 

In a later work, Hartman and Perdok (1955a−c) 
suggested a general quantitative method by 
which the equilibrium form can be deduced from 
the packing density that is related to a periodic 
bond chain (PBC) vector (Figure 6). Crystal 
faces with highest density and parallel to at least 
two PBC vectors are called F-faces (flat), faces 
with unidirectional PBC are called S-faces 
(stepped), and surfaces without PBC are called 
K-faces (kinked). Hartman-Perdok theory was 
developed by Hartman and Bennema (1980) in 
order to predict relative face growth rates of 
organic molecular crystals via calculation of the 
slice and attachment energy. 

 
 

Figure 6. The F, S, and K faces 
according to the PBC 
concept (After Hartman 
and Perdok, 1955a) 
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The slice energy (Eslice) is released upon the formation of a new growth slice of 
thickness hkld . The attachment energy (AE, attE ) is the energy released when the 
new slice is added to the (h k l) crystal face. The lower the attachment energy of the 
face (h k l), the lower the growth rate normal to that face. Thus, the attachment 
energy is a more reasonable measure of the face growth rate 

hklhklatt dRE /1∝∝                                                     (12) 
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Attachment energies for molecular crystals can be calculated using interatomic 
potential functions and force field parameters describing the interaction energies 
between all the atoms in the lattice. Attachment energy is expressed as the 
difference between the total crystal lattice energy and the slice energy. 

Eatt = Ecr −  Eslice                                                        (13) 

!�����������

BFDH and AE methods have been implemented in several computer programs, e.g., 
Cerius2 (BIOSYM/Molecular Simulations, 1995), and Habit95 (Clydesdale et al., 
1996). These molecular modelling programs are especially useful in the study of the 
effect of tailor-made additives on nucleation, growth and morphology of organic 
molecular crystals, and they have been successfully applied in work of Myerson and 
Jang (1995) to establish a relation between binding energy and metastable zone 
width for adipic acid in presence of additives, Givand and co-workers (1998) on the 
prediction of L-isoleucine crystal morphology, and by others (Clydesdale and 
Roberts, 1995; Myerson et al., 1996; Pfefer and Boistelle, 1996, 2000; and 
Weissbuch et al., 1985, 1987, 1995). 
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One of the challenging problems in industrial crystallization practice is to deal with 
the manufacture of highly purified products (e.g., inorganic bulk chemicals, and fine 
and specialty chemicals such as pharmaceuticals, biochemicals, and agrochemicals) 
from commonly impure or admixed solutions. The term admixture (Nývlt and 
Ulrich, 1995) denotes any soluble molecule present in solution, besides the 
crystallizing compound, that itself does not undergo crystallization as a separate 
solid under given conditions. Admixtures include molecules of non-reacted 
reactants and reaction by-products, soluble impurities, solvent molecules and 
additives like inorganic salts and surface-active substances. The effect of solvents 
on crystallization has been widely studied (Meenan et al., 2002). Thus, this review 
is focused mainly to the influence of impurities and additives. In organic chemistry, 
admixtures like by-products, intermediates, generic impurities, and reactants are 
often structurally similar to the crystallizing substance. These admixtures may 
sometimes be described as having one part that stereochemically resembles and is 
compatible with the crystallizing substance, and another part having substituent 
groups or modified side chains. The identical part of the admixture molecule is 
involved in molecular recognition and in stereo-selective adsorption at the surface 
of one or more specific crystal faces. The other unlike part, differing in energetics, 
functionality, shape, and steric configuration poison the growing faces and this may 
likely be the reason of different behavior and properties in a crystallization system. 

Admixtures may influence the nucleation behavior of a crystallizing system and 
crystal growth already at very low concentrations (Meenan et al., 2002; Weissbuch 
et al., 1995). 

It is known for a long time that the presence of traces of colloidal substances such 
as gelatin can suppress nucleation in aqueous solutions, and several surface-active 
agents also exert a strong inhibiting effect. As it has been found in the case of 
caproic acid impurity in adipic acid (Narang and Sherwood, 1978), the 
incorporation of the impurity occurs preferentially into the developing nucleus. This 
incorporation renders the nucleus less stable than that formed in pure solutions, and 
consequently, larger activation energy for nucleation must be overcome. Most of the 
papers dealing with the influence of admixtures on nucleation are either about 
homogeneous (Davey, 1982; Garten and Head, 1966; Myerson and Jang, 1995, 
1996) or heterogeneous primary nucleation (van der Leeden et al., 1993). The effect 
of admixtures on nucleation is poorly understood and cannot clearly be predicted so 
far. As the effect of admixtures is closely related to a given system it cannot be 
simply generalized, and most of the variables measured in the actual studies are 
correlated empirically. A universal and consistent explanation of the phenomena of 
nucleation inhibition or nucleation enhancement by admixtures is still not available, 
but some attempts are emerging. 
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The presence of additives or impurities in solution can affect the equilibrium 
solubility (xeq) which may be increased or decreased (Mullin, 2001). Besides 
changes in solubility, the action of soluble impurities and additives can be related to 
different mechanisms, e.g., alteration of the solution structure or the structural 
properties of the interface by chemical reaction, complex formation or ion paring in 
solution, by physical or chemical adsorption at the interface or on the surface of 
homogeneous and heterogeneous nuclei (Mullin, 2001). The action of insoluble 
impurities and additives is also difficult to predict to date. 

Nucleation kinetics is enhanced in systems where the admixture reacts with the 
solute molecule to form a less soluble compound (Nývlt and Ulrich, 1995). 
Nucleation is reduced when admixtures occupy active growth sites on nuclei or 
heteronuclei. For instance, active ions of inorganic additives, with a strong tendency 
to form coordination complexes, can create heteronuclei that redistribute the solute 
molecules in the direction to the center of these heteronuclei, thus decreasing 
effectively the supersaturation, and consequently decreasing the nucleation rate 
(Nývlt and Ulrich, 1995). The mass action and the electrostatic interactions of the 
admixtures can explain this effect. 

Admixtures can influence the induction time for nucleation, and consequently, can 
affect the width of the metastable zone, depending on the type of admixture and its 
concentration in solution (Ginde and Myerson, 1993). A general effect of a series of 
structurally similar additives on nucleation (e.g., on induction time) of paracetamol, 
has been studied by Hendriksen et al. (1995, 1996, 1998). A delay in nucleation and 
growth reduction in most cases leads to an increase in induction time and an 
increase in metastable zone width. Contrary to this, enhanced nucleation with a 
moderate growth reduction can reduce induction time compared to pure systems. 
Whereas admixtures can enhance heterogeneous nucleation, activated nucleation on 
the surface of crystals can be reduced dramatically, when active sites are blocked 
(Mersmann, 1996). For this reason, the influence of admixtures on the induction 
time for nucleation and on the width of the metastable zone is extremely difficult to 
predict in a general way and the actual physical processes have to be considered 
individually. 

The dominating physical parameter of the nucleation activation energy, eq (4), is 
the interfacial energy. Hence, the effect of admixtures on nucleation may be 
evaluated in terms of the influence on the solid-liquid interfacial energy. However, 
it must be kept in mind that very little is known about the properties of the pre-
nucleus structure, and that even though classical nucleation theory considers the 
clusters to be fully ordered solid particles, this is not necessarily in accordance with 
the physical reality. 

The presence of admixture molecules in solution can affect the overall crystal 
growth (Kubota et al., 2000; Meenan et al., 2002). Some admixtures can suppress 
growth entirely, some may enhance growth, whilst others may exert a highly 
selective effect, acting only on certain crystallographic faces and thus modifying the 
crystal shape. Thus, the face growth rates may be increased, decreased, or remain 
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the same in the presence of admixtures. Studies on the modification of the crystal 
properties of paracetamol (Femi-Oyewo and Spring, 1994) have shown that crystal 
shape changes from prismatic to rectangular shape in presence of gelatin, to 
triangular shape in presence of agar and to a rod-like shape in presence of 
polyvinylpyrrolidone. Admixtures may also be built into the crystal, especially if 
there is some degree of lattice similarity. Chow et al. (1985) report that the presence 
of the impurity p-acetoxyacetanilide (PAA) slows the crystallization of paracetamol 
and is incorporated into the crystal lattice by a small proportion (1%). 

Nývlt and Ulrich (1995) suggest that there is a similarity between the curve of the 
nucleation rate versus admixture concentration and adsorption isotherms of surface-
active substances, and that this resemblance indicates a direct link between the 
nucleation rate and the adsorption of the admixture on the surface. Lechuga-
Ballesteros and Rodrigues-Hornedo (1993) related the growth rate of L-alanine in 
presence of L-phenylalanine and L-leucine with the surface coverage of the 
admixture using a Langmuir isotherm. Other authors (Kitamura and Nakamura, 
1999) have assumed that adsorption equilibrium is established instantly during the 
growth process of L-glutamic acid in presence of admixtures (L-valine, L-leucine, 
L-isoleucine and L-norleucine), and have expressed the amount of admixtures 
included in crystals by Langmuir and Freundlich isotherms. 

Adsorption has two effects. Adsorption of admixtures on the nucleus surface 
generally provides active sites for the nucleation (van der Leeden et al., 1993). This 
effect reduces the interfacial energy, SLγ , thus reducing the required free energy for 
the formation of nuclei and resulting in greater surface nucleation, e.g., in the birth 
and spread mechanism of growth (Davey, 1982). This effect contributes also to a 
narrowed step packing in BCF growth, and consequently to an increased growth 
rate. On the other hand, admixture adsorption on the surface of 2D and 3D 
subcritical nuclei can generate centers that can be less active than the active centers 
available in the absence of the admixture. This effect results in an increase of the 
interfacial energy that leads to a decreased growth of embryos to larger than critical 
size, thus inhibiting nucleation (van der Leeden et al., 1993). 

The effect of admixtures on nucleation is ultimately related to the strength of 
intermolecular bonds that form during the adsorption process (Meenan et al., 2002). 
Admixtures can adsorb irreversibly into the host nucleus surface by specific 
interactions with their functional groups and this effect can be strengthened by 
further deposition of solute molecules onto or next to the admixture molecule 
(Hendriksen et al., 1995, 1996). Specific and strong interactions, such as 
electrostatic, van der Waals and hydrogen bonding interactions between functional 
groups of the admixture and the nucleus surface, effectively determine whether the 
admixture will adsorb. In some cases, the admixture actually substitutes in the 
crystal lattice, or forms an adsorbate on the crystal surface (Berkovitch-Yellin, 
1985; Ziller and Rupprecht, 1989). 



21 

The facility by which the admixture molecule can be incorporated depends on its 
similarity in size, shape and intermolecular interactions with the host molecule. 
Such reasoning has traditionally been applied to explain the influence on 
crystallization of structurally related substances or so-called "tailor-made" additives 
(Weissbuch et al., 1985, 1987, 1995). 

A wider theoretical and experimental description of the influence of admixtures on 
crystallization has been published elsewhere (Davey et al., 1991; Meenan et al., 
2002; Mullin, 2001; Nývlt and Ulrich, 1995; Nývlt et al., 1985; Randolph and 
Larson, 1988; Weissbuch et al., 1995). 
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In this chapter, solubility of pure VAN in 2-propanol+water is presented and 
compared with literature data. Then, the measurement of the metastable zone width 
and change in shape (aspect ratio) of single crystals of VAN in presence and 
absence of admixtures is described in an attempt to determine whether admixtures 
have some effect on crystallization of VAN. After that, primary nucleation of VAN 
is investigated in different systems with and without admixtures. The underlying 
physical principles and the description of a novel apparatus, designed and 
constructed for nucleation experiments, are presented in detail. Nucleation induction 
time results indicate a stochastic behavior in the systems under study, and this effect 
is analyzed using statistical methods. Regardless of the large but not unexpected 
spread, induction times are used to estimate interfacial energy with acceptable 
statistical confidence. This is the first time that interfacial energy for VAN in 
presence and absence of admixtures is investigated. 

