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ABSTRACT
Large proportions of crop protection agents are currently 
formulated as emulsifiable concentrates. These aromatic 
hydrocarbon based solutions, which form emulsions when 
diluted with water, are coming under increasing pressure 
from environmental agencies. Potential alternatives are 
dispersible concentrates which precipitate the active 
ingredient when water is added. The key to developing 
commercially acceptable dispersion concentrates is 
dependent upon the control of this precipitation process.

The commercial herbicide cyanazine was selected from 
candidate substances as a suitable active ingredient to 
study such a precipitation using aqueous ethanol solutions. 
Basic solubility data was then obtained followed by 
structural and kinetic studies.

Investigations into the precipitation process revealed that 
cyanazine can crystallise in two different forms, needles 
and platelets. X-ray crystallography and differential 
scanning calorimetry showed that cyanazine platelets were 
metastable monohydrates of cyanazine while the needles were 
anhydrous. Optical microscopic analysis showed platelets to 
fragment and recrystallise as stable anhydrous needles. 
Needles were the only crystal form which agglomerated.

Water weight fraction, supersaturation and temperature each 
had dramatic effects on crystal form. In general, increases 
in water weight fraction and supersaturation, and decreases 
in temperature increased the percentage number of platelets 
formed.

The results of induction period and contact angle 
measurements suggest that primary nucléation followed by 
diffusion-controlled or polynuclear growth are the 
controlling mechanisms of crystallisation when the water 
weight fraction is between X=0.65-0.95. This conclusion is 
supported by dissolution and overall growth measurements at 
an initial supersaturation of S=3, which show a gradually 
increasing influence of diffusion on the two-step crystal 
growth process as water weight fraction is increased.

Optical and scanning electron microscopy of single crystals 
reveal that the surface integration mechanism is controlled 
by layer by layer adsorption at high supersaturation and 
water weight fraction. As these parameters decrease the 
surface integration "mechanism is influenced by screw 
dislocations. Finally, the commercial implications of this 
work are discussed.
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1.1. Introduction

Crystallisation is an important chemical engineering unit 
operation; indeed, there is virtually no branch of the 
chemical industry that does not at some stage employ 
crystallisation in production or separation processes 
(Mullin, 1982). The work in this thesis concerns the use of 
crystallisation in the preparation and application of crop 
protection chemicals.

Over the past few years agrochemical companies have begun 
to realise the true potential of crystallisation as a 
viable and profitable alternative in the production and 
application of herbicides. To date a large proportion of 
crop protection agents have been formulated as emulsifiable 
concentrates. These solutions, which are usually based on 
aromatic hydrocarbons, form emulsions when diluted with 
water. Unfortunately, such aromatic solvents have attracted 
increasing disfavour from environmental regulatory bodies 
making this method of production redundant in its use. A 
potential alternative is the dispersible concentrate. These 
solutions are based on environmentally friendly aqueous 
solvents which precipitate the active ingredient when 
diluted with water. Agrochemical products also include 
suspension concentrates. These aqueous slurries can be left 
unattended for long periods of time during which phase 
separation and/or crystal growth may occur. The key to
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developing commercially acceptable dispersion and
suspension concentrates is in the control of the
crystallisation processes.

The ultimate aim of this project is to develop an 
understanding of the mechanisms involved in this 
precipitation process (i.e. nucléation and crystal growth). 
To achieve this, it is necessary to analyse in detail the 
mechanisms of the precipitation process for a particular 
crop protection active ingredient in aqueous solutions. 
Ultimately, the understanding of these mechanisms and how 
environmental conditions such as temperature, water weight 
fraction, supersaturation and stirrer speeds influences the 
crystallisation process enables prediction of the
conditions required for production of dispersible and 
suspension concentrates of desired dilution properties.

The initial work, in conjunction with Shell Research, has 
been undertaken on a model substance of well-known 
physio-chemical properties and toxicology suitable for work 
in a laboratory without special precautions been needed. In 
selecting the most suitable system for investigation 
experimental parameters such as solubility, supersaturation 
and induction times, as well as crystal size and shape were 
analysed precisely. Four pesticides were selected initially 
(viz, fenbutatin oxide, cyanazine, flamprop-m-isopropyl and 
benzoylprop ethyl), and of these cyanazine was found to be 
the most suitable candidate because of its low toxicity and
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non flammability as a solid. It also produced well defined 
crystal shapes and distinct induction periods.

Cyanazine, or Bladex™ as it is known commercially, is a 
pre- and post-emergent herbicide of short persistence (i.e. 
a pre-emergent herbicide enters at the roots only, no 
leaves or stems are present at the planting stage. A 
post-emergent herbicide enters both at the roots and 
leaves, as the herbicide is sprayed at the growth stage). 
It is valuable for general weed control when (A) applied 
pre-emergently to the crop at l-3kg of active ingredient 
per hectare for broad beans, maize and pea's; (B) applied 
post-emergently in barley and wheat during the early 
tilling stage at 0.26-0.33kg per hectare in combination 
with hormone weed killers for the control of hard to kill 
broad leafed weeds (Pesticide Manual). Other crops for 
which it is used includes: cotton, flower bulbs, forestry, 
potatoes, soya beans and sugar cane.

Cyanazine is slightly toxic to fish and aquatic 
invertebrates. When tested on animals, rats required 288mg 
per kg body weight orally, or >1200mg per kg body weight 
dermally for lethal dosage. These results indicate that 
cyanazine is moderately hazardous by the oral route and a 
very low hazard dermally when in use by humans. 
Environmentally too, the herbicide has proven to be a safe 
substance to use. Laboratory tests show that the nitrile 
group is hydrolysed in plants and soils to the
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corresponding carboxyllic acid, while the chlorine atom is 
replaced by a hydroxy group which sometimes forms 
conjugates. These degradation products have not been 
detected in crops following field use (Beynan et ai. , 
1972).

The choice of solvent is also of great importance. It must 
be environmentally friendly with high dissolving powers and 
produce crystals of the desired size and shape. Aqueous 
ethanol solutions were tested and found to be a suitable 
solvent for this precipitation process.

The initial work in this project was concerned with 
defining important physical parameters such as cyanazine 
solubility and density in aqueous ethanol solutions, as 
well as crystal morphology. An early indication of the 
mechanism of nucléation and crystal growth was then found 
using induction period measurements for the watering-out 
precipitation of cyanazine from saturated aqueous ethanol 
solutions. Solid-liquid interfacial tensions calculated for 
these induction period measurements were compared with 
interfacial tension values obtained from contact angle 
analysis giving further credibility to the nucléation and 
growth mechanism proposed.

Overall growth kinetics were then calculated from 
dissolution and desupersaturation experiments. Overall 
orders of growth and effectiveness factors were found and
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these indicated whether growth was diffusion or surface 
integration controlled. Overall orders of growth also 
gave an indication of the mechanism of surface integration. 
Single crystal growth measurements were used to 
qualitatively analyse the individual faces of the crystal. 
Optical and scanning electron microscopy were also employed 
to deduce what type of surface integration mechanism was 
present during crystal growth. The influence of 
supersaturation, water weight fraction and temperature on 
crystal habit and growth were also observed.

To date, relatively little work has been done on the 
precipitation of organic compounds compared with inorganic 
materials. It is hoped that the work carried out in this 
project will provide novel and useful information leading 
to a greater insight for the precipitation mechanisms of 
organic compounds. Most of the references in this work in 
fact come from studies on inorganic compounds. The basic 
principles of crystallisation, however, are not specific to 
any type of species and so the same fundamentals may be 
used for both organic and inorganic compounds.
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CHAPTER 2
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2.1. Solubility

For a substance to dissolve in a liquid it must be capable 
of disrupting the solvent structure and permit the bonding 
of solvent molecules to the solvent or its component ions. 
The tendency of a crystalline solid to enter solution and 
become solvated is opposed by the forces binding the ions, 
atoms, or molecules in the lattice. The solubility of a 
solid is thus determined by the resultant of these opposing 
effects. Solubility of a solute in a given solvent is 
defined as the concentration of that solute in its 
saturated solution (Russell, 1981).

In a pure, saturated, solution of sparingly soluble 
substance BA, the following equilibrium exists;

BA ^ BA = B* + A" (2.1)solid solution

If no other species of A and B than those represented, are 
present in solution, the the molar solubility of BA is 
given by;

S = [BA] + [B*] [BA] + [A‘] (2.2)

where [BA] is the molecular or intrinsic solubility of BA, 
which may be negligibly small compared with [B*] and [A”] 
for compounds which are highly ionised. In the case of many
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organic compounds, and in particular cyanazine, the level 
of ionisation is quite small.

If one molecule of solute dissociates in solution according 
to equation (2.1), then the chemical potential, \i, of the 
undissociated solid in equilibrium with the saturated 
solution must be equal to the sum of the chemical 
potentials of the ions in solution, therefore

jLi(B̂ Â ) = + n)Li(A") (2.3)
= mRT In a + nRT In a (2.4)B A ' '

where a and a are the activities of and A" ions; m andB A

n, the number of ions of A and B respectively, in solution; 
and R, the gas constant. As long as the solution is 
saturated with respect to BA, the chemical potential of the 
solid /Lt(BA ) will remain constant, therefore

mRT Ina + nRT Ina = constant (2.5)B A  ' '
and

(a )"'.(a )" = constant = K (2.6)B' A' s p

where is the activity product, or, the activity
solubility product (Nernst, 1904).

A saturated solution is a solution which is in equilibrium 
with excess solute present. The solution is still referred 
to as saturated, even after the excess solute is filtered.
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The presence of an impurity, such as another solvent, can 
have a significant effect on the solubility characteristics 
of a system, as can temperature. Typically, an increase in 
temperature increases the level of saturation and vice 
versa, while solvent variation can give quite unpredictable 
results. A typical example is the significant reduction in 
solubility of potash-alum in aqueous solutions upon the 
addition of acetone (Mydlarz and Jones, 1989).

2.2 Supersaturation

Supersaturation influences most if not all of the 
mechanisms and properties associated with the 
crystallisation of various substituents. It is the driving 
force for nucléation and crystal growth and is achieved 
when the concentration of solute in solution is greater 
than the equilibrium concentration at the same temperature.

The supersaturation of a system may be expressed in a 
number of different ways, these include; concentration 
driving force, Ac, supersaturation ratio, S, and a quantity 
sometimes referred to as the absolute (closely linked to 
the chemical potential difference) supersaturation, cr, or 
percentage supersaturation, lOOcr (Mullin, 1982) . These 
quantities are defined by the following equations:
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AC = C-C* (2.2.1)
S = C/C* (2.2.2)
cr = AC/C* = S-1 (2.2.3)

where C and C* are the bulk and equilibrium concentrations 
(kg of solute /kg of solvent) at a specified temperature. 
Solution concentrations can be determined directly by 
analysis, or indirectly by measuring a property of the 
system which is indirectly related to the concentration 
(e.g, viscosity (Sohnel and Mullin, 1979; Price and 
Garside, 1989), density and conductivity (Sohnel and 
Mullin, 1978)).

Equation (2.2.3) was analysed by Mullin and Sohnel (1977). 
They suggested that the fundamental driving force for 
crystallisation may be defined at a given temperature and 
pressure, as the difference in chemical potential between 
the solute in a supersaturated solution (state 1) and a 
saturated solution (state equilibrium). The absolute 
supersaturation is then defined thermodynamically by

a = RT (2.2.4)

or, since u is the chemical potential of the solid solute 
at the saturation temperature (state c), this may be 
written as

cr = (M̂ - )/ RT (2.2.5)
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To express the chemical potential, u, as a function of the 
solute activity, a, the precise supersaturation becomes

(2.2.6)

simplifying, activity coefficients are independent of 
concentration over small ranges. Then equation (2.2.6) 
becomes

"■inco = (2.2.7)

For highly soluble systems, equation (2.2.7) gives values 
of supersaturation which depends on the concentration 
units, highlighting the need to use the exact expression, 
equation (2.2.6). At low supersaturations ln((r+l) « cr, 
equation (2.2.6) becomes

Œ = (a -a )/a (2.2.8)a 1 eq eq

or
cr = (c-c )/c (2.2.9)c 1 eq eq

which is the same as equation (2.2.3), and is the most 
commonly used expression of supersaturation for crystal 
growth in solution.

Cardew, Davey, and Garside (1979) used heats of solution to 
calculate values of supersaturation. They suggested that
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thermodynamic supersaturations (i.e. based on activity 
coefficients) are only acceptable for solute-solvent 
systems which deviate strongly from ideality.

Supersaturation may also vary throughout the solution 
depending on how well the system is mixed. Bourne and Davey 
(1976) found that when hexamethylene tetramine crystals 
were grown in aqueous solutions the interfacial 
supersaturation (concentration of solute at the 
solid-liquid interface) rises steadily with increasing bulk 
supersaturation indicating an even distribution of solute 
concentration throughout the solution. They also observed 
growth of these crystals from ethanolic solutions and found 
that as the interfacial supersaturation increased, the 
absolute supersaturation increased to a certain value after 
which it became dependent on the bulk supersaturation. In 
general, uniform supersaturation is achieved throughout a 
solution at high mixing rates (the exact level depending 
upon the viscosity of the solution).

The level of supersaturation also influences the mechanism 
of crystal growth. For example. Bourne and Davey (1976) 
showed that hexamethlene tetramine crystals grown at low 
supersaturations exhibited screw dislocations, while layer 
by layer adsorption was observed at higher 
supersaturations. Burton and Cabrera (1949) found that at 
low supersaturation, the portions between the growth steps 
play almost no part in crystal growth.
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Induction times, particle size and shape, the type of 
mechanism of nucléation and crystal growth, are all 
dependent to some extent on supersaturation. For example, 
at low supersaturation, the induction times are long, and 
the particle size large, while at high supersaturation
values, induction times are short and particle size
reduced. Mullin (1982) observed that when supersaturation 
was high, nucléation predominates, and, the particle size 
of the precipitate is greatly reduced.

Neilsen and Sarig (1971) also found that the number of
particles or droplets in solution is determined by the rate 
of nucléation in competition with the rate of consumption 
of solute due to particle growth. At high supersaturation a 
large number of small nuclei are formed while at low 
supersaturation a small quantity of large nuclei is formed. 
This clearly shows the effect of supersaturation on
nucléation rates.

2.3. Nucléation

Although crystal nucléation is central to many processes in 
the living and inanimate world, its understanding and 
control on a molecular level is still at a rudimentary 
stage. Fundamental questions such as the number of 
molecules required for the nucleus to cross the critical
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size, and the role played by surfaces and the solvent or 
foreign additives present in solution in the promotion or 
inhibition of primary and/or secondary nucléation, requires 
classification and to date remains unanswered.

In most crystallisation processes supersaturation alone is 
not sufficient cause for a system to begin to crystallise. 
Before crystals grow, there must exist in solution a number 
of minute solid bodies known as centres of crystallisation, 
seeds, embryo's or nuclei. Nucléation can be divided into 
two categories namely, primary and secondary nucléation 
as is seen in Figure 2.3.1 (Mullin, 1982).

(spontaneous)

(induced by crystals)
HOMOGENEOUS HETEROGENEOUS

SECONDARYPRIMARY

NUCLEATION

(induced by foriegn particles)

Figure 2.3.1.
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2.3.1. Primary Nucléation

This refers to all systems which do not contain crystalline 
matter. Primary nucléation can be either homogeneous or 
heterogeneous. The former occurs spontaneously in pure 
systems and is driven only by concentration driving forces, 
while the latter may be induced artificially due to the 
presence of foreign particles in solution or imperfections 
on the surface of reaction vessel where heterogeneous 
nucléation of a solution may occur by seeding from embryos 
retained in cavities. For example, Turnball (1950) examined 
the kinetics of heterogeneous nucléation and suggested that 
a drop in temperature causes the embryos retained in 
cavities, on the walls of the reaction vessel or in 
extraneous particles, to nucleate and grow to the mouth of 
the cavity. And, as a result, they become optimum sites for 
further nucléation and crystal growth.

In ideal pure homogeneous solutions the formation of 
crystal nuclei requires the constituent molecules to 
coagulate and resist the tendency of redissolving, as well 
as becoming orientated into a fixed lattice. The 
probability of such a nucleus forming from the simultaneous 
collision of the required number of molecules is very 
small. Instead, bimolecular addition of molecules is more 
likely and is described by the following equations:
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À + A = A1 2

A + A = A
2 3

A + A = A
n -  1 n

where A^ = the critical cluster (Mullin, 1961).

When heterogeneous nucléation is present in solution Â  (a 
solute molecule) is replaced by D (an impurity) and DA^ 
would be dependent upon the size of the impurity.

Further molecular addition to the critical cluster, either 
in heterogeneously or homogeneously nucleated solutions, 
would result in continued nucléation followed by crystal 
growth. Nuclei can only continue to grow in this fashion in 
regions of high supersaturation where there are plenty of 
solute molecules available. Otherwise, unstable 
sub-critical clusters of solute molecules will redissolve 
into the supersaturated solution.

Therefore, the rate of nucléation is equal to the rate of 
formation of critical nuclei. This rate, J*, is found by 
rearrangement of the Gibbs-Thompson (1928) equation to give

J*= A exp lencr^v^ 
3k^T^(InS)2

(2.3.1)

where A is a pre exponential factor; cr, the solid-liquid 
interfacial tension; v, the number of ions in a molecular
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unit; k, the Boltzmann constant; T, the temperature 
(kelvin); and S, the supersaturation ratio as defined in 
equation (2.2.8).

Nucléation can be induced by agitation, mechanical shock, 
friction and extreme pressures within solution and melts as 
was shown by Young (1911) and Berkeley (1912). These 
disturbances are thought to enhance the frequency of 
bimolecular collisions between the interacting molecules 
giving them sufficient energy to create a critical cluster. 
Mullin and Ravin (1962) studied the influence of mechanical 
agitation on the nucléation of aqueous salt solutions and 
found that an increase in the intensity of agitation does 
not always lead to an increase in nucléation. They reported 
that the rate of nucléation increased with increasing 
agitation to a critical level after which the nucléation 
rate began to decrease. This observation has also been 
observed by Mydlarz and Jones (1989).

Christiansen and Nielsen (1951) proposed a kinetic approach 
for homogeneous nucléation of crystals from ionic 
solutions. Unlike the classical nucléation theory Gibbs 
(1928), Becker and Boring (1935), and Volmer (1939) which 
predicted that the crystal size and rate of nucléation are 
highly dependent upon supersaturation, their model 
suggested that the rate of nucléation is not a strong 
function of supersaturation, and the critical cluster size 
is always a constant. According to Christiansen and
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Nielsen, nucléation can be expressed by the following power 
law;

J = K(S-1)P (2.3.2)

where K is a constant, and p, the number of ions in a
critical cluster. Several sparingly soluble salts (Turnball 
and Fisher, 1949; and Christiansen and Nielsen, 1951) gave 
values of p=2-9. However, it has been shown that 
heterogeneous nucléation probably initiated most of the 
precipitation in these experiments inferring that equation 
(2.3.2) does not accurately account for most homogeneous 
nucléation processes (Turnball, 1956; and Walton, 1965). 
Furthermore, the model stresses a weak dependence of the 
nucléation rate on supersaturation which is inconsistent 
with some experimental findings. For example, the measured 
value of p=18 for the homogeneous nucléation of barium
sulphate (Nielsen, 1964).

Chiang, Donohue, and Katz, (1988) presented a novel theory 
to describe the kinetics of homogeneous nucléation from 
ionic solutions. This theory, based on the work of Katz and 
Spaepen (1978) and Katz and Donohue (1979) , separates the
aspects of the nucléation process which are inherently
kinetic from those which are thermodynamic, making it 
relatively straight forward to incorporate particular 
growth and dissolution kinetics for any system. Chiang, 
Donohue, and Katz found good experimental agreement for
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this with barium sulphate systems.

The lack of success of classical nucléation theories in 
explaining the behavior of real systems has led to a number 
of scientists to suggest that most primary nucléation is 
heterogeneous rather than homogeneous and empirical 
relationships such as

J = k AC® (2.3.3)n max

are the only equations which can be justified (Mullin, 
1982). Here AC is the maximum allowable supersaturation 
(i.e. the metastable limit); k̂ , the nucléation rate
constant; and m, the order of the nucléation rate process.