$������!
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VAN (vanillin, 99.9 mass % of USP, BP and Eur.Ph. grade), and the admixtures 
(Figure 1): AVA (acetovanillone, 98 mass %), EVA (ethylvanillin, 98 mass %), 
GUA (guaiacol, 98 mass %), GUE (guaethol, 98 mass %), HAP (4-hydroxy-
acetophenone, 98 mass %), HBA (4-hydroxy-benzaldehyde, 98 mass %), and VAC 
(vanillic acid, 97 mass %) all supplied by Borregaard Synthesis (Norway), were 
used as received. 2-propanol (99.5 mass %) supplied by Merck EuroLab (Sweden) 
and water (distilled, ion-exchanged and filtered) was used to prepare 2-
propanol/water mixtures (20 mass % of 2-propanol on a solute-free basis). 

$��� 7����
�
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Vanillin powder is very soluble in 2-propanol, e.g., 228 g/kg solvent (74.62×10−3 
mole fraction) at 278 K and 784 g/kg solvent (217.07×10−3 mole fraction) at 303.25 
K (Hussain, 1998), but slightly soluble in pure water, e.g., from 4 g to 23 g in 1 kg 
water (0.46−2.73×10−3 mole fraction) in the range 278.15−313.15 K, respectively 
(Budavari, 1996; Hussain, 1998) as illustrated in Figure 7. The mole fraction is 
determined as the number of moles of solute (vanillin) per total number of moles in 
the whole system (solute+solvents). 

Water miscible solvents like 2-propanol are appropriate to use as a co-solvent in 
order to enhance the solubility of VAN. A binary solvent mixture consisting of 20 
mass % of isopropanol has been found to provide the desired properties for the 
particular crystallization system of VAN. In this work, solubility of pure VAN in 2-
propanol/water is determined in the temperature range 283.15−308.15 K (Paper I, 
Pino-García and Rasmuson, 2003) by the gravimetric method that has proved to be 
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useful for other compounds like lobenzarit disodium (Paper V, Pino-García and 
Rasmuson, 1998). 

The experimental set-up consists of a thermostated bath standing on a serial 
magnetic stirrer. Equilibration cells (glass flasks, with a Teflon-coated magnetic 
stirring bar) are filled with excess solid VAN and the solvent mixture, closed with 
screw caps, and sealed up with Parafilm to prevent evaporation losses. The 
equilibrium cells are immersed in the thermostated bath and the suspension of 
crystalline VAN is continuously stirred during 96 hours at the selected constant bath 
temperature. Samples of the clear saturated solution (approximately 5 cm3) are 
drawn out of the equilibration cell using a preheated syringe and are transferred 
through a 0.45 µm membrane filter into a sample vial for drying. The solubility 
concentration, Ceq, is expressed in mass units (grams of solute per kilogram solvent 
on a solute-free basis). 

The solubility results Ceq, reported in Table 1, represent the arithmetic means of 
three samples from each solution at the corresponding temperature, and for each 
value, the standard error SEC is given. The average standard error is about 3 %. For 
convenience, the solubility is also expressed in terms of mole fraction, xeq, as given 
in Table 1 and plotted in Figure 7. The uncertainty (standard error) in the estimated 
mole fraction SEx is calculated as a propagation of the uncertainty in the estimated 
mass concentration SEC as (Skoog and Leary, 1992) 

eqeq

SESE
Cx

Cx =                                                               (14) 

 

Table 1. Solubility of Vanillin in 2-Propanol/Watera 

T 
(K) 

Ceq±SEC 
(g/kg solvent) 

(xeq±SEx) × 103 
(mole/mole) 

283.15±0.05 24.20±0.27 3.32±0.04 

288.15±0.05 39.15±0.39 5.36±0.05 

293.15±0.05 61.80±0.33 8.43±0.05 

298.15±0.05 101.04±2.08 13.71±0.28 

303.15±0.05 184.54±1.77 24.76±0.24 

308.15±0.05 378.58±11.61 49.51±1.52 
a 20 mass % of 2-propanol on a solute-free basis. 
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Figure 7. Solubility of vanillin in water, 2-propanol/water solutions and ideal solubility. 
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The results obtained in this work are in good agreement with those reported in the 
literature (Hussain et al., 1998, 2001) for the same system (Figure 7). 

The solubility data presented in Table 1 have been correlated by the semi-empirical 
expression: 

T
T

x logC
B

Alog eq ++=                                               (15) 

where the fitting parameters A=(8.072±0.692)×10−11, B=(−3.511±0.311)×10−9, and 
C=1. The resulting correlation coefficient r2 = 1 indicates an excellent accuracy for 
the estimated function. 

The ideal solubility of a pure vanillin idx  (with 1id =γ ) is calculated from equation 
(Walas, 1985) 
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x γ               (16) 

and the results are shown in Figure 7. The enthalpy of fusion of vanillin ∆Hm=20.3 
kJ mol−1 was determined from a DSC-2920 (TA Instruments) differential scanning 
calorimeter at the melting point Tm=355.15 K. The heat capacity ∆Cp was 
approximated with the entropy of fusion (Hildebrand et al., 1970) ∆Sm = ∆Hm/Tm ≈ 
∆Cp = 57.2 J mol−1 K−1. 

The admixtures used in this work are fully soluble in solvents like water and 
alcohols (Budavari, 1996). The activity coefficient ratios, estimated by using 
UNIFAC group-contribution method (Pino-Garcia, 2000), including admixtures at a 
concentration of 1 mole % with respect to solute in solution, and at equal 
supersaturation ratios resulted to be unchanged in relation to the value obtained for 
pure vanillin solutions. At admixture concentration of 10 mole %, the activity 
coefficient ratio is reduced by less than 0.6 percent in all cases. Since the admixture 
concentration is given with respect to total solute in solution, i.e., 
vanillin+admixture, even at 10 mole % level the actual concentration of the 
admixture in the solution is still very low. The solubility reflects the activity of the 
solid phase and the solvents. For instance, in a saturated solution of vanillin at 
298.15 K (25 °C) in which vanillic acid is present at 10 mole % level (respect to 
solute only) the actual concentrations (mole fractions) are approximately: 918, 69, 
12, and 1×10−3 for water, 2-propanol, vanillin, and the admixture vanillic acid, 
respectively. 

It is concluded that the influence of admixtures on solubility is negligible. 
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The metastable zone width (MZW) is measured by the polythermal method as 
proposed by Nývlt (1968). 

For VAN solutions, MZW is determined with and without admixtures using a 
thermostated nucleation cell (100 cm3 cylindrical, jacketed, glass vessel with a 
mechanical agitator) as reported in Paper IV (Pino-García et al., 1999). Solutions of 
VAN are saturated at TS = 308.15 K, and 1 mole % of the admixture is added to the 
solution when applicable. The admixture concentration is given as number of moles 
of admixture per total number of moles of solute, i.e., on solvent−free basis. The 
actual experiment starts by decreasing the temperature gradually at a constant 
cooling rate of 1.5 K/min until the nucleation occurs as detected visually (naked 
eye). The metastable zone width, ∆Tmax, is determined as the difference between the 
saturation temperature (TS) and the undercooling temperature at which nucleation 
occurred. 

The MZW of pure VAN is ∆TVAN=7.4±0.8 K. The average value and the uncertainty 
(standard deviation) of the MZW were determined over three experiments that were 
performed starting from a fresh solution each. The average coefficient of variation 
(CV) is 10.7%. The average values of the MZW of VAN in presence and absence of 
admixtures are given in Table 2. 

The uncertainties of ∆TADM values are in the same order of magnitude as that of pure 
VAN, i.e., below 1 K. 

Admixtures AVA and HBA did not affect considerably the metastable zone width 
under the conditions studied. However, EVA, GUA, GUE and HAP caused 
significant reduction, while VAC increased the width of the metastable zone. 

It is concluded that the admixtures studied in this work can affect nucleation of 
vanillin. 

 

Table 2. Metastable Zone Width for Nucleation of Vanillin With and Without 
Admixtures 

Admixture AVA EVA GUA GUE HAP HBA VAC Pure VAN 

∆TADM, K 7.6 4.6 6.4 3.6 4.2 7.1 9.0 7.4 

ln Sa 0.96 0.62 0.83 0.45 0.55 0.90 1.14 0.94 
a according to eq (1) 

$�$� ��������:��
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Single crystals of VAN are obtained by evaporation of the solvent from solutions 
with and without admixtures. A mother solution is prepared with a VAN 
concentration of 47 g/l in a 2-propanol/water mixture (20 mass % of 2-propanol). 
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The mother solution is distributed in a series of plastic Petri dishes and admixtures 
are added with respect to VAN at 2 and 4 mole % levels. Solutions are allowed to 
evaporate over 24 h at room temperature. From each Petri dish, the resultant crystals 
are separated from the solution by filtration, and dried in an air oven at 40 °C. A 
selected number of crystals as indicated in Figure 8 is characterized under 
microscope. 

The crystal habit of VAN crystals is analyzed by their aspect ratio (length-to-width 
ratio). Pure VAN crystals were obtained with a rod/needle-like shape, growing 
suspended on the surface of the solution. Eighty single crystals obtained from pure 
VAN solutions were analyzed having an overall size of 2.1×0.7 mm, resulting in an 
average aspect ratio of 3 and a standard deviation of 2. 

The shape of crystals grown in presence of admixtures resembled the shape of VAN 
crystals obtained from pure solutions. However, the average aspect ratio always 
increased for the crystals obtained in presence of admixtures as illustrated in Figure 
8. The uncertainty bars in Figure 8 represent the standard deviations, being in the 
range from 1 (AVA 2 mole %) to 11 (VAC 4 mole %). In general, admixtures at      
4 mole % concentration showed a larger effect on the aspect ratio than those at           
2 mole %. AVA and GUE did not affect significantly the aspect ratio at 2 mole %. 

AVA, EVA and GUA had almost the same effect at both 2 and 4 mole %. GUE, 
HAP, HBA and VAC caused largest shifts in the direction of increasing the aspect 
ratio as the admixture concentration increased. 
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Figure 8. Aspect ratios of vanillin crystals in the presence of admixtures. For each case 

the number of crystals analyzed is given. 
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The crystals grown in the presence of EVA, HBA, and VAC were much more 
numerous and smaller than those grown with AVA, GUA, and GUE. 

Crystals of VAN grow as needles along the crystallographic B-axis. The increased 
aspect ratio in presence of admixtures, as reported in Figure 8, is an indication that 
the admixtures adsorb preferentially to those faces lying parallel to the B-axis, e.g., 
{0 0 1}, {1 0 0}, and {−1 0 1}, thus reducing the growth rates on these faces. 
Consequently, the crystals grow preferentially in the direction along the B-axis. 
This results in an increased length-to-width ratio of the needles. 

It is concluded that the admixtures studied in this work can affect the crystal shape 
and hence the growth of vanillin crystals. The effect increases as the admixture 
concentration increases. 
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A novel multicell nucleation device (Figure 9) has been designed and constructed 
(Paper I, Pino-García and Rasmuson, 2003). The main ideas behind this 
development are: 

8�9�  an increased experimental productivity by operating many nucleation cells 
simultaneously in parallel; 

8�9�  an easy attainment of the appropriate thermal shock (quick cooling) needed to 
establish a constant and homogeneous temperature, and hence supersaturation, 
by using materials with higher heat conductivity than glass, a thin wall over 
which the heat transfer is carried out, and a small cell volume giving a high 
surface area to volume ratio; 

8�9�  a continuous supervision of the nucleation behavior in all the cells by video 
recording; 

8�9�  reduced consumption of chemicals by using small solution volumes which is 
essential when dealing with expensive fine chemicals and pharmaceuticals. 

The multicell nucleation block (MCNB) presented schematically in Figure 9 
consists of three flow channels through which a cold or a hot fluid flows 
continuously, and a set of 15 identical nucleation cells of volume about 6 cm3 each. 

The cover and the base of the cells are made of chemically resistant plastic plates 
with the property to be optically transparent to facilitate the visual detection of the 
onset of crystallization. 
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Figure 9. Experimental setup and enlarged view of an individual nucleation cell.           