Garten and Head (1966) suggested that true homogeneous 
nucléation only occurs at very high supersaturations in 
perfectly pure solutions where the driving force is 
sufficient to initiate nucléation. In practice, however, 
complete homogeneous nucléation is very hard to achieve, 
and rarely occurs due to the presence of impurities in 
solution or on apparatus which act as nucléation catalysts.

According to Me Pherson and Shlichta (1987) , inorganic 
crystals can be used as heterogeneous nuclei for 
facilitating reliable and controlled nucléation in 
automated protein crystal growth experiments. Despite their 
unusual nature, protein crystals were induced by
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heterogeneous nucléation to nucleate and grow at 
substantially lower supersaturations than are needed for 
spontaneous homogeneous nucléation. They also believed that 
the use of such nucleants offers the possibility of 
substantially improved control, reliability, and 
reproducibility of protein crystal growth. Me Pherson and 
Shlichta also suggested that amorphous surfaces act as 
heterogeneous nucleants to the extent that they adsorb and 
align solute molecules.

Sohnel and Mullin (1988) gave a detailed explanation of how 
nucléation and growth mechanisms could be interpreted 
through induction period (t^^^) measurements. They 
suggested a method for obtaining information on new-phase 
nucléation and early growth, based on the demonstrated 
negligibility of non-steady-state nucléation in moderately 
supersaturated aqueous solutions of electrolytes. Depending 
on the type of induction period verses supersaturation plot 
which fitted experimental data, the relative rates and 
mechanisms of nucléation and growth could be obtained.

2.3.2. Secondary Nucléation

It has frequently been shown that supersaturated solutions 
nucleate much more readily when seed crystals of the solute 
are present. Secondary nucléation, defined as the 
generation of nuclei in the vicinity of crystals present in
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a supersaturated solution, is probably the best method for 
inducing crystallisation. Among the early papers on this 
subject. Ting and Me Cabe (1934) demonstrated that 
solutions of magnesium sulphate nucleated in a more 
reproducible manner, at moderate supersaturations, in the 
presence of seed crystals. Later, Mullin and Leci (1970) 
studied the seeding of citric acid solutions and found that 
the secondary nucléation rate decreased with an increase in 
seed size or in the number of seeds of a given size. They 
also found that supersaturation increased secondary 
nucléation rates. The predominant mechanism of secondary 
nucléation, however, could easily change according to 
environmental conditions, e.g intensity of agitation and 
level of supersaturation.

Gutzow and Toschev (1968) pointed out that since the 
nucleus is a crystal, i.e. an ordered structure, then the 
rate of nucléation will also be limited by the transport of 
growth units to the growth sites (kinks) , this may also 
lead to a decrease in surface energy, and therefore, an 
increase in the induction times of several magnitudes. This 
point of view was also been adopted by Nielsen (1964) and 
by Gindt and Kern (1965, and 1968).

2.4. Crystal Growth

The growth of crystals from solution has been the subject
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of numerous studies for many years. Despite all these 
efforts, however, there is still no generally acceptable 
theory which permits a quantitative prediction of the 
effects of all factors which influence crystallisation from 
solution.

Once particles larger than the critical size have been 
formed in a supersaturated or supercooled (crystallisation 
caused by a rapid decrease in temperature) system, they 
begin to grow into crystals of visible size. The mechanism 
and kinetics of crystal growth developed in the past has 
been categorised into three theoretical sections, viz. 1. 
surface energy, 2. adsorption layer, and, 3. diffusion.

2.4.1. Surface Energy

Surface energy theories are based on the postulation of 
Gibbs (1878) and Curie (1885) that the shape a growing 
crystal assumes is that which has a minimum surface energy. 
Wulff (1901) showed that the equilibrium shape of a crystal 
was related to the individual free energies of each face. 
He suggested that faces would grow at a rate proportional 
to their surface energies. If a crystal is allowed to grow 
in a supersaturated solution the development of various 
faces should be in such a manner as to ensure that the 
whole crystal has a minimum total surface free energy for a 
given volume. Except for the special case of a 
geometrically regular crystal, the velocity of growth will
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vary from face to face. In practice, a crystal does not 
maintain geometric similarity during growth, the smaller, 
faster growing faces are often eliminated by a mechanism 
called "overlapping". In general, high index faces grow 
faster than low index faces. An accurate assessment of the 
growth kinetics, therefore, must involve a study of the 
individual face growth rates. The surface energy approach 
in explaining the mechanism of" crystal growth has now 
fallen largely into disuse due to its inability to explain 
the effects of supersaturation and solution movement on 
crystal growth rates. However, some of the observations on 
the growth of individual faces are used in molecular 
modeling.

2.4.2. Adsorption Layer Theory

The Volmer, or Gibbs-Volmer (1939) adsorption layer theory 
is based on thermodynamic reasoning. When units of a 
crystallising substance arrive at a crystal face, they are 
not immediately integrated into the lattice, but merely 
lose one degree of freedom and are free to migrate over 
the crystal face (surface diffusion). Therefore, there will 
be a loosely adsorbed layer of integrating units at the 
interface, and a dynamic equilibrium is established between 
this layer and the bulk solution. Atoms, ions or molecules 
will link into the lattice positions where the attractive 
forces are strongest. That is, under ideal conditions, 
these active centres on the crystal face, form a step-wise
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build-up on the surface until the whole plane face is 
completed (Figure 2.4.1a-b). New centres of crystallisation 
are then formed on the surface of a plane.

The Gibbs-Volmer theory postulated that this centre of 
crystallisation was a monolayer island nucleus, or a 
two-dimensional nucleus as it is sometimes called 
(Figure.2.4.1c). The rate of two "dimensional nucléation J*, 
can be expressed in the form of the Arrhenius reaction 
velocity equation

J*= B.exp(  ----) (2.4.2.1)
k T In S

Comparing this to equation (2.3.1) it can be seen that the 
ratio of energy requirements for three and two dimensional 
nucléation (based on spheres) is 16<rv/3hkTlnS.

In general, a reasonably high degree of local 
supersaturation is necessary for two-dimensional nucléation 
to occur, which would be lower than that required for the 
formation of three dimensional nuclei under equivalent 
conditions.

Kossel (1934) postulated another mechanism for adsorption 
layer crystal growth (Figure 2.4.2). He predicted that the 
flat surface of a crystal is divided into two regions by a 
monoatomic step, where the step itself may be incomplete 
and to facilitate extra kink sites. In addition, there are
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_Fi£ure_2.4.1. Examples of crystal growth rates 
(Mullin, 1982)
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loosely adsorbed growth units on the crystal surface and 
vacancies in the surfaces and steps. Kossel found that the 
kink site, the position of highest bonding energy, was the 
most likely point of attachment in a growth unit.

Burton and Cabrera (1949) found that at low 
supersaturations, the portion between the steps plays 
almost no part in crystal growth.- They also suggested that 
if a crystal grows at all, some type of steps must exist at 
some time on the surface. If kinks are present at 
equilibrium, then when there is an increase in the external 
solute concentration suitable deposition points are already 
available. Under equilibrium conditions they also found 
that the concentration of kinks in a step is high, and that 
the concentration of kinks in a close-packed surface is 
negligible.

Using a simple cubic, nearest neighbour interaction model, 
the equilibrium concentration of adsorbed molecules, holes 
and kinks in a step can be calculated. The probability of 
having a kink at a given place on the step is given by

n =n = exp(- 0/2kT) (2.4.2.2)

where n^ and n are the number of positive and negative 
kinks on the crystal surface, respectively; <p, the energy 
of interaction between neighbouring molecules; k, the 
Boltzmann constant; and T, the temperature of the system
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(Burton and Cabrera, 1949).

Davey (1976) studied the effect of impurity adsorption on 
kinetics of crystal growth from solution. He found that in 
pure solutions kink sites formed by spontaneous 
fluctuations along the entire step path length, and, entry 
into the step was only hindered by desolvation barriers. 
However, when impurities were added to the system they were 
adsorbed at step sites. This in turn reduced the effective 
length of the step along which kinks formed, and provided 
steric barriers to the entry of growth units.

In theory, a crystal should grow fastest when its surface 
is entirely covered with kink sites and with time, it is 
expected that the number of kink sites decreases as a 
smooth surface is produced. However, Volmer and Schultz 
(1928) found that the growth of iodine crystals from a one 
per cent supersaturation was 10̂ °°° times greater than 
those predicted from classical growth theories. This 
indicates that the Kossel model and its dependence on 
surface nucléation is not valid for growth at low or 
moderate supersaturations.

As an alternative to the Kossel model, Frank (1949) 
postulated that very few crystals grow according to the 
layer by layer adsorption without some imperfection 
occurring during growth. Of these, screw dislocations are 
considered to be important for crystal growth. Once a screw
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dislocation has been formed the crystal face can grow 
perpetually 'up a spiral staircase' (See Figure.2.4.3). 
Burton, Cabrera, and Frank (1951) combined their knowledge 
and this led to the EOF screw dislocation theory. This was 
derived for molecular crystal growth by vapor deposition 
and was put forward to explain why crystals can grow even 
at very low supersaturations.

According to Burton and Cabrera (1949), the mechanical 
properties of the solids show that no macroscopic or 
microscopic specimen ever exhibits the theoretical strength 
of the perfect crystal; and this enormous discrepancy is 
attributed to the presence of dislocations. The development 
of the dislocation theory by Matt and Nabarro (1948), Frank 
(1949) and others emphasises the fact that dislocation 
lines can be curved and exhibit any orientation. When screw 
dislocations are present, the crystal face always has 
exposed molecular terraces on which growth can continue, 
and the need for two dimensional nucléation never arises.

The BCF theory describes a crystal growth process where 
atoms, ions, or molecules from the liquid phase are 
adsorbed on the growing crystal face. These atoms, ions, or 
molecules then make their way by surface diffusion to a 
kink site where they are integrated into the lattice and 
contribute to the growth of the crystal.

It has also been suggested that there are two steps in
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series for the adsorption layer growth of crystals. Chernov 
(1961) studied the characteristic movement and bunching of 
steps in an attempt to develop kinematic theory. In this 
model each step is competing against each other for solute 
molecules, and steps that flow across a face are usually 
randomly spaced and of different height and velocity, 
resulting in step-bunching. Not much time or energy has 
subsequently been given, however, to investigating this 
particular theory.

Bourne, Davey and Me Culloch (1977) stated that the 
mechanism by which a crystal face in contact with its 
supersaturated solution grows is determined by the inherent 
molecular roughness of the solid-liquid interface. That is, 
when the entropy difference between the solid and the 
liquid is rather small and hence the interfacial region 
rather broad and rough, and growth may occur without the 
necessity of steps by the direct addition of molecules into 
kink sites.

2.4.3. Diffusion Theory

Diffusion theories originated by Noyes and Whitney (1897) 
and Nernst (1904) assume that solute molecules are 
deposited continuously on a crystal face at a rate 
proportional to the difference in concentration between the 
point of deposition and the bulk of the solution. Later, 
Berthoud (1912) and Valeton (1924), proposed that crystal
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growth was a two-step process, i.e. diffusion followed by 
surface integration. The first step is considered a 
diffusion process, whereby solute molecules are transported 
from the bulk of the fluid phase to the solid phase. This 
is followed by a surface reaction where the solute 
molecules arrange themselves into the crystal lattice. 
These two steps are difficult to separate as each step 
offers some contribution to the overall resistance of 
crystal growth. A typical example of this two-step growth 
process is the growth of potassium sulphate from aqueous 
isopropanol solutions (Mydlarz and Jones, 1989). An overall 
picture of this two-step crystal growth process can be seen 
in Figure 2.3.4.

2.4.4. Two-Step Growth Theories

Various methods proposed for quantifying the resistance to 
growth offered by volume diffusion have be critically 
discussed by Garside et al (1975). There are five general 
methods available for quantifying the volume diffusion 
resistance. The most commonly used technique assumes that 
the diffusion steps for crystal growth and dissolution are 
physically similar but in opposite direction, i.e. totally 
reversible. Calculated overall growth rates and 
effectiveness factors (see later) from such data give clear 
indications if diffusion or surface integration is the 
controlling mechanism of crystal growth. Other methods of 
analysis include; 1. the direct measurement of the mass

41



transfer boundary layer, 2. assuming that a limiting growth 
rate is reached at high solution velocities where diffusion 
resistance is eliminated, 3. extrapolation to the point 
where volume diffusion offers negligible resistance. Power 
law models can then be easily adopted for the surface 
integration step, and 4. the assumption that the surface 
reaction process is second order with respect to the 
surface supersaturation (Karpinski, 1981 and 1985).

Combination of overall crystal growth and dissolution rates 
is the most commonly used technique for determining the 
controlling phase of this two-step crystal growth process. 
Values of g, the overall order of growth, give an 
indication of the most likely mechanism of surface 
integration. When g=l, surface integration plays no part in 
crystal growth, and when g=l-2, surface integration is 
controlled by screw dislocations. This is dealt with in 
more detail in chapter 6.

Garside (1971) introduced the concept of effectiveness 
factor as a means of identifying the controlling step. He 
defined the surface integration effectiveness factor, , 
as:
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_ (measured overall growth rate) 
(growth rate expected when the 
interface is exposed to bulk 
conditions)

I.e.

“ -^.(C-C*)’"' (2.4.3.1)
r

where and k̂  are the overall crystal growth and surface 
integration rate coefficients respectively, and g and r are 
the overall and surface integration orders of growth 
respectively. As the diffusion step becomes less important, 
T}̂ approaches 1, and the surface integration step 
increasingly dominates the growth process. For example, 
Mydlarz and Jones (1991) used the concept of effectiveness 
factors to quantify the effects of solvents on the growth 
of potassium sulphate crystals and found that the 
effectiveness factor decreased with increasing 
concentration of organic précipitants indicating increased 
bulk diffusion control.

Davey (1976) also found that impurity adsorption at kink, 
step and ledge sites considered within the framework of the 
BCF surface diffusional theory of crystal growth from 
solution, correlates well much of the currently available 
experimental data.

According to Bomio, Bourne, and Davey (1975), hexamethylene 
tetramine crystal growth from aqueous solution was best 
described in terms of combined mass transfer (diffusion)
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and surface processes, the latter becoming more important 
as the relative sphere-solution velocity increased. They 
also found that the overall growth rate of hexamine spheres 
were found to be dependent on the relative sphere-solution 
velocity. Increasing growth rates with increasing solution 
velocities indicates the importance of diffusion in the 
growth process.

Nowadays, the two-step crystal growth process is the most 
commonly used theory for explaining crystal growth, and it 
is this theory which is used later to explain the growth of 
cyanazine crystals from aqueous ethanol solutions under 
varying conditions of supersaturation, temperature and 
water weight fraction.

Some typical plots of crystal growth rates can be seen in 
Figure.2.4.1.

2.5, Induction Period

A period of time elapses between the achievement of 
supersaturation and the detection of the first newly born 
crystals in a solution. This is called the induction period 
(tind)/ and it is a function of temperature, 
supersaturation, mixing efficiency, state of agitation, 
presence of impurities, before nuclei appear (Mullin, 
1980). Some time after the induction period a rapid
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desupersaturation ensues, during which primary and 
secondary nucléation may occur. When seed crystals are 
present in solution the induction period decreases to zero 
and no secondary nucléation takes place.

The induction period, t^^^, may be considered as being made
up of several parts, viz.

t. = t + t + t (2.5.1)i n d r n g

where t̂  is the time required for an appropriate 
distribution of nuclei to be established; t , the time in 
which critical nuclei are generated; and t̂ , the time taken 
for a critical nuclei to grow to a detectable size.

Christian (1965), and Kantrowitz (1951) found that t̂  was 
negligible compared to t^^^ and so

t. = t + t (2.5.2)ind n g

The relative magnitudes of t̂  and t̂  determines which of 
the processes will control the induction period of 
nucléation. Sohnel and Nyvlt (1976) found that regions of 
low supersaturations indicated that t >> t , whenn g

nucléation occured in solution.

According to Sohnel and Mullin (1978), the induction period 
of nucléation is primarily dependent upon the initial
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solution supersaturation and temperature, but it cannot be 
determined experimentally because no method has been found 
for the determination of a critical nucleus. It is 
necessary, therefore, to let the nuclei grow, taking solute 
out of solution, until crystals become visible or the 
change in supersaturation or some relative property is 
detectable (equation 2.5.2). They also found that for 
successful measurements of short induction periods (< 
5sec) , very rapid mixing must be insured, and a fast 
sensitive method must be employed for the detection of the 
appropriate system changes.

Experimentally obtained induction period measurements give 
a first indication of the mechanism of nucléation and 
crystal growth. Sohnel and Mullin (1988) gave a detailed 
interpretation on how induction period data are used to 
determine the controlling mechanisms of nucléation and 
crystal growth. In this theoretical paper they divided 
equation (2.5.2) into three separate cases:

1. t
2. t » t

n g

3. t « t
n g

As a result, more precise, refined equations for the 
different conditions of nucléation and early crystal growth 
were defined, and these are analysed in depth in chapter 5.
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Despite its complexity and uncertain composition, the 
induction period has frequently been used as a measure of 
the nucléation rate. For example, it was used by Sohnel, 
Mullin and Jones (1988) in the determination of 
crystallisation and agglomeration kinetics in the batch 
precipitation of strontium molybdate. Several authors have 
used the simplifying assumption that the induction period 
is essentially determined by the- formation of nuclei, and 
can therefore be considered inversely proportional to the 
rate of nucléation, i.e.

tind a (2.5.3)

which according to the classical nucléation relationship 
(2.3.1) gives.

ln(l/t ) a (-- -2-----) (2.5.4)
T^ln S)^

implying a strong dependence of t^^^ on the level of 
supersaturation. The presence of seeded crystals in 
solution reduces the induction period to zero.

Lundager Madsen (1987), studied the theory of long 
induction periods and postulated that chemical reactions 
can also influence the induction time as well as the 
nucléation and crystal process. He found that the delay of 
a particular reaction extends the induction time. An
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example of this is in electrolytic precipitation where the 
dehydration of metal ions and deprotonation of weak acids 
takes place. Certain metal ions like Cr*^ and Co*^ exchange 
coordinated water with other ligands so slowly that 
precipitation takes several hours and in some cases days 
(Cotton and Wilkinson, 1970).

Early attempts to measure induction periods was by visual 
detection of the first crystals formed. However, this 
method gave very inconsistent results and is now used as a 
rough guide only for induction period assessment. Over the 
last few decades several techniques have been continually 
refined to produce accurately measured induction periods 
(e.g. conductivity, and turbidity). For example, Nielsen 
(1967), and Sohnel and Mullin (1978), using stopped-flow 
techniques used conductivity measurements to analyse the 
induction periods. However, these methods were only 
applicable to ionic solutions. Induction period 
measurements for non-ionic solutions can be measured by 
turbidometric analysis.

Induction period measurements can also help to provide 
useful information on other crystallisation phenomena. For 
example, Mullin (1980) reported the impurities present in 
solution act as catalysts for nucléation and reduce the 
induction period.
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2.6, Agglomeration

Precipitates do not usually consist entirely of discrete 
crystalline identities. Crystalline particles can adhere 
and grow together forming agglomerates which usually 
predominate in solution unless surfactants are added 
(Mullin, 1982).

Interparticle collision may result in permanent attachment 
if the particles are small enough for the Van der Waal 
forces to exceed the gravitational forces; this condition 
does not generally occur for sizes > l/iim. Of course, not 
all interparticle collisions result in permanent contact, 
and in lyophobic systems (i,e. highly polar systems which 
are insoluble in water) charge stabilisation greatly 
decreases the rate of agglomeration. At very high 
supersaturation homogeneous nucléation results in the 
production of a large number of particles, and hence a very 
fine precipitate. Agglomeration may occur under these 
conditions, but the particles are often so small and 
numerous that the suspension can approach that of a 
colloidal dispersion. Fluid shearing as the crystal moves 
through the solution, can sweep portions of the loosely 
bound growth units into the solution where, because they 
are partially integrated, they form nuclei and 
agglomeration occurs.
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Agglomeration or aggregation depends largely on the 
concentration of particles in suspension, because it occurs 
by binary collision which is proportional in number to the 
product of the concentration of particles within the 
considered size range (Hostomsky, 1986). In contrast, the 
growth of individual particles as a result of transfer of 
the solute from the solution depends on the particle 
concentration only through the total surface area of the 
particles and the mass balance for the solute. The effect 
of agglomeration on the particle size distribution is 
therefore largest for small particles whose concentration 
is the highest (Hostomsky, 1986).