(1) Multicell nucleation block (MCNB); (2) multiple magnetic position stirrer; 
(3) fiber-optic illumination system; (4) cryostat; (5) thermostat; (6) video 
camera; (7) video recorder; (8) color television monitor; (T) temperature sensor. 

 

The MCNB is used in conjunction with the other components of the experimental 
setup to measure induction times for nucleation at controlled conditions 
(temperature, agitation speed, illumination and fluid flow). Further details are given 
in Paper I (Pino-García and Rasmuson, 2003). 
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Mother solutions are prepared by mixing a predefined amount of solid VAN in a 
solvent mixture (2-propanol/water) using a glass flask (250 cm3). When applied, the 
admixture is added to the solution at either 1 or 10 mole % level. The admixture 
concentration is given as moles of admixture per total number of moles of solute, 
i.e., calculated on the basis of the total amount of solvent-free solute present in 
solution. The flask is closed with a screw cap and sealed up with Parafilm to 
prevent evaporation losses. The crystalline VAN is allowed to dissolve completely 
by immersing the flask in a thermostated water bath under gentle warming and 
mixing for at least 12 hours. Just about 1 hour before the start of each experiment, 
the fluid from the thermostat is allowed to circulate through the flow channels of the 
MCNB. The temperature is set and stabilized at a value TH which is approximately 
5 K above the corresponding saturation temperature TS of the solution. This is done 
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to ensure that no nuclei are formed during filling the solution in the cells and that no 
nuclei are present from the start of the experiment. A preheated syringe, provided 
with a 0.45 µm membrane filter in its tip, is used to transfer the mother solution 
from the flask into the 15 thermostated nucleation cells of the MCNB. The solution 
is introduced into each individual nucleation cell through one of the draining tubes 
located in the cover of the cells. The cells are completely filled with solution and 
the tubes are immediately closed. The clear solution in the nucleation cells is stirred 
with teflon-coated magnetic spinbars at 500 rpm. Then, the light source, the video 
camera, the videocassette recorder and the TV set are turned on (objects 3, 6, 7, and 
8 in Figure 9) and the time function is included in the recordings. The starting 
temperature is registered. 

By lowering the temperature TH of the circulating water from the thermostat, the 
saturation temperature TS is slowly approached. The desired degree of 
supersaturation in the solutions is induced by quickly switching over to the 
circulating fluid of the cryostat instead, which has been steadily kept at the desired 
experimental temperature TC. The aim is to establish a supercooling ∆T = (TS – TC) 
as rapidly as possible and steadily keep the desired experimental temperature TC 
during the process for as long as is necessary for crystals to form in all the 
nucleation cells. All nucleation cells are continuously supervised by video recording 
and the sequences of the experiments are analyzed offline. The onset of nucleation 
is easily observed as a very rapid change in solution turbidity, and the event finishes 
with a total obscuration of the light through the solution. The aim is also to make 
the transient period of time negligible compared to the induction time. During the 
experiments, it was found that within 2 min of transient cooling time, about 95 % of 
the desired temperature change in the cells was established. Since the rate of 
nucleation has a very strong dependence on supercooling, it is reasonable to start 
the induction time measurement not until we are close to the final temperature. 
Hence, the measurement of the induction time is actually started 2 min after 
switching over to the circulating fluid of a cryostat. In order to exclude from the 
data those values corresponding to unstable temperatures, only experiments were 
the resulting induction times are equal or above 1 min are considered in the 
evaluation. 
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The induction times for nucleation of VAN in absence and presence of admixtures 
have been determined at different levels of supersaturation ratio S and absolute 
temperature T. Ten different solution concentrations, from 0.014 to 0.038 mole 
fractions (number of moles of solute vanillin+admixture per total number of moles 
in solution), and three different undercooling temperatures (283.15, 288.15 and 
293.15±0.05 K) were used alternatively to generate supersaturation ratios (as 
defined in eq 1) in the range 2.6−9.3. Then, the logarithms of the induction times for 
nucleation of vanillin in absence and presence of admixtures were plotted as a 
function of [(ln S)−2 T −3] as shown in Figures 10 and 11, respectively. 
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Figure 10. Induction time for nucleation of pure vanillin. 

 

For the case of pure vanillin solutions, the median (50th percentile) and the mean 
(arithmetic average) of the observed logarithmic induction times at each value of     
[(ln S)−2 T −3] are calculated and also plotted in Figure 10. By linear regression, a 
straight line is fitted to all the data and the slope and intercept are calculated for 
each individual admixture−VAN system (Figures 10 and 11). 

 �����������!�������

If the nucleation process were deterministic, we would expect to observe the same 
induction time in all the 15 cells of the MCNB if they were filled with the same 
mother solution, and were operated under equal conditions. However, the molecular 
aggregation that takes place spontaneously at random sites in the bulk solution and 
the subsequent nucleation, are intrinsically stochastic phenomena (section 6.4). 

These phenomena causes the nucleation data to be scattered and we need to verify 
whether there is a reasonable statistical confidence in the interfacial energy that is 
determined. 

In determining the "best" fit of the straight line through the experimental points the 
following assumptions were made: 

(i) Between the variables [ln tind] and [(ln S)−2 T −3], which, for convenience, will be 
called in this analysis output variable Y and input variable X, respectively, there is a 
linear relationship 
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Y = α + β X                                                                   (17) 

where α is the intercept and β is the slope of the straight line. 

(ii) Input variable X is determined with negligible error in comparison to the 
uncertainty in the determination of the output variable Y. 

0

1

2

3

4

5

6

7

8

0.0 0.1 0.2 0.3 0.4 0.5

AVA 1 mole %

0

1

2

3

4

5

6

7

8

0.0 0.1 0.2 0.3 0.4 0.5

EVA 1 mole %

0

1

2

3

4

5

6

7

8

0.0 0.1 0.2 0.3 0.4 0.5

HBA 1 mole %

0

1

2

3

4

5

6

7

8

0.0 0.1 0.2 0.3 0.4 0.5

HAP 1 mole %

0

1

2

3

4

5

6

7

8

0.0 0.1 0.2 0.3 0.4 0.5

GUA 1 mole %

0

1

2

3

4

5

6

7

8

0.0 0.1 0.2 0.3 0.4 0.5

GUE 1 mole %

0

1

2

3

4

5

6

7

8

0.0 0.1 0.2 0.3 0.4 0.5

VAC 1 mole %

0

1

2

3

4

5

6

7

8

0.0 0.1 0.2 0.3 0.4 0.5

GUA 10 mole %

0

1

2

3

4

5

6

7

8

0.0 0.1 0.2 0.3 0.4 0.5

GUE 10 mole %

1

2

3

4

5

6

7

8

0.0 0.1 0.2 0.3 0.4 0.5

VAC 10 mole %

   [(ln S)-2 T -3 (K-3)] × 107   

   
  l

n 
[t

in
d (

m
in

)]

 

S

 
Figure 11. Induction time for nucleation of vanillin in presence of admixtures. 
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(iii) The results of observations Y1j, Y2j, … , Ynj of output variable Y, measured on 
the same Xj, represent independent random variables, i.e., the individual nucleation 
events are independent of each other. (j is a case number from 1 to 15 
corresponding to the variable X or [(ln S)−2 T −3] = 0.089, 0.106, 0.107, 0.122, 0.124, 
0.134, 0.168, 0.201, 0.237, 0.240, 0.289, 0.319, 0.323, 0.352 and 0.457×10−7, 
respectively.) 

(iv) Systematic errors are negligible. 

An extensive statistical analysis performed in Paper I (Pino-García and Rasmuson, 
2003) has revealed that: 

a) when induction time data are organized in frequency distribution histograms for 
different experiments and different cells, a Gaussian distribution is obtained, thus 
the induction time can be considered as a random variable, 

b) when a χ 2 statistical test is carried out (Figure 12), it is found that the cells in the 
MCNB do not nucleate systematically early or late, i.e., the order in which 
nucleation occurs in the cells does not depend on their particular position in the 
MCNB, and does not have a statistically significant influence on the results of 
induction time measurements, 

c) when the induction time residuals from the medians ( median
jj

median
j ŶYR −=

�
), the 

means ( mean
jj

mean
j ŶYR −= ) and all data ( dataall

jij
dataall

ij ŶYR −= ) are calculated and 

plotted with respect to the variable [(ln S)−2 T −3], they are normally distributed with 
a mean of zero and a constant variance. 

0

2

4

6

8

10

12

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Order of Occurrence (z )

Fr
eq

ue
nc

y 
N

um
be

r  
( ω

)  
  Observed

Expected

 
Figure 12. Histogram for a χ2 statistical test of significance. For any nucleation cell 
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That justifies the use of eq (10) in the description of data through a straight line, and 

d) the value of the slope of the straight line is statistically significant, thus the 
induction time data can be used to estimate interfacial energy values. 
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For the calculation of interfacial energy, eq (10) is fitted to the data of induction 
times for nucleation of VAN with and without admixtures as a function of the 
variable [T −3 (ln S)−2]. For each case, the slope of the linear regression, eq (11), and 
the intercept α are calculated by the method of least squares (Skoog and Leary, 
1992; Johnson, 2000) using the entire data sets (as opposed to only average values) 
and are given in Table 3. From the respective data the interfacial energy values are 
estimated and also presented in Table 3. 

 
Table 3. Interfacial Energies Calculated from Induction Time Data 

admixture and 
concentration in 
solution 

 
number of 
data points 

slope 
(β ± SEβ) × 10−7 

(K3) 

intercept 
α ± SEα  
(ln min) 

interfacial energy 
γ ± SEγ 

(mJ m−2) 
1 mole %     

AVA 100 7.7 ± 1.1 1.43 ± 0.20 7.00 ± 0.33 

EVA 103 7.4 ± 1.1 1.48 ± 0.20 6.92 ± 0.33 

GUA 99 11.6 ± 1.1 0.66 ± 0.21 8.03 ± 0.25 

GUE 102 12.5 ± 1.1 0.57 ± 0.22 8.24 ± 0.25 

HAP 102 8.5 ± 1.3 0.95 ± 0.24 7.24 ± 0.36 

HBA 98 9.6 ± 1.2 0.96 ± 0.23 7.54 ± 0.32 

VAC 94 8.0 ± 1.3 1.08 ± 0.26 7.09 ± 0.39 

10 mole %     

GUA 29 22.7 ± 4.7 -0.29 ± 1.08 10.05 ± 0.70 

GUE 20 20.0 ± 2.2 -1.72 ± 0.76 9.63 ± 0.34 

VAC 100 9.8 ± 1.5 2.97 ± 0.29 7.59 ± 0.38 

pure VAN     

medians 15 9.0 ± 1.3 1.50 ± 0.32 7.38 ± 0.36 

means 15 9.0 ± 1.3 1.37 ± 0.31 7.39 ± 0.35 

all data 414 8.6 ± 0.6 1.38 ± 0.13 7.27 ± 0.17 
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To calculate the interfacial energy, the molecular volume for vanillin 
ϑm=1.88×10−28 m3 and the spherical geometric factor F=16π/3 are used. The 
uncertainty in estimating the slopes (SEβ) and intercepts (SEα) are calculated by the 
method of least squares, and the uncertainty in estimating interfacial energy (SEγ), 
as reported in Table 3, is calculated as a propagation of the uncertainty in estimating 
slopes SEβ (Paper I, Pino-García and Rasmuson, 2003). The interfacial energy for 
pure vanillin is 7.3±0.2 mJ m−2. For systems containing admixtures, the interfacial 
energy values are in the range 6.9−8.2 mJ m−2 at admixture concentrations of 1 
mole %, and 7.6−10 mJ m−2 at 10 mole % level. 