According to Grabenbauer and Glatz (1981), light microscopy 
of a protein product slurry revealed the particles to be 
aggregates of sub-micron particles. Also, limited 
observation by scanning electron microscope (SEM) showed 
the aggregation of primary particles of about O.l^m in 
diameter.

However, Grabenbauer and Glatz (1981) found that as 
aggregates grow they become more susceptible to break-up 
(via collision, shearing etc), so that there is effectively 
a maximum stable size.

Davey and Rutti (1975) worked on the crystallisation of 
hexamethylene tetramine from aqueous solution and found 
that there was no energetic reason why crystals should
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agglomerate. Growth of the solid phase in clusters rather 
than single crystals was observed, but, no energetic reason 
seems applicable as single crystals offer a larger surface 
area for relief of supersaturation.

2.7. Solvent Effects

Selecting of the best solvent for a given crystallisation 
operation may not always be easy matter. Occasionally a 
mixture of solvents are found to possess the best 
properties for crystallisation, yielding crystals of 
specific form and activity. Typical factors that need to be 
considered are solvent properties, crystal stability within 
the solvent, economic aspects, environmental and industrial 
safety.

Crystal habit can easily be changed on changing the 
solvent. Solvents are classified as being either polar or 
non-polar, where non-polar solvents are more soluble in 
polar than in non-polar and visa versa.

Bourne and Davey (1976) studied the growth kinetics of 
hexamine from water, water-ethanol and water-acetone 
solutions. They used the concept of the surface entropy 
factor, a, defined by Jackson (1958)
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a = 4 c/kT (2.7.1)

where a characterises the roughness or smoothness of the 
growing crystal surface and c is the energy gain on the 
creation of a solid-fluid bond at the interface. Whiting 
(1976) used a factors to demonstrate the important role of 
a solvent in the crystallisation of succinic acid from 
water and aqueous isopropanol solutions.

According to Bourne and Davey (1976) a change of solvent 
effects the surface entropy factor (a) of different 
crystallographic faces for hexamethylene tetramine crystals 
resulting in a change of the growth mechanism. They also 
found that ethanolic solutions gave a smoother crystal 
surface. Bourne and Davey reported that surface diffusion 
distances and activation energies for the desolvation of 
hexmethylene tetramine crystals in both aqueous and 
ethanolic solutions, provided some indication of the role 
played by these solvents in determining which surface 
integration mechanism occur at the interface. This data 
also gives credibility to the growth mechanisms proposed 
for these crystals on the basis of kinetic data.

Overall, changing the solvent may have different effects on 
various habit faces of a crystal, and may thus provide a 
useful means of habit modification. A decrease in the rate 
of the surface integration process by changing the solvent
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may reduce the problems of inclusion formation during 
growth. But, when the inclusion formation does not produce 
any problem, the surface integration rate may be increased 
by selecting a solvent which gives a lower surface entropy 
factor (Bourne and Davey, 1976). This often occurs together 
with an increase in solubility.

Bourne, Davey and Me Culloch (1977), postulated that since
secondary nucléation phenomena may be related to surface
roughness, it may be expected that solvents giving the 
smoothest interfaces give the lowest secondary nucléation 
rates.

Solvent from which the crystals are grown is in the
strictest sense an impurity, and it is well known that a 
change in solvent frequently results in a change of habit. 
According to Davey (1976), when a solution crystallises 
from its supersaturated solution the presence of a third 
(impurity) component can often have a dramatic effect on 
the crystal growth kinetics and habit form of the 
crystalline phase.

Bourne and Davey (1977) found that the critical size of a 
hexamethylene tetramine crystals from aqueous and ethanolic 
solutions depended upon supersaturation and not the growth 
rates, since small crystals, on which no holes were
observed, grew faster than the larger crystals. Crystal 
size could be increased by increasing the solution velocity
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or decreasing the supersaturation. They also found that the 
smaller the crystal surface, the stronger the influence of 
surface integration on crystal growth. These suggestions 
were supported by Nielsen (1969) who found that mononuclear 
growth occurred only when crystals were very small, or, 
when supersaturation was low.

2.8. Impurity Effects

The presence of impurities in a system can effect the 
nucléation and crystallisation behavior as well as the 
solubility, induction time and crystal habit. Pure 
solutions are rarely encountered outside the laboratory, 
and industrial solutions are almost invariably impure. 
Additives or surfactants can also be classified as 
impurities. They can have an inhibiting or activating 
effect on the rate and maximum size of particle growth, 
depending on the environmental conditions (temperature, 
pressure, etc).

Impurities can have a considerable effect on the solubility 
characteristics of a system. If to a saturated binary 
solution of A (a solute) and B (a liquid solvent), a third 
component C (also soluble in B) is added, then the presence 
of component C may make the solution undersaturated or 
supersaturated with respect to solute A. For example, the 
presence of a small quantity of water in salol (phenyl
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acetate) causes a reduction in the solubility of salol by 
acting as an impurity (Mullin, 1982).

The presence of impurities may also affect induction 
periods, but it is virtually impossible to predict the 
extent. The effect of soluble impurities may be caused by 
changing the equilibrium solubility or the solution 
structure, by adsorption or chemisorption on nuclei or 
heteronuclei or by chemical reaction or complex formation 
in the solution. The effects of insoluble imp urities on 
crystallisation have also been studied. They can act as 
seeds to initiate heterogeneous nucléation and shorten the 
induction time, while their presence in solution makes the 
method of visually detecting induction periods harder to 
achieve.

Botsaris, Denk and Chua (1970) who studied the action of Pb 
on the nucléation of KCl found that if the impurity 
suppresses primary nucléation, secondary nucléation can 
occur once the uptake of impurity by the growing crystal is 
sufficient.

Impurities can also influence crystal growth rates in a 
variety of ways. They can change the properties of the 
solution or the equilibrium saturation concentration and 
alter the characteristics of the adsorption layer at the 
crystal solution interface, while also influencing the 
integration of growth units.
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Davey (1976) analysed the adsorption of impurities onto the 
crystal faces according to the BCF theory. He found that 
the adsorption of these impurities onto crystal sites 
changes the relative surface free energies of the faces and 
blocks sites essential to the incorporation of new solute 
molecules into the crystal lattice. Davey also proposed 
that impurity adsorption at the kink sites in pure solution 
has two effects; (A) entry into kink sites requires 
desorption of the impurity species. This effect increases 
the activation energy for kink site entry to AG^,
where AĜ  is the activation free energy for the desorption 
of the impurity. (B) New pseudo-kink sites are created in 
which the growth unit would have to accept an impurity 
species as one of its nearest neighbors. Then the 
activation energy for kink site entry would be AG^+ AG^, 
where AG^ allows for any change in the relaxation time for 
entering the pseudo-kink compared to that entering the real 
kink. Davey also found that impurity adsorption at the step 
reduces the effective length of step along which kinks can 
form and may provide steric barriers to the entry of growth 
units. Indeed, if an impurity becomes adsorbed at the step 
the edge free energy decreases causing the diameter of the 
critical nucleus to decrease.

Impurities which bear a structural resemblance to the 
crystallising component may be most effective in the kink 
and step sites (e.g sucrose in the presence of raffinose) ,
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while impurities which are structurally dissimilar to the 
crystallising component may be limited to ledge sites where 
steric requirements are least rigid (Davey, 1976).

Black, Davey and Halcrow (1986) worked with several organic 
materials and found that the crystal growth rate decreases 
rapidly with increasing concentration of additives. When 
growth takes place via a step mebhanism (spiral growth or 
surface nucléation), it follows that monomolecular steps 
move across the surface laterally, either as stable step 
trains or as systems of step bunches. These steps move 
forward due to the capture of solute molecules at kink 
sites. It is thought likely that kink sites are able to 
differentiate between host and additive molecules, because, 
to a first approximation, the bonding in the plane of the 
face and with the underlying surface is unchanged. Kink 
sites which now include the imposter molecule offer to an 
incoming solute molecule a modified binding energy which 
makes incorporation less favorable.

As additives closely resemble the host molecule, it seems 
energetically plausible to assume that bonding within a 
growing layer is not disrupted. It is the bonding component 
normal to the surface which inhibits the movement of kink 
sites and reduces the velocity of growth steps. By changing 
the substituents along the chain or diluting the monolayer 
with other suitable substances (both hydrophobic and 
hydrophillic) it is possible to vary the packing
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arrangement of these head groups and the domain sizes of 
the films, thereby influencing the crystallisation process 
in a controlled manner (Landau, Wolf, Levanon, Leiserowitz, 
Lahav and Sagiv, 1988).

2.9. Particle Size

The most widely employed physical test applied to 
crystalline products is crystal size distribution. Product 
specifications invariably incorporate a clause that defines 
the degree of fineness or coarseness of a material. For 
nucléation stage a crystal needs to reach a certian 
critical size before it can grow, after which it grows, 
agglomerates, and flocculates. Many factors influence the 
size of the crystal, these include; supersaturation, 
temperature, solvent ratio, impurities and reaction time. 
Crystal size can be controlled by the presence of 
surfactants or additives in solution.

Crystal size distributions (CSD) can be measured by several 
techniques (e.g. laser light scattering, and electronic 
zone sensing to mention just a few) . An instrument that 
uses laser light scattering is the Malvern particle sizer. 
This measures the diffraction pattern produced by particles 
in a parallel beam of monochromatic coherent light. It has 
been used to measure the growth of seed crystals in batch 
and gives the percentage mass distribution. A Coulter
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counter is an example of electronic zone sensing. It gives 
a number distribution as well as an approximation of the 
particle size. The combination of both these techniques 
gives invaluable data about the particles size, as well as 
the nucléation and growth mechanisms of these crystals. 
Treweek and Morgan (1977) deduced that the size recorded by 
the counter is based on the volume of the solid material in 
the aggregate. The one major disadvantage of both these 
techniques is that they assume the particles to spherical 
in shape.

Sohnel, Mullin and Jones (1988) used the measurements of 
particle size distributions for strontium molybdate 
crystals to identify if secondary nucléation and 
agglomeration were present in solution. The shift in 
crystal size distribution with time, from small to large 
particles, indicated the absence of secondary nucléation 
and the increased presence of agglomeration.