Interfacial energies have been previously determined for a number of substances. 
Inorganic salts of low solubility generally give quite high values (30−150 mJ m−2) 
(He et al., 1995; Nielsen and Söhnel, 1971) while soluble inorganic salts generally 
give lower values (4−8 mJ m−2) (Söhnel and Mullin, 1988). Recent studies (Wen et 
al., 2002) indicate that γ  values for organic materials are unlikely to exceed          
20 mJ m−2. In organic crystals as VAN, interactions between molecules are 
dominated by van der Waals forces and hydrogen bonds, which in turn are 
responsible for bulk properties, such as interfacial energy γ. Because the strength of 
van der Waals forces and hydrogen bonds are weaker than the strength of metallic 
or ionic bonds, γ values of organic crystals are smaller than those of inorganic salts 
and minerals. Granberg et al. (2001) estimated the interfacial energy of paracetamol 
to be in the range 1.4−2.8 mJ m−2, whereas Hendriksen and Grant (1995) reported 
values between 1.7 and 3.5 mJ m−2 for the same substance. Interfacial energies of 
urea in alcohol/water solutions range between have 3.8−8.9 mJ m−2 (Lee et al., 
1976). 
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The commercial software package Cerius2 (version 2.0) developed by 
BIOSYM/Molecular Simulations (1995) has been used to evaluate the effect of 
admixtures on nucleation of VAN at the molecular level. In this Chapter, simulation 
results of the three-dimensional crystal structure of VAN is presented, the crystal 
morphology is predicted using Bravais-Friedel-Donnay-Harker (BFDH) and 
attachment energy (AE) methods, and calculation results of the interaction energy 
between admixture molecules and crystal surfaces are reported. 
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The monoclinic crystal structure (unit cell) of the stable polymorphic form of VAN 
(form I) (Figure 13) has been generated from the available crystallographic 
structural data (Velavan et al., 1995) that includes atom positions, space group P21, 
point group 2, and lattice parameters a=14.049 Å, b=7.874 Å, c=15.017 Å, 
β=115.45°, Z=8, and Dx=1.347 g cm−3. Yuan and co-workers (1996) have reported 
very similar parameters for the three-dimensional structure of VAN as obtained 
from single-crystal X-ray diffraction. 

In order to minimize the crystal lattice enthalpy, the lattice parameters are held 
fixed and molecular mechanics (MM) is applied. 

 
Figure 13. Monoclinic crystal structure (unit cell) of vanillin. Carbon, hydrogen and 

oxygen atoms are represented with gray, white and red sticks, respectively. 
Hydrogen bonding is represented with black dot lines. 



37 

Energy minimization proceeds by using the conjugate gradient 200 algorithm 
(Fletcher and Reeves, 1964) resulting in improved atom positions and leading to a 
stable crystalline structure. Molecular mechanics, as well as morphology calculation 
procedures, operate under a specified force field and energy expressions that 
describe the energy of interaction between all atoms of the model. For the VAN 
system, a generic force field (Dreiding 2.21) (Mayo et al., 1990) along with a 
charge equilibration method (QEq_neutral 1.0) (Rappé and Goddard, 1991) are used 
in the calculations. 

The calculated crystal lattice enthalpy, 

                              molkJHZHH M
TOT
Lattice

calc
Lattice /83.95/� −=−=  

which takes into account the difference in conformational energy between the 
molecules in the solid state and in gas phase, is compared with the experimental 
value, 

                              molkJRTHH SublLattice /07.942�
exp −=−∆−=  

which in turn is related to the sublimation enthalpy (Docherty and Meenan, 1999). 
The agreement between experimental and calculated values is excellent (the 
difference is 1.9 % only) if compared with the average difference between 
calculated and experimental lattice energies from a dataset of over 80 compounds, 
which is 6 % as reported by Docherty and Meenan (1999). Above, TOT

LatticeH  is the 
total potential energy per unit cell taking into account all valence contributions as 
well as all intra- and intermolecular interactions in the solid state; HM is the 
potential energy of a free molecule in gas phase; the sublimation enthalpy 

molkJH Subl /7.88=∆  as determined by Serpinskii et al. (1953) in the temperature 
interval (293−353 K); and the term  2RT  is a correction for the difference between 
the gas-phase enthalpy pV + 3RT and the estimated vibrational contribution to the 
crystal enthalpy ~6RT (Lifson et al., 1979). The simulated crystal structure matches 
very well the experimental structure reported by Yuan et al. (1996). 

Theoretical morphology of VAN can be calculated either by the Bravais-Friedel-
Donnay-Harker (BFDH) method or by the attachment energy (AE) approach as 
described in section 2.3. The AE method is expected to predict the shape of the 
crystal more accurately than the BFDH method. The number of possible faces, 
especially for the symmetry of VAN, is actually too high. In Figure 14, only the 
morphologically important growth faces in the crystal are visualized. These key 
faces are identified by the Miller indices (h k l) as (0 0 1), (0 0 –1), (1 0 0), (–1 0 0), 
(1 0 –1), (–1 0 1), (0 1 1), (0 1 –1), (0 –1 1), (0 –1 –1), (1 1 –1), (–1 1 1), (1 –1 –1), 
(–1 –1 1), (1 1 0), (–1 1 0), (1 –1 0), and (–1 –1 0). All these faces appear in both 
BFDH and AE morphologies. In calculating slice energies with the AE method, the 
most stable slice for each face (e.g., the one with the minimal energy) is found, 
which is the most likely slice to be involved in the growth process. Then, from eq 
(13) the attachment energy values are calculated. 
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Figure 14. Theoretical morphology of vanillin crystals predicted by the AE method. 
 

In Table 4, all the symmetry-related faces (h k l) are grouped into a common family 
{h k l}, e.g., faces (0 0 1) and (0 0 –1) are grouped into the family {0 0 1}. The 
crystal faces are ranked in Table 4 in order of decreasing slice thickness and relative 
area, or in order of increasing attachment energy. Thus, according to eq (12), those 
at the top of the list are more likely to be the slow-growing faces and those at the 
bottom, the fast-growing faces.  

 

Table 4. Morphology Parameters for Vanillin Predicted from AE Calculations 

 
crystal face 

relative area 
A 

slice thickness 
dhkl 

attachment energy (AE) 
hkl
attE−  

{h k l} (%) (Å) (kJ mol−1) 

0 0 1 17.2 13.6 21.2 

1 0 0 11.4 12.7 27.3 

1 0 -1 9.2 12.3 28.4 

0 1 1 3.9 6.8 49.3 

1 1 -1 1.3 6.6 53.2 

1 1 0 0.9 6.7 54.0 

0 2 0a 0.0 3.9 73.9 
a vanishing face. 
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Figure 15. Molecular arrangement in crystal surfaces of vanillin: (a) {0 0 1}, (b) {1 0 0}, 
(c) {1 0 −1}, (d) {0 1 1}, (e) {1 1 −1}, and (f) {1 1 0} (Paper II, Pino-García 
and Rasmuson, 2004). 

 

Faces like {0 2 0} do not appear in the morphology. This face is characterized by a 
large attachment energy (more than 3 times larger than AE for face {0 0 1}), with a 
corresponding large face growth rate that makes the face to grow faster than others 
do and vanish. 

Since the slow-growing faces will dominate the morphology, those at the top of the 
list are more likely to be the most important faces. 

The molecular arrangement for the visible faces listed in Table 4 is shown in Figure 
15, thus allowing the surface chemistry to be analyzed. The dotted lines in Figure 
15 marks the {h k l} surface plane, and each face cuts orthogonal into the plane of 
the paper sheet. 
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For each crystal surface, only four molecules are shown in Figure 15, and the depth 
of the surface slab is proportional to the corresponding crystallographic slice 
thickness (dhkl) obtained from morphology calculations (Table 4). The surfaces with 
larger dhkl are those with {0 0 1}, {1 0 0} and {1 0 –1} indices (Figure 15 a, b, and 
c). The other three families of surfaces {0 1 1}, {1 1 –1} and {1 1 0} (Figure 15 d, 
e, and f) show a more compact molecular arrangement in the surface slab. 

The largest of the slow-growing faces, the {0 0 1} face (Figure 15 a) is hydrophobic 
due to the hydrogens of the methoxy groups (−O−CH3) and the hydrogens of the 
aromatic rings (≡C−H). Second in importance are the faces {1 0 0} and {1 0 –1} 
having both hydrophobic (≡C−H) and hydrophilic (−OH and =C=O) sites. The 
smallest and fast-growing faces: {0 1 1}, {1 1 –1} and {1 1 0} differ significantly 
from the others showing a zigzag pattern, and the presence of H-bond donors and 
H-bond acceptors that can lead to strong molecular interactions with the 
environment. The surface chemistry of the predicted surfaces illustrates the 
complexity of understanding the various interactions that can lead to different 
crystallization behaviors. 
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Since crystal faces are developed from strong attractive forces between molecules 
forming a layer parallel to the face, then the rate of growth in a certain direction 
depends on the attachment energy between the layer of molecules on the surface 
and the rest of the crystal (Hartman and Perdok, 1955). The introduction of an 
admixture molecule can perturb the layer and the attachment energy for the various 
faces to different extents. Thus, a determination of the effect of admixtures on 
crystallization should include an analysis of the chemical interactions that take place 
at the crystal surface. 

In this section, interaction energy calculations are performed on the dominating 
faces, i.e., {0 0 1} and {1 0 0} which are characterized by a slow growth rate as 
determined from aspect ratio experiments in section 4.4, and distinguished by the 
lowest attachment energies as determined from morphology prediction in previous 
section (Table 4). In the calculations it is assumed that the solvent (2-
propanol+water) has no effect on the available conformation of the admixture 
molecule (Myerson and Jang, 1995, 1996). It is also assumed that the solvent 
molecules at the surface are replaced by the additive, and that the solvation of the 
surface by the solvent molecules is the same in each case. This assumption can be 
acceptable since we are interested in the relative interaction of the admixture 
molecule with the surface at low concentration. A surface slab for each face is 
cleaved from the crystal structure determined in previous section, and then extended 
to a length equivalent to 7×7 unit cells, and a depth of 15 Å. This allows creating a 
large block of fixed surface, called a superstructure, containing 392 molecules of 
VAN and having the same structure as a crystal surface. 
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Figure 16. Surface adsorption of an admixture molecule (VAC) in its optimal position and 

orientation on the {0 0 1} crystal surface of VAN: (upper) view along Z-axis, 
(lower) view along Y-axis. A Connolly surface, equivalent to van der Waals 
surface of molecules, is represented by a cyan dot surface. 
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Figure 17. Locations of the additive molecule on the surface during calculation of 

interaction energy by surface adsorption method. Perspective view from above. 
 

Two different methods, surface adsorption and lattice integration, have been used 
to calculate the interaction energy of an admixture molecule, viz., acetovanillone 
(AVA), ethylvanillin (EVA), guaiacol (GUA), guaethol (GUE), 4-hydroxy-
acetophenone (HAP), 4-hydroxy-benzaldehyde (HBA), vanillic acid (VAC), or the 
molecule of vanillin (VAN) itself (Figure 1) with a particular crystal surface of 
vanillin. The interaction energy of solvent molecules (water and 2-propanol) has 
also been evaluated in the calculations using the surface adsorption method. 

When the surface adsorption method is used (Figure 16), the admixture molecule is 
initially located on a central point on the crystal surface (position 0 in Figure 17). 
The crystalline surface is fixed, i.e., the surface itself does not change its structure, 
and only the admixture molecule can move. 

Molecular Mechanics minimization (MM) is applied to relax the strain of the 
admixture molecule and to find the optimum interaction. If the admixture has 
significant interaction with the crystal surface the interaction energy must be 
negative. The larger the absolute value of the energy is, the stronger the affinity of 
the additive to the surface. At that particular location, several orientations of the 
additive with respect to the surface are tried by rotating the molecule about the X, 
Y, and Z-axes with a step of 45° at a time. The same procedure is applied for eight 
new locations at the surface around the central point (Figure 17). The local 
minimum of the surface interaction energy at each location and orientation is 
registered, and from these data the “ global”  minimum is identified. 

The global minimum energy value obtained for the whole interacting system 
(surface+admixture), ESM, is used to calculate the interaction energy, ES, of the 
adsorbed additive molecule by subtracting the energy of a single additive molecule, 
EM, i.e., 

ES = ESM − EM                                                            (18a) 
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In the lattice integration method, an admixture molecule replaces one of the 
substrate molecules present in the crystal lattice at the surface (Figure 18). The 
admixture molecule is located in such a way that common functional groups match 
those of the substrate molecule. As in the adsorption method, the crystal surface is 
fixed and MM is applied to the admixture molecule. The number of calculations 
using this approach to determine the interaction energy (ELM) is reduced to the finite 
number of symmetry positions, i.e. two symmetry positions for the surface {0 0 1} 
and four for the surface {1 0 0}. The lattice interaction energy EL is obtained by 
subtracting the energy of the additive alone, EM, from the energy of the whole 
system, i.e., from the energy value calculated when the additive is integrated into 
the crystal lattice, ELM, i.e. 

EL = ELM − EM                                                              (18b) 

 

(a)

(b)

 
Figure 18. View over the face {0 0 1} of vanillin showing an admixture molecule (GUA, 

guaiacol) in the positions “ a”  and “ b”  selected as substitution centers in the 
crystal lattice at the surface when using the “ lattice integration”  approach. 
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An advantage of the lattice integration method is that the additive molecule interacts 
with the substrate molecules that are located under and sideways the admixture, 
while in the surface adsorption method the additive molecule interacts only with the 
molecules that are located on the surface. One of the drawbacks of both 
methodologies is the limitation of only using fixed, non-periodic surface. However, 
the lack of periodicity has been overcome by using a sufficiently large slab of 
surface in comparison to the size of admixture molecule. The energy of each 
individual additive molecule, EM, representing the conformational energy of the 
individual molecule in gas phase, is estimated using the charge equilibrium method 
mentioned above and an appropriate force field. From an initial arbitrary 
conformation, an isothermal constant volume (NVT) equilibrium Molecular 
Dynamics (MD) and Molecular Mechanics (MM) minimizations are applied to the 
admixture molecule to arrive to the optimal structure. This conformation can change 
when the admixture molecule is "docked" onto the crystal surface and we should be 
aware that in reality the conformation differs in different solvents. 

(� ���������
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The resulting interaction energies are reported in Table 5 for the surface adsorption 
method (ES) and in Table 7 for the lattice integration approach (EL). 

 

Table 5. Maximum Interaction Energies (ES) of Admixtures on the Surfaces {0 0 1} 
and {1 0 0} of Vanillin from Surface Adsorption Method 

interaction energy  ES (kJ mol−1)  

admixture 

molecular 

weight {0 0 1} {1 0 0} 

VAN 152.15 -658.5 -664.6 

AVA 166.18 -699.6 -900.0 

EVA 166.18 -688.3 -774.6 

GUA 124.14 -625.4 -710.5 

GUE 138.17 -655.4 -761.9 

HAP 136.15 -636.9 -729.0 

HBA 122.12 -584.5 -676.3 

VAC 168.15 -1018.4 -1036.7 

water 18.02 -397.5 -492.4 

2-propanol 60.09 -498.9 -547.4 
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Figure 19. Frequency distribution for surface adsorption energy (ES) of an additive (AVA) 

on the surface {0 0 1} when using different locations and orientations. First 
interval -�−0, second 1−50, third 51−100, and so on. 

 

The surface adsorption energies (absolute values of ES in Table 5) for AVA, EVA, 
and VAC are relatively high while compared to VAN itself for the face {0 0 1}.  

That indicates that these admixtures are expected to influence more strongly the 
crystallization of VAN. On the surface {1 0 0}, all the admixtures show a surface 
adsorption energy that is higher than the value obtained for VAN. In general, all the 
admixtures give interaction energies that are higher than the values obtained for 
typical solvent molecules like water and 2-propanol. 

The values presented in Table 5, are interpreted as global minima. However, the 
energy values exhibit a strong variation with the exact location and the orientation 
of the molecule at the surface as illustrated by in Figure 19. 

Figure 19 shows the frequency distribution for the interaction energy of the 
simulations for AVA on the {0 0 1} face. The deepest minimum found for AVA is 
ES = −699.6 kJ mol−1 (Table 5). However, in trying to find the global minimum 
there are actually six coordinates that are to be adjusted and the capability of the 
program itself is quite limited. Thus, very much of manual work is required and 
hence we cannot assure that the actual global interaction energy minimum has been 
found. In the literature (Myerson and Jang, 1995, 1996), interaction energy 
calculations have been presented. In the present work, the situation is difficult 
because all molecules involved exhibit polar and non-polar functional groups, and 
molecular sizes are fairly comparable. 
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Table 6. Energy Components for the Calculation of ESM  for the Surface {0 0 1} with 
an Admixture (VAC) 

valence terms kJ / mol admixture  nonbond terms kJ / mol admixture 

bond stretching:         16.73  van der Waals:        -10.82 

bond angle bending:         55.18  electrostatic:    -1619.85 

bond torsion:       118.57  hydrogen bonds:          -0.25 

planar inversion:           7.40    

total energy, ESM =   -1433.04  RMS force: a 0.31 kJ mol−1 Å−1 
 

a RMS = residual mean step force in molecular mechanics minimizations. 
 
The interaction forces between the admixtures and the crystal surface are essentially 
electrostatic interactions, van der Waals forces, and hydrogen bonds. From all types 
of interactions of the different admixtures with the surfaces {0 0 1} and {1 0 0}, it 
is observed (Table 6) that the electrostatic interactions are by far the strongest. This 
result corresponds with the theory that electrostatic forces generally dominate the 
orientation dependence of the intermolecular potential between neutral molecules 
(Price, 1997). Thus, the stronger the negative electrostatic potential of the admixture 
is, the stronger the interaction with the surface. Figure 16 clearly visualizes the 
optimal position and orientation, i.e., where the global minimum is found, for an 
admixture (VAC) on the {0 0 1} surface of VAN. Note that all the oxygen atoms of 
the admixture (−COOH, −O−CH3 and −OH) are oriented towards the hydrogen-
rich groups at the surface of VAN. In the meanwhile, the hydrogen-rich surface of 
VAN offers an opposing force to the hydrogen atoms of the methoxy group 
(−O−CH3) of the admixture. A Connolly surface (Connolly, 1983) has been 
calculated and displayed in Figure 16. A Connolly surface represents a van der 
Waals surface of the molecules in the crystal surface that are accessible to other 
molecules, e.g., solvent, solute, as well as admixture molecules. The surface is 
generated by rolling a probe sphere of a specified radius (1 Å is chosen here) over 
the van der Waals surface of the molecules in the crystal surface.  

The lattice interaction energy (absolute values of EL in Table 7) depends 
significantly on the lattice position of the admixture molecule. On both {0 0 1} and 
{1 0 0} faces, the lattice position “ b”  is usually the most favorable, thus leading to a 
much stronger interaction. The energy value of VAN, for each respective location 
“ a”  or “ b”  on {0 0 1}, is higher than the values obtained for the admixture 
molecules (with the only exception of VAC). However, for the face {1 0 0} we can 
find higher (AVA and VAC) and lower (EVA, GUA, GUE, HAP, HBA) values 
than the value obtained for pure VAN. 
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Table 7. Interaction Energies (EL) of Admixtures on the Surfaces {0 0 1} and {1 0 0} 
of Vanillin Calculated from Lattice Integration Method 

interaction energy EL (kJ mol−1)  

admixture 

lattice 

position {0 0 1} {1 0 0} 

VAN a -544.9 -835.8 

 b -849.4 -1320.9 

 c  -771.3 

 d  -742.3 

AVA a -352.9 -1061.7 

 b -570.9 -1379.8 

 c  -832.2 

 d  -901.4 

EVA a -386.6 -846.0 

 b -818.9 -839.9 

 c  -922.1 

 d  -556.5 

GUA a -292.3 -653.7 

 b -785.7 -1188.7 

 c  -890.9 

 d  -902.8 

GUE a -360.2 -731.5 

 b -762.4 -1065.2 

 c  -642.9 

 d  -747.5 

HAP a -495.5 -895.8 

 b -553.0 -785.9 

 c  -302.6 

 d  -657.2 

HBA a -475.2 -630.6 

 b -610.8 -853.4 

 c  -493.9 

 d  -441.7 

a -884.6 -1194.2 

b -1147.8 -1514.4 

c  -938.5 

VAC 

d  -1066.8 
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Figure 20. Correlation between values of lattice integration and surface adsorption energy 
at the crystal face {0 0 1}. 

 

When comparing the results presented in Tables 5 and 7, e.g., for the crystal surface 
{0 0 1}, we can see that all the additives show absolute values for the surface 
adsorption energy that are higher that those calculated in the position “ a”  when 
using the lattice integration approach (|ESadd|>|ELadd|) (see dots bellow the diagonal 
line in Figure 20). When the additives are located in the position “ b” , the lattice 
integration energy is higher for all the additives (|ELadd|>|ESadd|) (see dots above the 
diagonal line in Figure 20), except for AVA and HAP. For all the admixtures, the 
highest absolute values are found for the interaction energy calculated by the lattice 
integration method on the face {1 0 0}. 
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Experimental data published in the literature show that the [ln tind] vs. [(ln S)–2 T –3] 
function, eq (10), is linear for a vast number of compounds (Söhnel and Mullin, 
1988). Linearity is generally found, however, only within a limited range of 
supersaturation. When a wide range of supersaturation is investigated the 
dependence can usually be separated into two linear regions. The usual 
interpretation is that in these cases data cover both heterogeneous and homogeneous 
nucleation. At low supersaturations heterogeneous nucleation prevails in contrast to 
homogeneous nucleation that dominates at high supersaturations. Each linear part of 
the function of ln tind on (ln S)–2 T –3 is expected to have a different slope, the 
homogeneous part exhibiting steeper slope (βhom > βhet). This behavior has been 
observed experimentally and reported in the literature (Mullin, 2001; Söhnel and 
Mullin, 1988). 

In this work, measurements of induction times for pure vanillin have also been 
performed at low supersaturation. From data shown in Figure 21 quite clearly two 
different regions can be observed. A change of slope occurs at [(ln S)–2 T –3]= 
0.45×10–7, which corresponds to the supersaturation ratio S=2.6 and T=288.15 K. 
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Figure 21. Induction time for nucleation of VAN showing homogeneous and 

heterogeneous regions. 
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For [(ln S)–2 T –3]>0.45×10–7 the slope is much lower than that for [(ln S)–2 T –3]< 
0.45×10–7. In the determination of the interfacial energy above, the data in the latter 
region corresponding to the mole fraction supersaturation ratio range 2.60−9.28 are 
used. For the region [(ln S)–2 T –3]>0.45×10–7 corresponding to the supersaturation 
ratios S=1.6−2.6 and the temperature of 288.15 K, the slope is 17 times lower. 

For the heterogeneous nucleation region the interfacial energy estimated from the 
slope in Figure 21, becomes 2.9±0.5 mJ m–2 and this is about 2.5 times lower than 
the value for the homogeneous nucleation region. 

In heterogeneous nucleation, dust particles or the surface of the equipment catalyze 
the nucleation process by lowering the Gibbs free energy change at formation of the 
critical nucleus, i.e., the activation energy for the nucleation is reduced from hom

critG∆  

to het
critG∆  ( hom

crit
het
crit GG ∆<∆ ). The catalyzing effect can also be described as a 

lowering of the interfacial energy. However, the heterogeneous interfacial energy of 
the total surface of the nuclei is in this case a combination of three different 
interfacial energies (Rodriguez-Hornedo and Murphy, 1999): 

3232312121
het )( γγγγ SS +−=                                           (19) 

where Sij is the surface area fraction of the ij interface, γij is the interfacial energy 
per unit surface area of the ij interface and the subscripts 1, 2, and 3 denote the 
foreign surface (wall, dust), the solute nuclei (VAN) and the solution, respectively. 