2.10. Population Balances

Bransom, Dunning and Millard (1949) were amongst the first 
to recognize the need for a particle number balance in the 
analysis of crystalliser operations. The problem was 
subsequently studied in more general terms by Randolph and 
Larson (1965). These studies resulted in the development of 
a general unsteady state population balance for a
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suspension of particles (see equation 2.10.1). The 
population balance, derived in ah analogous fashion to the 
differential material, energy and momentum balances, 
performs an accounting of particles of size range L to L+AL 
in a differential volume dV of a suspension for which the 
following assumptions are made;

1. The suspension occupies a variable volume, V, and is 
confined by fixed boundaries and a free gravity surface.
2. The inlet and outlet streams of the suspension may be 
considered mixed across their pipe diameters, but the 
suspension itself is not necessarily uniform.
3. The particles in the suspension follow a continuous 
distribution over a given size range of particles and over 
a given volume element of the suspension.

Population balances based on size, for a constant volume 
well mixed vessel, is

an/at + a(Gn)/aL + D - B = - Z^n^Q/ V (2.10.1)

where the first term is a measure of the rate of change of 
the distribution with time and the second term accounts for 
changes as a result of differential growth through a 
specific size range. Both birth (B) and death (D) terms 
amount for changes in the number of particles within the 
size range dL.
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2.11. Crystal Habit

Davey and Rutti (1975) found that the shape of 
hexamethylene tetramine crystals changed from dendritic to 
rhombic single crystals with changing solution 
concentrations (i.e. the ratio of hexamethylene tetramine 
to acetone). They also found that the single crystals 
exhibited a tendency towards elongation, growing most 
rapidly in the direction away from the cluster centres 
presumably due to higher supersaturation available at the 
cluster circumference. In contrast, many clusters formed 
were observed to grow together within seconds after 
nucléation giving single particles.

Dunning (1972) predicted that the way in which a crystal 
grows depends upon the structure of its surface in contact 
with the solution. Some molecules will move out from the 
crystal surface and will be replaced by solvent molecules, 
while some molecules from the solution will adsorb onto the 
crystal surface. For a smooth surface the number of 
exchanged and adsorbed molecules will be small. For rough 
surfaces the numbers will be very large, while for very 
rough surfaces the exchange would penetrate beyond the 
surface lattice layer.

Crystal shape depends upon several factors such as 
additives, supersaturation, solution concentration.
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impurities and the mechanisms of nucléation and crystal 
growth. Therefore the shape of any crystal cannot be 
assumed before inspection.

The effect of crystal shape on the kinetics of a system is 
taken into account by the use of geometrical and shape 
factors in nucléation and growth rate equations. Garside, 
Mersmann and Nyvlt (1991) comprehensively reviewed the use 
of shape factors in nucléation and crystal growth. He 
suggested that the shape can be approximated by the use of 
a simple similar geometric body. Other acceptable methods 
of calculating crystal shape factors were postulated by 
Matz (1982).

The shape of crystals formed can be influenced by the level 
of supersaturation. At low supersaturation single crystals 
are formed, at high supersaturation dendrites occur, while 
at very high supersaturations aggregates are present.

2.12. Predicted Crystal Habit

The relationship between the internal arrangement of a 
crystal and its external appearance has been a topic of 
significant interest since the end of the last century. 
Initially Bravais (1866) and Friedel (1907) followed by 
Donnay and Marker (1937) introduced simple geometric rules 
which still provide a useful and efficient initial approach
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for the identification of the most likely crystallographic 
form {hkl} which dominates the crystal shape. These laws 
are often quoted together as the BFDH law which is 
generally accepted as taking into account sub-multiples of 
the interplanar spacing (d^^) which are due to the 
relevant space group symmetries. The most important 
crystallographic form will hold the greatest interplanar 
spacing. Using the BFDH principle and given the unit cell 
dimensions, space group and extinction conditions, the 
thermodynamic equilibrium morphology of the crystal can be 
predicted.

Other attempts to predict crystal morphology used surface 
bonding models (Momany, 1974; and Lifson, 1979). 
Calculation of the intermolecular interactions was one 
method used to assess the effect of energetics on 
morphology. The interaction energy between two non
bonded atoms i and j is represented by the Lennard-Jones 
6-12 potential (equation 2.12.1), as well as the Buckingham 
6-exp potential (equation 2.12.2) below.

- A/r®j+ B/r;=+ q.q/Dr^j (2.12.1)

- A/r^+ B.expC-Cr^j) + q̂ q̂ /Dr̂  ̂ (2.12.2)

where the first two terms in both equations describe the 
repulsive and attractive Van der Waals interactions 
respectively, while the third term describes any
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electrostatic interactions. A, B, and C are constants 
specific to a particular atom-atom interaction, while 
and are fractional charges for the respective atoms 
which are separated a distance r̂ .̂ D is the dielectric 
constant. Summation of the intermolecular interactions 
between a central molecule and each of the surrounding 
molecules within the crystal yields the lattice energy 
(E,J.

Later, Hartman and Perdok (1955) extensively quantified 
crystal morphology in terms of the interaction energy 
between crystallising units. Here, the assumption by Born 
(1923) that surface energies are directly related to 
chemical bond energies was used to identify uninterrupted 
chains of strong intermolecular interactions called 
periodic bond chains (PBC).

PBC analysis was then used to determine the slice (E )slice

and attachment (Ê ^̂ ) energies, where is the energy
released on the formation of a growth slice of thickness 
d (Hartman, 1973) , and E is the fraction of the totalhkl ' ' ' att

lattice energy released on the attachment of this slice to 
a growing crystal surface,i.e.

= S.tt + ^snc, (2.12.3)

The slowest growing faces of a crystal, which 
morphologically are the most important, have the lowest

64



attachment energies (Hartman and Bennema, 1980). Attachment 
energy calculations are carried out by partitioning the 
lattice energy between the slice and attachment energies. 
These are calculated by summing the interactions between a 
central molecule and all the molecules within and without a 
slice of thickness d̂ ^^. BFDH analysis is used to select 
the most suitable slices for these calculations. Finally, 
the attachment energy model assumes that the surface is a 
perfect termination of the bulk and that no surface 
rearrangement takes place.
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CHAPTER 3

66



3.1. Introduction

In determining the kinetics of any precipitating system it 
is essential that all the relevant physical properties are 
available. For the herbicide, cyanazine, most of its 
physical properties have already been determined ( 
Pesticide Manual). Information such as product identity, 
physical and chemical characteristics, reactivity data, and 
environmental characteristics, are all readily available. 
Health and safety data can be found in cyanazines material 
safety data sheet (Shell Research Limited).

For a comprehensive and more accurate analysis of the 
precipitation of cyanazine in aqueous ethanol, however, it 
was necessary to reanalyse and determine the following 
properties: solubility of cyanazine in aqueous ethanol,
density of saturated aqueous ethanol solutions, crystal 
shape and melting points. Solubility and density 
measurements are reported in this chapter, while crystals 
shape and melting points are reported in Table 3.1.2., and 
discussed in the following chapter. Mass balance equations 
were an essential requirement for this precipitation 
analysis. Their derivation and uses are comprehensively 
discussed in section 3.4.
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Table 3.1.1. Toxicology of Cyanazine

1.Acute Oral Lethal Dose (LD )
5 0

Rats 288 mg of active ingredent / kg
Mice 380 mg ::::::::::::::::::: / kg
Quail 400 mg ::::::::::::::::::: / kg
Mallard Duck > 2000 mg ::::::::::::::::::: / kg

2.Acute Percutaneous Lethal Dose (LD )
5 0

Rats > 1200 mg / kg.

3.Two Year Feeding Trials The No Effect Level (EL) Was;

Rats 12 mg / kg of diet.
Dogs 25 mg / kg of diet.
It is rapidly metabolised and eliminated rom the
body by rats and dogs within four days.

4.Lethal Concentration (LC^^) Over 48 Hours

Harlequin Fish 10 mg / 1.
Sheepshead Minnow 18 mg / 1.

LD = the dose which is expected to be lethal for
5 0 50% of a tested animal population.

LC = the concentration which is expected to lethal 
for 50% of a tested aquatic population.



Table 3.1.2. Physical Properties of Cyanazine

Appearance ( > 95 % pure)

Molecular Weight
Density of the 
Solid at 25°C 
Vapour Pressure (20*C)
Melting Point

Molar Volume (25°C) 
Solubility (25*C)

White crystalline solid

-  3

Stability

Molecular Formula

To (A) light

240.7
1290 kg.m

200 nPa
165.06 C

2.006. lO'moles .m”̂
171 mg/1 water 
15 mg/1 benzene 

210 mg/1 chloroform 
45 mg/1 ethanol 
15 mg/1 hexane 

100 %
(B) Hydrolysis 100 % 

with 5 < pH < 9
(C) Heat-1.8 % decomposition 

after lOOhr at 75 C?



Table 3.1.3. Solvent Properties

Solvent Molecular
Weight

Freezing Point Boiling Point Density
- 3g cm

Ethanol 48 - 117.3 78 0.7978

Water 18 0 100 0.9997



3.2. SOLUBILITY

Solubility data for cyanazine in water and in aqueous 
ethanol at 10, 20, and 30°C were measured initially as this 
fundamental information was essential for use in all 
subsequent nucléation and growth investigations. The 
solvents used throughout this project were Analar grade 
absolute ethanol (BDH Chemicals Ltd.) and doubly distilled 
water. The cyanazine used was 97.6% pure (Shell Chemicals 
Ltd.).

3.2.1. EXPERIMENTAL PROCEDURE

For solubility measurements, 100-mL centrifuge tubes 
stoppered to prevent liquid evaporation were used to 
prepare saturated solutions. Each tube was immersed in its 
respective water bath, controlled to ± 0.1°C and
continuously shaken for 24 hours to ensure equilibrium 
saturation. At the end of this period the solutions were 
allowed to stand for at least 2 hours at constant 
temperature (i.e. 10, 20, and 30°C) until clear. The
solutions were then filtered (0.45^m pore size 
Hewlett-Packard filters) and liquor samples diluted with
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absolute alcohol were analysed.

Analysis was initially performed by ultra-violet
spectroscopy. This method of analysis, however, gave very 
inconsistent results and instead another method of 
analysis, high performance liquid chromatography (HPLC - 
Hewlett-Packard Model 109OLC) was used which gave good 
reproducibility using standard procedures.