The measured value of the interfacial energy is lowered by favorable (strong) 
surface interactions between the nuclei and the foreign surface. In the case when 

min21 →γ , crystals occur only at the surface of foreign bodies and the growth of 
crystals is compact and well orientated to the foreign surface (Liu, 2001). 
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The interfacial energy values γ determined in this work increase with increasing 
concentration of GUA, GUE, and VAC (Figure 22). This coincides with the 
common argument (Hendriksen and Grant, 1995) that the adsorption of additives on 
the surface of growing nuclei raises the nucleation barrier by the increase of the 
solid-liquid interfacial energy with a parallel decrease in the nucleation rate, eqs (5) 
and (6). However, this argument is in contrast to basic principles of surface science 
(Adamson and Gast, 1997) where the common interpretation of the Gibbs 
adsorption isotherm, eq (20), is that the adsorption of an admixture (Γadm>0) leads 
to a decrease in interfacial energy, according to 

admadm lndd- aTRΓ=γ                                                  (20) 

where aadm is the activity of the admixture in solution, and Γadm is the surface excess 
of the admixture. However, this interpretation assumes that the surface excess or 
superficial density of the solvent is equal to zero in the chosen dividing surface, i.e., 
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there is neither excess nor deficiency of the solvent, and that the surface properties 
remain unchanged by the adsorption. Another assumption behind the Gibbs 
equation is that the system can be treated as single component adsorption. The 
system used in this work is more complex. Besides vanillin solute and the 
admixture, solvent molecules (water and 2-propanol) are present in the solid-liquid 
interface region. In the actual case, adsorption occurs simultaneously as the surface 
is created. Thus, different interfacial energies may actually reflect that the surfaces 
are in fact different. The surface of a crystal is significantly more complex than that 
of a liquid droplet or a spherical particle. Especially at high supersaturations, crystal 
surfaces display a rather high degree of roughness, and thus, exhibiting different 
locations having different properties, e.g., interfacial energies. In the present work, 
the interfacial energies derived from the experimental results should be considered 
values averaged over the various crystal faces formed. In addition, the values cannot 
be assumed to correspond to an equilibrium shape reflecting minimum total 
interfacial energy. If an admixture adsorbs, it may very well influence the shape and 
the surface roughness of the nuclei, and hence, the average interfacial energy value 
may be altered for that reason. 
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Figure 22. Effect of admixture concentration on interfacial energy for homogeneous 

nucleation. 
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Adsorption of admixtures onto the surface of a growing crystalline nucleus affects 
the incorporation of solute molecules. This process is associated with a desolvation 
energy barrier (Liu and Bennema, 1993) that should be overcome, i.e., solvent 
molecules along with admixture molecules should be removed (desorbed) from the 
growing sites located at the nucleus surface. Following desolvation, solute 
molecules should adopt a required orientation and conformation at the solid–
solution interface before they are incorporated into the crystal structure, i.e., an 
additional conformational entropy barrier should be overcome. Both desolvation 
and entropic effects exert an impact on the nucleation rate that is identified from a 
parallel shift in the linear plot of ln tind vs. (ln S)–2 T –3. The straight line is displaced 
along the y axis (ln tind) upward (nucleation inhibition) or downward (nucleation 
promotion) (Liu, 2001). For the case of nucleation promotion, the slope of ln tind vs. 
(ln S)–2 T –3 is lowered. Conversely, an increase of the slope can be an indication of 
nucleation inhibition (Liu, 2001). 
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Four polymorphic forms of vanillin have been reported in the literature (McCrone, 
1950): the form I (stable form, usual commercial material), the form II (metastable, 
difficult to obtain), and forms III and IV (unstable, appearing occasionally in 
crystallization from the melt after complete fusion). The different polymorphic 
forms have different melting points decreasing in the order: I > II > III > IV. 

Hussain et al. (1998, 2001) determined that under certain conditions, e.g., by 
overheating a crystallizing vanillin solution over 30 K above the saturation 
temperature (TS=303.15 K), and/or seeding the solution with form II, the metastable 
form II can be generated in solution alone or together with the stable form I. Such 
conditions are not applied in the present work. 

Because of notable differences in appearance, form I and form II of vanillin are very 
easy to distinguish by simply observing the nucleation. Vanillin form I crystallizes 
as rods/acicular crystals, while form II results in long, thin, threadlike crystals 
(Hussain, 1998). No such differences were detected during the experiments 
performed in this work. Moreover, crystallized vanillin (from the experiments) and 
the original vanillin crystals (from the supplier) were found to give identical 
behavior under DSC, i.e., the same melting points and enthalpies of fusion, showing 
no polymorphic changes. 

The evidences presented above imply that only form I of vanillin appears in the 
experiments, and that it is unlikely that vanillin is undergoing any polymorphic 
transformation during the experiments. 
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Nucleation data presented in this work show a significant scatter, although the 
experiments were performed at the same conditions (i.e., exactly the same 
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temperature, supersaturation and solution composition). This is not surprising since 
most researchers in physics and chemistry (Izmailov et al., 1999; Kubota et al., 
1986, 1988) support the hypothesis that nucleation processes are stochastic. Barlow 
and Haymet (1995) also reported a large scatter for the heterogeneous nucleation of 
water on a silver iodide surface. Induction times between 1×102 and 1×104 s were 
obtained for more than 250 measurements under the same conditions. Induction 
times above a quench time of 112 s were found to follow an exponential frequency 
distribution, which could be related to the theory of nucleation as an activated 
process undergoing macroscopic first-order kinetics. 

Volmer and Weber (1926) established that the exponential term in the kinetic 
expression for nucleation, eqs (5) and (6), is proportional to the frequency of 
formation of critical nuclei. Einstein (1910) related the nucleation to spontaneous 
density fluctuations caused by the natural movement of the molecules. The 
molecular aggregation that takes place at random sites in the bulk solution and 
subsequent homogeneous nucleation are essentially stochastic phenomena since 
they take place in a metastable state at high levels of supersaturation. As the 
exponential term in eq (6) is so strongly dependent on supersaturation, any small 
perturbation, leading to a local change in supersaturation might result in a 
significant change in the frequency of nuclei formation. Meyer (1995) concluded 
that nucleation might be the result of either isothermal and isobaric heterophase 
fluctuations or of an adiabatic process induced by temperature fluctuations. The 
fluctuation mechanism in combination with the mechanisms that control the face 
growth rate could be the reason for the large scatter observed in induction time 
measurements. Recent studies (Terrill et al., 1998) have shown that nucleation 
proceeds by fluctuations from a disordered phase into an ordered crystalline phase, 
passing through a sequence of slightly more ordered states, rather than by building 
up the crystalline state instantaneously. 

The effect of the admixtures on the nucleation rate may be related to mechanisms 
by which pre-nuclei structures reach a critical size. According to the nucleation rate 
expression, eq (6), a higher interfacial energy suggests that the nuclei have to be 
larger to be thermodynamically stable. The probability of nuclei to form and reach a 
critical size through stochastic fluctuations therefore decreases. However, an 
admixture molecule may also through adsorption (section 6.2) hinder the integration 
of solute molecules in the crystal lattice and thereby decrease the rate at which 
stochastic processes are able to produce nuclei of a critical size. 
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Metastable zone width (MZW) and induction time (tind) are different measures of 
the nucleation rate. Experimentally, both require a generation of supersaturation and 
a detection of a new phase formation. The main difference between them consists in 
the cooling rate at which the supersaturation is generated. 
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Figure 23. Relative induction times calculated from the linear regressions at different 

driving forces. Upper: 1 mole % of admixture; lower: 10 mole % of admixture. 
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During metastable zone width measurements the polythermal technique is used, i.e., 
the solution is cooled at a constant rate until nucleation occurs. This temperature 
varies with the cooling rate used. In induction time determination the isothermal 
technique is employed instead, i.e., the solution is rapidly cooled to a given 
undercooling temperature, which is kept constant during the experiment, and the 
time needed for nucleation is measured. Thus, it can be interesting to determine 
whether there is a correlation between the MZW and induction time determined for 
the system under study in this work. 

For each admixture-vanillin system, the slope and intercept values of the linear 
regression determined above (Table 3) were used to calculate and compare 
induction time values at different driving forces as given in Figure 23. 

At 1 mole % concentration of admixture and at low value of the inverse of the 
driving force, e.g., [(ln S)–2 T −3]=0.12×10–7, the induction time for all the 
admixtures is lower than that for pure VAN. Admixtures VAC and HAP result in a 
reduction of –15 and –18 %, respectively. As the inverse of the driving force 
increases the behavior is almost the same except for admixtures GUA and GUE for 
which an increase in induction time with respect to pure VAN is observed. For 
GUA and GUE, the relative difference increases from –14.5 and –13.2%, 
respectively, at [(ln S)–2 T –3]=0.12×10–7, to +6.0 and +11.3%, respectively, at        
[(ln S)–2 T –3]= 0.32×10–7. 

 

Table 8. Normalized Metastable Zone Width, Induction Time, and Interfacial 
Energy Values for each Admixture-Vanillin System (1 mole % of 
Admixture in Solution) 

 
 
admixture 

inverse of the 
driving forcea 

[(ln Smax)−2T −3]×107 

metastable 
zone width 

Θ 

 
induction time 

τ 

interfacial 
energy 

Γ3 

pure VAN 0.42 1.00 1.00 1.000 
AVA 0.40 1.03 0.91 0.893 
EVA 0.94 0.62 1.69 0.862 
GUA 0.53 0.86 1.36 1.348 
GUE 1.78 0.49 4.58 1.456 
HAP 1.20 0.57 2.23 0.988 
HBA 0.45 0.96 1.06 1.116 
VAC 0.29 1.22 0.68 0.928 

a the inverse of the driving force is calculated from MZW experimental conditions, i.e., taking undercooling 
temperatures at which nucleation was detected, T=300.75, 300.55, 303.55, 301.75, 304.55, 303.95, 301.05, 
299.15 K for VAN, AVA, EVA, GUA, GUE, HAP, HBA, and VAC, respectively, and corresponding 
maximum levels of supersaturation (Smax=xs/xeq). The equilibrium concentration, xeq, is determined from eq 
(15). 
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At 10 mole % concentration of admixture, only three admixtures were evaluated: 
GUA, GUE and VAC. Admixtures GUA and VAC tend to increase the induction 
time for all the values of the inverse of the driving force. Admixture GUE has a 
similar behavior at both 10 mole % and 1 mole % level, i.e., induction time 
decreases at low values of the inverse of the driving force and increases as values of 
[(ln S)–2 T –3] increase. As the admixture concentration increases from 1 to 10 mole 
%, the slope of the linear regression increases for the three cases (GUA, GUE, and 
VAC). The intercept decreases for GUA and GUE, and increases for VAC. 

The available experimental data, i.e., metastable zone width (Θ), induction time (τ) 
and interfacial energy (Γ3) for nucleation of vanillin in presence of admixtures at 1 
mole % level are given in normalized form in Table 8. The normalized values are 
calculated from the respective data obtained in presence of admixture as related to 
the value in absence of admixture, i.e., for pure vanillin system. 

The normalized metastable zone width (Θ) is expressed as 

VAN

ADM

T
T

∆
∆=Θ                                                                 (22) 

where ∆TVAN and ∆TADM are taken from Table 2. 

The normalized induction time (τ) is calculated from the expression 

VAN

ADM

t
t

ind

ind

ln
ln

=τ                                                                 (23) 

in which the logarithmic induction times are determined from eq (17) using the 
corresponding slopes and intercepts (Table 3) and the values of [(ln S)−2 T −3] 
reported in Table 8. 

Taken in cube form, because 3
indln γ∝t , eq (10), the normalized interfacial energy 

(Γ3) is expressed as 

3
3

��
�

�
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�

�
=Γ

VAN

ADM

γ
γ

                                                             (24) 

where the values of γ are taken from Table 3. 

The relation between τ and Θ is plotted in Figure 24, while the relation of Γ3 to Θ is 
shown in Figure 25. 

In Figure 24, it is shown that τ decreases as Θ increases. Considering a linear 
relationship between variables τ and Θ, admixtures AVA, EVA, GUA, HBA, and 
VAC show a different slope from that shown by admixtures GUE and HAP. 
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Figure 24. Normalized induction time versus normalized metastable zone width for 

vanillin-admixture systems (1 mole % of admixture in solution). 
 