3.2.2. Solubility Results

HPLC calibration curves of peak area verses cyanazine 
concentration for undersaturated cyanazine solutions were 
first obtained at all three temperatures giving correlation 
coefficients & 0.9999. The concentration of the saturated 
cyanazine solutions were then determined over the entire 
range (0-1) of water weight fractions. The resulting 
solubility data for cyanazine in aqueous ethanol are best 
correlated over two aqueous ethanol ranges using polynomial 
and exponential expressions respectively. The following 
expressions have been fitted to the data;
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Temperature
(K)

Water Weight 
Fraction (X)

Function

283 
293, 303 

283, 293, 303
0.60 — 1.0 
0.60 — 1.0 
0.00 — 0.60

In (Weq) = A + Bx (1) 
In (Weq) = A + Bx + CXp (2) 

Weq = A + Bx + Cx (3)

where Weq is the equilibrium concentration of cyanazine (kg 
cyanazine / 100 kg of aqueous -ethanol) , x is the molar
fraction of ethanol, and A, B, and C are coefficients for 
each of the relevant equations. Solubility data for
cyanazine in aqueous ethanol at all three temperatures are
listed in Table 3.2.1, while values obtained for A, B, and
C are listed in Table 3.2.2.

The standard deviation (<r) for cyanazine solubility curves 
at 10, 20, and 30*C were obtained from the following
expression:

(3.2.2.1)

where x is the experimental value, x is the calculated 
solubility value, and N is the number of data points. 
Solubility curves over the range of water weight fractions, 
0-0.7 and 0.6-1, are illustrated in Figures 3.2.A-C and 
3.2.1A-C, respectively. The standard deviations for each of 
the solubility curves are reported in Table 3.2.3.

70



oc
COn-MUJ
CT<
O)oo

n3
r—i
aCO
<uc•M
NH3CC3>sO

Figure 3. 2 . 1 . A. Solubility Curve For
Cyanazine in Aqueous Ethanol at IOC

0 .

0 .

0 .

0 .

T'

0 ------1—
0 . 0 4 0 . 12 0 . 160 0 08

I

0.24
Molar Fraction of Ethanol



Figure 3 . 2 . l.B. Solubility Curve tor
Cyanazine in Aqueous Ethanol at 20C
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Figure 3. 2 . A. Solubility Curve For
Cyanazine in Aqueous Ethanol at IOC
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3.3. DENSITY

The density of cyanazine in aqueous ethanol at 10, 20, and 
30°C was measured using a PAAR DMA60 digital density meter 
and PAAR DMA602W measuring cell. The densities of both 
undersaturated and saturated solutions were measured. Each 
solution was filtered before analysis using a 0.45jLtm 
Hewlett Packard pore size filter.

3.3.1. The Density Meter

The instrument consists essentially of two parts:

1. The thermostated mechanical oscillator (DMA 60)
2. The electronic measuring system (DMA 602W)

The DMA 60 density meter, in combination with the DMA 602W, 
provides a system for liquid density measurements to the 
highest accuracy. Separation of these two parts provides a 
better thermostating of the sample cell. The density 
determination is based, in principle, on measuring the 
period of oscillation of a vibrating U-shaped sample tube 
which is filled with the sample. The following relationship
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exists between the period (T) and the density (p);

p = A.(T^- B) (3.3.1.)

where A and B are instrument constants which are determined 
by calibration of fluids of known density.

3.3.2. Measuring Principle

The measuring principle of the instrument is based on the 
change of the natural frequency of the hollow oscillator 
when filled with different liquids or gases. The mass 
(hence the density) of the liquid or gas changes this 
natural frequency due to a gross mass change of the 
oscillator upon the introduction of the sample in to the 
system.

The oscillator consists of a hollow elastic glass tube 
which is electronically excited in an undamped regular 
fashion. The direction of oscillation was perpendicular to 
the plane of the U-shaped sample tube. It should be noted 
that the frequency of the oscillator was only influenced by 
that volume of the sample which was in the vibrating area 
of the tube.
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For density calculations we may consider an equivalent 
system represented by a hollow body of mass M, which is 
suspended on a string with an elasticity constant C, and 
its volume (V) filled with a sample of density (p). Then 
from the simple laws harmonic motion, the natural frequency 
of the system will be:

^ H ' pv (3.3.3.2)

and therefore, the period (T) can be obtained
T = 27T. M + pV (3.3.3.3)

C

rearrangement of this expression gives

A = 4tt̂ V and B = 4tt̂ M (3.3.3.4-5)

and we arrive at

T^= Ap + B (3.3.3.6)
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The difference in density between two samples can be 
obtained from

P,- Pz = ?2) (3.3.3.7)

Since A and B contain the mass, volume (V) , and spring 
constant (C), they may be considered as apparatus constants 
which are determined from two calibration measurements of 
samples of known density (e.g. distilled water and air) . 
This calibration must be repeated for each operating 
temperature since A is a function of temperature.

3.3.3. Experimental Procedure

Initially, the density meter and the thermostated water 
pump were switched on and the U-shaped sample tube brought 
to thermoequilibrium at the desired temperature. Then with 
the sample illumination switched off, and at a preselected 
count rate, the density of air was measured. The density of 
distilled water was then measured by adding batch samples 
(via a hypodermic syringe) to the U-shaped tube. To ensure 
accurate density measurements all air bubbles were 
extracted from the sample tube, and both ends of the tube 
were stoppered to prevent a thermal imbalance. The density
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of air and water were averaged over ten time intervals (T), 
where each reading gave the same value. This also indicated 
that the sample tube had reached thermoequilibrium.

Once the calibration measurements were carried out the 
measuring cell was pumped with air, flushed with absolute 
ethanol, and air dried to ensure- an impurity free system. 
The density of filtered cyanazine solutions were then 
measured using the same method as that for water and air 
density measurements. Between each measurement the 
vibrating sample tube was cleaned with absolute alcohol and 
air dried.

Note; When the illumination is turned on, the 
optoelectronic unit ' of the excitation system will not 
operate, preventing vibration of the sample cell, and 
therefore density measurements are not possible.

The instrument constant (k) was then calculated from the 
following expression:

Pj- P2 = k. (Tj- T̂ ) (3.3.3.9)

where T = T and T = T . Having obtained k the density1 water 2 a i r  ^

of both undersaturated and saturated cyanazine solutions
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were obtained in the following manner:

p - p = k. (T^ , -  ̂ ) (3.3.3.10)sample water sample water

3.3.4. Density Results

Calibration curves obtained for density measurements of 
cyanazine in aqueous ethanol solutions at 10, 20, and 30°C 
gave good linear regressions (^0.9990). The density of 
saturated cyanazine solutions were subsequently 
extrapolated from each of these curves. Density curves for 
cyanazine in aqueous ethanol at 10, 20, and 30°C were
closely fitted to the following exponential equation:

In (Weq) = A  + Bx + Cx^ (3. 3.4.1)

where Weq is the equilibrium concentration of cyanazine 
(gram/ml of aqueous ethanol), A, B, and C are coefficients 
of the equation, and x is the molar fraction of ethanol.

The correlation coefficients obtained for density 
measurements indicate that the experimental data are well 
correlated by the exponential equation at each temperature. 
Density curves for cyanazine over the entire range of
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aqueous ethanol are illustrated in Figures 3.3A-C, while 
standard deviation and correlation coefficients for each 
curve are reported in Table.3.3.2. Constants A, B, and C 
are reported in Table 3.3.1.

3.4. Conclusion

The solubility data has extremely high reproducibility 
(2:0.9990) for water weight fractions (X) between 0.65-1.00 
which is the main area of concern in this work. This data 
was well fitted by exponential equations reported in 
section 3.2.2. The solubility of cyanazine in aqueous 
ethanol increased with decreasing water weight fraction.

Cyanazine solubility data measured over the water weight 
fraction range X=0.0-0.70 was much harder to reproduce at 
all three temperatures. Polynomial functions expressed in 
section 3.2.2 were found to be the best fit models for this 
scattered data. Despite this scattering, these polynomials 
are still accurate enough to be used in cyanazine 
supersaturation calculations. An interesting feature of 
these polynomial solubility curves is that a local maximum 
was observed at all three temperatures at water weight 
fractions in the range X=0.05-0.15. Several solubility
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Figure 3.3.A. Density Curve For
Cyanazine in Aqueous Ethanol at IOC
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Figure 3.3.B. Density Curve ForCyanazine in Aqueous Ethanol at 200
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experiments were repeated to eliminate potential errors, 
but the same results were produced. At such low water 
weight fractions the volume of water molecules in solution 
is minimal and may not have any effect on the solubility of 
cyanazine in solution. Also, at water weight fractions 
Xso.l, there is a strong possibility that ethanol readily 
evaporates from solution, decreasing the solubility. It 
must be emphasised that every precaution was taken to 
minimise such occurrences.

Density measurements of saturated equilibrium solutions 
offer an alternative method for calculating the solubility 
of cyanazine at water weight fractions between 0-0.65. 
Comparing both sets of experimental data, density 
measurements exhibited no local maximum at water weight 
fractions X«0.1 for all three temperatures, suggesting that 
ethanol evaporation could be occurring in HPLC solubility 
experiments at this particular range of water weight 
fraction.

In conclusion, the more accurate solubility data for 
cyanazine in aqueous ethanol at low to moderate water 
weight fractions are obtained from density curves. 
Solubility data at high water weight fractions, however, 
are more reproducible from HPLC analysis.
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3.5. MASS BALANCE EQUATIONS

In every chemical engineering process, mass balance 
equations provide fundamental information for the 
determination of the kinetics of the system. For specific 
supersaturations it is essential that the exact quantities 
of each component in the system is known. Mass balance
equations provide an easy method for calculating these
quantities based on the concentration of stock solution.