The appearance of these two slopes is probably due to the fact that heterogeneous 
nucleation occurred in solutions containing GUE and HAP. For these two cases, the 
inverse of the driving force [(ln S)−2 T −3] is falling in the heterogeneous region 
(compare (ln S)−2 T −3 values for GUE and HAP in Table 8 with Figure 21). Figure 
24 shows also that the relative effect of admixtures on the induction time is more 
significant than the relative effect on the metastable zone width. 

Figure 25 indicates a poor correlation between interfacial energy and MZW (the 
data points do not lie on the diagonal dot line). Although the admixture 
concentration used in the two kinds of experiments compared here is the same (i.e., 
1 mole % with respect to the solute in solution), the lack of correlation between 
them may be attributed to the fact that the experiments are performed at different 
conditions. Contrarily to induction time (from which interfacial energy is 
determined) that is determined at constant temperature, the measurement of the 
metastable zone width (MZW) is performed by the polythermal method, i.e., 
temperature is gradually decreased at a constant cooling rate until nucleation occurs. 
Thus, different levels of temperature and different ways of supersaturation 
generation are used. For all the metastable zone experiments, only one initial 
solution concentration (0.0495 mole fraction of vanillin) is used, in contrast to 
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induction time experiments where different initial solution concentrations (from 
0.0137 to 0.0380 mole fraction of vanillin) are used. The maximum levels of 
supersaturation ratio (Smax) generated in metastable zone width experiments are in 
the range between 1.6 (GUE) and 3.1 (VAC), while those supersaturation ratios S 
created during induction time experiments are between 2.6 and 9.3. 

In both induction time and MZW experiments, agitation is used. However, different 
solution volumes are used, and this is perhaps the reason of differences between 
relative induction time and MZW. 

A comparison between the different values of the inverse of the driving force       
[(ln S)−2 T −3] used in metastable zone width measurements and induction time 
experiments can be established by using Table 8 and Figures 10, 11, and 21. In 
metastable zone width experiments, the solutions are saturated at 308.15 K only, 
and nucleation is detected at temperatures falling in the interval from 299.15 to 
304.55 K. On the other hand, the solutions used in induction time experiments are 
saturated at different temperatures (298.15−306.15 K) and the nucleation 
temperature value is 283.15, 288.15, or 293.15 K. The fact that induction time 
experiments occur at lower temperatures can explain why the effect of admixtures 
on induction time is more significant than the effect on the metastable zone width as 
it was shown in Figure 24. 
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Figure 25. Normalized interfacial energy versus normalized metastable zone width for 

vanillin-admixture systems (1 mole % of admixture in solution). 
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In previous section, the lack of correlation between the different measures of 
nucleation, i.e., induction time vs. MZW, and interfacial energy vs. MZW, was 
analyzed from the experimental point of view. Experimental results are plotted in 
normalized form in Figure 25. For the systems studied in this work, a different 
interpretation of the data should be performed. In this sense, the molecular structure 
of the admixtures should be considered. Figure 26 can be used to elucidate a 
relationship between admixture effects and the molecular structure of the 
admixtures. For this purpose, the admixture molecules are divided into two different 
groups (Figure 26). 
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Figure 26. Interpretation of the relationship between admixture molecular structure and 

nucleation effect. 
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Group 1 consists of admixtures AVA, EVA and VAC, and group 2 consists of 
admixtures GUA, GUE, HAP, and HBA. The main feature that characterizes 
molecules of group 1 is that all have three functional groups attached to the 
aromatic ring, and in the same configuration as VAN itself, but with different 
substituents from one molecule to another. For instance, the aldehyde group 
(−CHO) present in the molecule of VAN is substituted by either an acetyl (−Ac = 
−COCH3) or carboxyl (−CO2H) in the molecular structures of AVA and VAC, 
respectively (Figure 26). For the case of admixture EVA, the methoxy group 
(−OMe = −OCH3) is substituted by ethoxy (−OEt = −OC2H5). Like VAN all three 
have a hydroxyl group, a methoxy or an ethoxy group in meta position to that, and a 
carbonyl oxygen in para position. Common for admixtures of group 2 is that at 
least one of the functional groups present in the molecule of VAN is missing in their 
structure and that one of these is always a hydroxyl group. For instance, the 
aldehyde group (−CHO) in the para position of VAN is missing in the molecular 
structure of GUA and GUE, and the methoxy group (−OCH3) in the meta position is 
missing in admixtures HAP and HBA. 

For admixtures of group 1, a moderate increment in interfacial energy is sufficient 
to increase significantly the metastable zone width (∆Γ3/∆Θ<1). Adversely, a larger 
increment in interfacial energy is required to increase the metastable zone width 
(∆Γ3/∆Θ>1) for admixtures belonging to group 2. 

An extended analysis of the structure-effect relationship is performed in next 
section by establishing a correlation between experimental interfacial energy and 
interaction energy determined by molecular simulations. 
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The relation between experimental interfacial energy (γ ) and by simulation 
determined interaction energy (ES, and EL) is presented in Figure 27. No simple and 
clear correlation is found for all the additives regardless of face or method of 
estimation of interaction energy. However, some correlation is found when 
admixture molecules are analyzed separated into the two groups as described above, 
i.e., group 1 including AVA, EVA, and VAC, and group 2 including GUA, GUE, 
HAP, and HBA. For both groups of admixtures the interfacial energy tends to 
increase with increasing interaction energy (Figure 27), but for the first group 
(AVA, EVA and VAC) a very steep slope is observed. In addition, all admixtures of 
group 1, at the 1 mole % level, lead to a reduced interfacial energy with respect to 
VAN. The VAC molecule by virtue of its −OH and −COOH groups is capable of 
extensive hydrogen-bonding and always has a high interaction energy. In group 2, 
we can identify HAP and HBA, as exhibiting no strong influence on the interfacial 
energy, and from an adsorption point of view being about equal to VAN. However, 
with respect to surface integration they interact less strongly than VAN. The 
remaining two compounds of the second group, GUA and GUE, increase the 
interfacial energy, and do not interact more strongly than VAN itself.  
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Figure 27. Relation between interaction energy and interfacial energy for faces {0 0 1} (a 

and b), and {1 0 0} (c and d). Interaction energies calculated by the surface 
adsorption method (a and c), and by the lattice integration method (b and d). 

 
The structural feature that singles them out is that they lack the carbonyl oxygen. 
The lack of the methoxy group in additives HAP and HBA seems to be less critical 
(Figure 27). The incompatibility of additives GUA and GUE, leads to an increased 
interfacial energy of vanillin, and can also affect the growth pattern within the 
structure during the formation of nuclei. 
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The evaluation of the relation between experimental metastable zone width (∆T) 
and by simulation determined interaction energy (ES, and EL) is performed in this 
section. Figure 28 shows that no simple and clear correlation can be found. 
However, some correlation is found when the admixtures are analyzed in the two 
respective groups as carried out in previous sections. For group 1, the interaction 
energy increases with increasing metastable zone width for all the cases (Figure 28 
a-d).  
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Figure 28. Relation between interaction energy and metastable zone width for faces        

{0 0 1} (a and b), and {1 0 0} (c and d). Interaction energies calculated by the 
surface adsorption method (a and c), and by the lattice integration method (b 
and d). 

 

For group 2, the interaction energy calculated by the surface adsorption method 
(Figure 28 a and c) slightly decreases with increasing metastable zone width, while 
the interaction energy calculated by the lattice integration method (Figure 28 b and 
d) slightly increases with increasing metastable zone width. This is another 
indication that the effect of admixtures, specifically for group 2, can be different in 
the different crystal faces. 
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The molecular modelling studies presented in this work have included the 
interaction of admixtures with the slow-growing faces, i.e., {0 0 1} and {1 0 0} 
only. The following qualitative analysis is dedicated to the possible effect of 
admixtures on the fast-growing faces in order to determine their importance in the 
nucleation. The main aspect that is targeted when analyzing the fast-growing faces 
is the role of hydrogen bonding. Hydrogen bonding is especially important when 
dealing with surface chemistry and molecular recognition in crystallization of 
organic and bioorganic compounds.  
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Figure 29. Orientation of the molecules of vanillin in the unit cell showing the hydrogen-

bond pattern along the needle axis (B-axis). 
 

For the case of vanillin, the intermolecular hydrogen bonds existing between the 
carbonyl and the hydroxy group play an important role in the stacking of molecules 
in the crystals. 

Above, it was observed that the interaction energy of admixtures with the slow-
growing faces showed a very weak hydrogen bonding potential (Table 6). Thus, the 
hydrogen bonding potential for these faces can be less affected by variations in the 
hydrogen bonding potential of the admixture molecules. On the other hand, the 
surface chemistry of two of the visible fast growing faces, e.g., {1 1 −1} and         
{1 1 0}, suggests a stronger hydrogen bonding interaction. Figure 29 shows the 
hydrogen-bond pattern along the B-axis, i.e., in the direction of the fast growing 
faces, which facilitates the growth of the crystal along the elongated “ needle”  axis. 
Thus, the fast growing faces are characterized by a higher activity and sensitivity to 
changes in the hydrogen bonding patterns by the presence of admixtures in 
comparison to slow-growing faces. 

Admixture effects can be related to the molecular structure of the admixtures, and 
this can be illustrated with the help of Figure 30. A single VAN molecule is a 
donor-acceptor substituted benzene derivative having a donor-acceptor hydroxy 
(−OH) and an acceptor carbonyl (−C=O) in the para position. The methoxy 
(−O−CH3) substituent in the meta position provides a minor contribution to 
hydrogen bonding, but plays an important role in promoting the formation of a 
noncentric crystal structure (Yuan et al., 1996). All the admixtures studied here, 
having an −OH group in the para position, are potential hydrogen bond donors that 
can compete with VAN molecules by docking onto the fast growing faces that act 
as hydrogen bond acceptors. 
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Figure 30. Admixture 4-hydroxybenzaldehyde (HBA) integrated into the crystal surface 

(1 1 0) of vanillin. 
 

Closely similar molecules to vanillin itself, e.g., AVA, EVA and VAC, having both 
a carbonyl residue (−C=O) and a methoxy/ethoxy residue (−O−CH3 / 
−O−CH2−CH3) in the meta position, can become uptaken as easily as the host 
molecule into a growth site. 

Subsequent incoming host molecules meet a guest template giving substantial 
difference in lattice energetics, shape and steric configuration with respect to 
vanillin crystal packing, and their incorporation can then be prevented. In the case 
of VAC, the presence of a carboxylic (−COOH) group rather than the aldehyde 
carbonyl (−CHO) group of VAN imposes a steric effect on further crystal packing, 
acting as a blocker to further molecular deposition. In general, the −COOH group 
allows the hydrogen-bonding pattern to be strengthened. Specifically for VAN, the 
latter explains the behavior of VAC as a powerful habit modifier (Figure 8). 
Admixtures GUA, GUE, HAP and HBA, lacking at least one of the functional 
groups of VAN can disrupt the growth patterns within the structure. 

According to the above analysis, the interference of admixture molecules with the 
crystal packing should lead to energetic changes that slow down the growth rate of 
the fast-growing faces during nuclei formation, and thus inhibiting the nucleation 
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process in general. Nevertheless, the experimental results (Figure 8) show a 
different behavior. Perhaps the reduction of the growth rate is stronger in the other 
faces. This states that the influence of admixtures is still more significant on the 
dominating slow-growing faces than on the fast-growing faces. 

���.� 1����!��/��
�
��

The influence of admixtures on the different crystallization aspects studied in this 
work is revised in Table 9. 

The outcome of this work shows that a clear overall relation between the interfacial 
energy, or the metastable zone width, and calculated energies of interaction is not 
found. There are several possible reasons for this, and they are discussed as follows. 

To start with, there is so far no clear theoretical basis for the action of admixtures on 
the nucleation. It is fairly well established how an admixture may disturb the growth 
of a crystalline face, and the same mechanism may also be active on the nucleus 
length scale. In addition, the admixture may influence the clustering process ahead 
of the nucleation as well as the thermodynamic stability of the nucleus. Hence, it is 
not known to what extent interaction energies are relevant for the description of the 
influence of admixtures on nucleation. The estimation of the interaction energy by 
the molecular modeling is strongly simplified, for instance, the role of the solvent is 
not accounted for. 

The induction time is fairly easy to determine but its relation to the rate of 
nucleation is based on several assumptions, some of which are not easily verified. 
Nuclei are too small to be detected and therefore the induction time also includes 
the time for the crystals to reach a detectable size through growth. Thus, 
experimentally observed effects on the induction time may be related to a growth 
related effect that may also be of importance. Hence, crystal growth should be 
included in future work. The stochastic nature of nucleation, which shows up as a 
significant variation in induction time, reduces the confidence in the determination 
of the influence of the admixtures.  

Hence, the outcome of this work is that a very simplistic approach to predict the 
influence of admixtures on nucleation cannot be proposed at present. The analysis 
has to be much more detailed and probably a new generation of simulation tools is 
needed. 
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Table 9. Summary of the Relationship Between Admixture Structure and Effect on Nucleation of Vanillin 

 substituents in VAN structure 

admixture position 1 meta 
position 

para 
position 

 
MZWa 
� 

 
induction timea 

� 

 
interfacial energya 

�
3 

VAN carbonyl 
(aldehyde) 

methoxy 
 

hydroxy    

AVA acetyl methoxy 
 

hydroxy > 	 << 

EVA carbonyl 
(aldehyde) 

ethoxy 
 

hydroxy << > << 

GUA – methoxy 
 

hydroxy < > >> 

GUE – ethoxy 
 

hydroxy << >> >> 

HAP acetyl – hydroxy << >> < 

HBA carbonyl 
(aldehyde) 

– hydroxy 	 	 >> 

VAC carboxylic methoxy hydroxy >> < < 

 

anormalized values, eqs (22-24) 
 
<< ⋅ ⋅ ⋅ < ⋅ ⋅ ⋅ 	 ⋅ ⋅ ⋅ > ⋅ ⋅ ⋅ >> 
decrease                increase 
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Table 9. Continue 

 substituents in VAN structure ES (kJ mol-1) EL (kJ mol-1) 

admixture position 1 meta 
position 

para 
position 

{001} {100} {001}a {001}b {100}a {100}b 

VAN Carbonyl 
(aldehyde) 

methoxy 
 

hydroxy       

AVA Acetyl methoxy 
 

hydroxy >> >> << << >> > 

EVA Carbonyl 
(aldehyde) 

ethoxy 
 

hydroxy >> >> << < > << 

GUA – methoxy 
 

hydroxy < > << < < < 

GUE – ethoxy 
 

hydroxy 	 >> << < < < 

HAP Acetyl – hydroxy < > < << > << 

HBA Carbonyl 
(aldehyde) 

– hydroxy << > < << < << 

VAC Carboxylic methoxy hydroxy >> >> >> >> >> > 

 
<< ⋅ ⋅ ⋅ < ⋅ ⋅ ⋅ 	 ⋅ ⋅ ⋅ > ⋅ ⋅ ⋅ >> 
decrease                increase 
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The novel multicell nucleation device increases the experimental efficiency by 
allowing the performance of 15 measurements of induction time simultaneously, 
and by reducing the volume of the nucleation chamber making it possible to study 
short induction times. Moreover, material costs are reduced significantly. 

For each driving force value, a large spread in induction time data is observed 
among the different nucleation cells and in different experiments, thus confirming 
the stochastic nature of primary nucleation. Statistical analysis reveals that there is 
no systematic influence of the particular nucleation cell on the results. Statistical 
analysis also demonstrates that in spite of the large spread in induction times the 
solid-liquid interfacial energy can be estimated with an acceptable confidence. For 
almost all the VAN-admixture systems (except for the case of HAP at 1 mole %) 
there is a statistically significant effect of the admixture. 

The interfacial energy of pure VAN is 7.3 ± 0.2 mJ m−2. The lowest interfacial 
energy, 6.9 ± 0.3 mJ m−2, was obtained in presence of 1 mole % of EVA, while the 
highest value, 10.1 ± 0.7 mJ m−2, was obtained in presence of GUA at 10 mole % 
which represents an increase in 40 % of the interfacial energy value for pure VAN. 

The presence of admixtures at 1 mole % increases the interfacial energy of VAN in 
the following order 

                          EVA<AVA<VAC<HAP=VAN<HBA<GUA<GUE 

while at admixture concentrations of 10 mole %, the interfacial energy is enhanced 
in the following order 

                                             VAN<VAC<GUE<GUA. 

At heterogeneous nucleation, the interfacial energy of VAN is 2.9 ± 0.5 mJ m−2, 
which is 2.5 times lower than that of the homogeneous nucleation. 

The width of the metastable zone for nucleation of VAN decreases in presence of 
EVA, GUA, GUE and HAP, and increases in presence of VAC. The aspect ratio 
(length-to-width) of VAN crystals increases significantly in presence of GUE, HAP, 
HBA and VAC. 

No strong correlation is observed between metastable zone widths and interfacial 
energies for the different admixture-VAN systems. However, a qualitative 
relationship is established between the molecular structure of admixtures, as 
compared to the structure of VAN itself, and the effect on the metastable zone width 
and interfacial energy. 

The program Cerius2 was employed to simulate the crystal lattice structure and 
morphology of VAN, and to calculate the interaction energy between different 
admixture molecules and the major crystal surfaces {0 0 1} and {1 0 0} of VAN. 
The admixtures AVA, EVA and VAC generated the highest absolute values of the 
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interaction energy ES using the surface adsorption method. Other admixtures (GUA, 
GUE, HAP, and HBA) and the solvent molecules (water and 2-propanol) showed 
lower values than that obtained for the molecule of VAN. The highest surface 
adsorption energy, −1037 kJ mol−1, was obtained in presence of VAC. When using 
the lattice integration method, two positions in the crystal lattice for the face {0 0 1} 
and four positions for the face {1 0 0} were examined. Only VAC on the face {0 0 
1}, and AVA and VAC on the face {1 0 0} show interaction energy values that are 
higher than that obtained for VAN alone. The main weaknesses of the adsorption 
method are the difficulty to identify the most energetically favorable orientation and 
location of the admixture at the surface, and that the adsorption is only studied on 
flat faces instead of using steps and kinks. In the surface integration method, the 
influence on the adherence of subsequent vanillin layers to the surface is not 
accounted for either. In both methods, the effect of the solvent is neglected. 

No simple and clear correlation is found so far between experimental interfacial 
energy values and molecular modelling interaction energies for the two most 
morphologically important faces of VAN. With these molecular simulations, we 
have reached a point where the complexity of the surface chemistry can be 
qualitatively analyzed. As nucleation is considered a genuine three-dimensional 
process, any correlation between the surface interaction energy and the macroscopic 
parameters characterizing nucleation, such as metastable zone width, induction time 
and interfacial energy, should necessarily involve analysis of all the crystal faces. 

The crystal structure generated from molecular modelling, and the predicted crystal 
faces and other morphological parameters match with those reported in the 
literature. The calculated crystal lattice enthalpy agrees well with the experimental 
sublimation enthalpy. 
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A  area, surface area         [m2] 
a  activity          [-] 
a, b, c crystal lattice parameters       [Å] 
C  mass concentration        [g (kg solv.)-1] 
Cp  heat capacity         [J mol-1 K-1] 
Dx  crystal density         [g cm-3] 
dhkl  interplanar spacing, slice thickness      [Å] 
df  number of degrees of freedom      [-] 
E  potential energy calculated by Cerius2     [kJ mol-1] 
F  geometrical factor, Fisher-statistics      [-] 
f  number of degrees of freedom      [-] 
G  Gibbs free energy        [J mol-1] 
∆G  excess free energy change       [J mol-1] 
∆Gcrit  excess free energy change of a critical nucleus    [J mol-1] 
∆GD  diffusional energy barrier       [J mol-1] 
∆GS  excess surface energy change       [J mol-1] 
∆GV  excess volume energy change      [J mol-1] 
∆H  enthalpy change         [J mol-1] 
(h k l) Miller indices for a given face 
{h k l} Miller indices for all symmetry-related faces 
J  nucleation rate per unit volume      [# m-3 s-1] 
J0  nucleation rate pre-exponential coefficient    [# m-3 s-1] 
k  Boltzmann constant (=R/NA = 1.381 × 10-23)    [J K-1] 
M  molecule, number of experiments      [-] 
MW  molecular weight         [kg kmol-1] 
m  mass           [kg] 
N3D  number density of active nucleation centers    [-] 
NA  Avogadro number (=6.02283 × 1023)     [mol-1] 
N  number of moles, number of experiments    [-] 
P  pressure          [N m-2] 
R  universal gas constant (=8.314)      [J mol-1 K-1] 
R  residual          [-] 
Rhkl  crystal face growth rate        [m s-1] 
r  radius          [m] 
S  supersaturation ratio        [-] 
∆S  entropy change         [J mol-1 K-1] 
SE  standard error of estimation       [-] 
SSreg  sum of squared differences in a regression    [-] 
SSresid  residual sum of squares        [-] 
T  absolute temperature        [K] 
tind  induction time for nucleation       [min] 
tstudent  statistics t distribution 
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Vcrit  volume of a critical nucleus       [m3] 
X  provisional variable for [(ln S)-2 T -3]     [K-3] 
x  mole fraction concentration       [-] 
Y  provisional variable for [ln tind]      [-] 
z  occurrence order         [-] 
Z  maximum number of occurrence orders (=zmax)   [-] 
Z  number of molecules in the unit cell     [-] 

Greek symbols 

α  volume shape factor, significance level, intercept   [-] 
β  slope of a linear regression, angle      [K3] 
Γ  surface excess         [J mol-1] 
Γ3  normalized interfacial energy       [-] 
γ  interfacial energy         [J m-2] 
Θ  normalized metastable zone width      [-] 
θ  coverage          [-] 
ϑm  molecular volume of vanillin )10 1.88/( 28−×== Ac NMW ρ  [m3] 

µ  chemical potential        [J mol-1] 
∆µ  chemical potential driving force      [J mol-1] 
ρc  crystal density of vanillin (=1347)      [kg m-3] 
τ  normalized induction time       [-] 
χ2  chi-squared statistics 
ω  frequency number of outcomes 
 

Subscripts 

ADM  admixture 
att  attachment 
C  concentration 
cell  related to the unit cell 
cr  crystal lattice 
crit  critical 
eq  equilibrium 
g  growth 
i, j  dummy number 
M  single molecule 
m  melting point 
max  maximum 
met  metastable 
n  nucleation 
r  radius of a cluster, characteristic size 
reg  regression 
resid  residual 
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S  surface, saturation 
Subl  sublimation 
SL  solid-liquid 
SM  surface interacting with a foreign molecule (admixture) 
s  supersaturated solution 
tr  transient 
V  volume 
x  mole fraction 
 

Superscripts 

calc  calculated 
exp  experimental 
expt  expected 
het  heterogeneous 
id  ideal 
obs  observed 
sphere related to a sphere, spherical shape 
TOT  total 
*  equilibrium, saturation 
∞  infinite 
 

Abbreviations 

2D  Two-dimensional 
3D  Three-dimensional 
AE  Attachment Energy 
AVA  Acetovanillone 
BFDH Bravais-Friedel-Donnay-Harker 
EVA  Ethylvanillin 
GUA  Guaiacol 
GUE  Guaethol 
HAP  4-hydroxyacetophenone 
HBA  4-hydroxybenzaldehyde 
MCNB Multi-Cell Nucleation Block 
MD  Molecular Dynamics 
MM  Molecular Mechanics 
MZW Metastable zone width 
NVT  Constant Number of atoms, Volume and Temperature 
PBC  Periodic Bond Chain 
QEq  Charge equilibration 
TV  Television 
VAC  Vanillic acid 
VAN  Vanillin 
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