The mass of each component in the precipitation reaction 
was obtained using the following procedure:

1. The conditions for precipitation must be stated, i.e.
values of supersaturation (S) , overall water weight 
fraction (X), the equilibrium concentration of cyanazine in 
solution (Ĉ q) for the stated water weight fraction, and 
the original concentration of cyanazine in the stock 
solution (C . ) .

stock

2. What parameters are known and what parameters are 
unknown ? From the flow sheet in Figure 3.4.1, , S, 
X, C , M /M C , and, C are the known

stock IE IW, actual eq

variables while M , M , M , M , and M , are the
IE' IW 2E' 2W' cy '

unknown variables where
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cs = actual
C

e q
(3.4.1)

M
C = S.C =  ^ ---------  (3.4.3)

^ 1 E +  ^1W+ ^2E+ ^2W

+ ^ 2WX = -------— ----— ------   (3.4.4)
MlE+ "iw+ "zE+ "2W

M
C , =  ^ -- (3.4.5)
^ ^o c k M + M

1 E 1 W

M,_/M =  ?---- (3.4.6)
100 - p
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Calculation of the unknowns
1. C  ̂ = S.C (3.4.7)

a c t u a l  e q

2. By rearrangement of equations (3.4.3) into (3.4.2)

M = ---------   (3.4.8)
1 + cactual

3. Substituting equation (3.4.6) into equation (3.4.5) 
gives

4. Having found M from above, substitution of M into ̂ IE IE
equation (3.4.6) gives a direct value for

5. Then from substitution of equation (3.4.2) into equation 
(3.4.4) we arrive at

«2H = «cy>- (3.4.10)

6 . Finally from rearrangement of equation (3.4.2)

« 2 E  =  ( " c y +  « 1 E +  » , W +  » 2 K >  ( 3 . 4 . 1 1 )

81



To ensure that the mass balance equations are correct, 
substitution of the calculated values obtained back into 
their original equations should yield the exact same 
result. A flow sheet of the mass balance for cyanazine in 
aqueous ethanol is shown in Figure 3.4.1.
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Mass of Water

Mass of Water
2 W

Mass of Ethanol
2 E

Mass of Ethanol Mass of Cyanazine 
M  C y ____

Mass of Ethanol & Water
2E 2 W

Mass of Ethanol & Water

Cyanazine in Aqueous Ethanol
c y

Supersaturated Solution of Cyanazine 
in Aqueous Ethanol

c y 2 W

Figure 3.4.1. Mass flow sheet for the precipitation of 
Cyanazine from Aqueous Ethanol
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CHAPTER 4
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4.1. Introduction

Early investigations into the precipitation of cyanazine 
from aqueous ethanol solutions revealed that two distinct 
crystal morphologies; needles and platelets were produced. 
In the following sections the X-ray crystal structure of 
these crystals, their relationship with each other and the 
conditions at which they exist will be examined in detail.

4.2. Structure Determination - X-Ray Crystallography

Clear, sharp and clean crystals are essential for accurate 
X-ray crystallographic analysis. Crystal structure 
determination (via a diffractometer) also requires that 
samples are of a minimum thickness (lO^m), otherwise some 
of the electron beam emitted from the diffractometer could 
be transmitted through the crystal rather than being 
totally reflected.

Cyanazine platelets produced from different precipitation 
conditions gave crystals of varying dimensions. Generally, 
at low supersaturations large, thin plates were produced 
whose thickness never exceeded the critical level to
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exclude transmission of electrons during crystallographic 
determination. Initially, to increase the size of these 
platelets, crystals were left in solution to grow. However, 
at low supersaturation there is not enough cyanazine left 
in solution to cause a significant increase in the crystal 
size. Solution temperatures were reduced in the hope of 
increasing the amount of cyanazine transfer, but this too 
did not have any desirable effect. Eventually, with time 
these plates fragmented.

Although most of the crystals produced under these 
conditions were too small and very thick, one or two of 
these plates grew to the desired size range and were then 
selected for X-Ray diffraction.

The needle crystal produced for crystallographic 
determination was grown at a constant temperature of 20°C 
for a period of just over two weeks. During this period the 
solvent, absolute ethanol was allowed to evaporate off 
causing the cyanazine crystal to precipitate from solution.

4.2.1. Experimental Procedure

Plates taken from the precipitation of cyanazine in aqueous
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ethanol, grown at an initial supersaturation S=6 , and a 
water weight fraction X=0.90 at 10°C for a 48 hour period 
were vacuum filtered, oven slow dried at 60°C and viewed 
under optical microscope. After careful inspection a clean 
crystal plate of size 0.01 x 0.17 x 0.17mm was chosen. This 
crystal was then mounted on the diffractometer (Siemens 
R3/PC) and analysed. The software used to solve and refine 
this data was a Siemens SHELXTL PLUS (PC version) . Least 
squares analysis was used for refining the data.

Needle shaped cyanazine crystals also had their structure 
determined using the same diffractometer. The size of the 
needle chosen for structure determination was 0.6 x 0.4 x 
0.3mm. These needle shaped crystals remained stable during 
and after growth and crystallographic determination.

4.2.2. Structure Determination Results

4.2.2.1. Needles

Structural determination of cyanazine needle shaped 
crystals identified the crystal as being monoclinic with a 
P2^/n space group, an empirical formula C^H^^Cl and the 
following unit cell dimensions:
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a = 13.984(5) A 
b = 10.449(5) A 
c = 17.146(6) A

and

the X and y axis. It was also shown that the asymmetric 
unit was bimolecular. A more detailed summary of 
crystallographic data can be found in Tables 4.2.3.1.1-8. 
The packing arrangement of these needle shaped cyanazine 
crystals can be seen in Figures 4.2.2.1.1-2. These also 
implicate the high degree of intermolecular hydrogen 
bonding (Nitrogen-Hydrogen-Nitrogen) that exists between 
the cyanazine molecules. Figure 4.2.2.1.3 is a simple ball 
and stick model of the cyanazine molecule. Assignment of 
crystal faces to the needle shaped crystals can be found in 
Figure 4.2.2.1.4.

4.2.2.2. Plates

Structural determination of these plates showed that they 
posessed a different X-ray crystal structure compared to 
cyanazine needles. This analysis also ruled out the 
possibility that the plates and needles were polymorphs of 
each other. The primary difference between these two
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Figure 4.2. X-ray crystal structure of cyanazine In needle crystals.



Figure 4.2.2.1.1. Packing arranjgement in cyanazine needles when 
viewed down the Y-axis. ^ ------  = H bonding



Figure 4.2.2.1.2. Alternative view of the packing arrangement in 
cyanazine needles. ------- = H bonding



CK2)

Figure 4.2.2.1.3. Ball and stick model for cyanazine needles



oil or 111

Oil
(most likely)

Figure 4.2.2.3. Defined faces of the crystal plate.

(Ill)
or

(111)

(001)

(111)
or

(Î1Î)

Figure 4.2.2.1.4. Defined Faces of the Cyanazine Needle



crystals was the presence of water layers in the structure 
of the platelets. Cyanazine plates were identified as 
being monoclinic with an empirical formula C^H^^Cl N^O, a 
C2/C space group, and the following unit cell dimensions:

a = 27.223(6) A 
b = 10.663(2) A 
c = 9.282(2) A

and
/3 = 93.05(2)°

These unit cell dimensions give an early indication that 
the crystal could be plate shaped in appearance. A more 
detailed summary of platelet crystallographic data can be 
found in Table 4.2.3.2.1-8. The packing arrangement of 
these hydrated cyanazine crystals can be seen in Figure
4.2.2.

Assignment of faces to the crystal lattice can be seen in 
Figure 4.2.2.3. Looking down the (100) face (Figure 
4.2.2.4), the terminal methyl groups of the cyanazine 
molecule pert rude out of this face and form a hydrophobic 
surface. These methyl groups are found to exist in both 
planes. However, from the equivalent isotropic displacement 
coefficient values (Table 4.2.3.2.4), the orientation of
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Figure 4.2.2.2. X-ray crystal structure of cyanazine and water in platelet crystals.
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Figure 4.2.2. Packing arrangement in cyanazine platelets when 
viewed down the Y-axis. The monolayer sheets of H2O are clearly 
visible



9c

Figure 4.2.2. Layers of water in cyanazine platelet crystals.



Figure 4.2.2.4. Packing arrangement in cyanazine platelets when 
viewed down the x-axis



HoO
Cyanazine terminal 

methyl groups
A H2 O

Figure 4.2.3.2.4. The surface of the (100) face of cyanazine plates when viewed down the 
y-axis



the terminal methyl group indicated in Figure 4.2.2.2 was 
found to be the most stable conformation. Figure 4.2.3.2.4 
illustrates the existance of water and methyl molecules on 
the surface of the (100) face.

Electron density measurements also reveal that one water 
molecule was present for every ope molecule of cyanazine. 
This can also be shown from thermal vibration analysis. 
Here the oxygen atom of the water molecule vibrates with 
the same degree of freedom as the other atoms in the 
cyanazine molecule confirming that the platelets produced 
were monohydrates (C^H^^Cl N^.IH^O) of the needle shaped 
crystals.

These water molecules effectively form monolayer sheets of 
water within the lattice. And with hydrogen bonding 
stronger between water molecules than between water and 
cyanazine molecules, it is quite likely that with either an 
increase in temperature, or over an extended period of time 
the monolayers of water slide out of the monohydrate 
crystal lattice. These platelets were also found to 
recrystallise to the more stable needle shaped crystal.

92



4.3. Crystal Melting Points

Differential scanning calorimmmetry (Perkin-Elmer DSC7) was 
employed to verify X-ray crystallographic evidence which 
showed that the metastable cyanazine monohydrate platelet 
was structurally different from the more stable needle 
shaped cyanazine crystal.

Analysis, using a Perkin-Elmer thermal analysis system for 
both needle and plate shaped crystals gave further evidence 
to suggest that cyanazine needles and plates wereI
structurally different. Needles gave a single dominant peak 
indicating a melting point of 165.06°C, while cyanazine 
plates gave two peaks. The first of these was a small broad 
peak in the 60°C range. This was evidence of the gradual 
evaporation of water molecules from the crystal lattice, 
and the simultaneous rearrangement of cyanazine molecules 
to form the more stable needle shaped crystal. This was 
verified by the closeness in melting points around 165°C 
when a second, sharp peak similar to that seen for 
cyanazine needles was recorded at 163.24°C. These melting 
points are illustrated in Figures 4.3.1.

Results from DSC analysis also account for observations
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made by optical microscopic analysis which showed that with 
time cyanazine platelets in solution fragmented, dissolved 
and recrystallised as needles. The same observations were 
found for cyanazine platelets which were filtered from 
solution and subjected to quick high temperature oven 
drying. These observations infer that cyanazine platelets 
are metastable while needle shaped cyanazine crystals are 
stable energetically.

4.4. Molecular Modelling

Molecular modelling offers a sophisticated method for 
predicting crystal shapes under thermodynamic equilibrium 
conditions (Docherty et al, 1988, and 1991). The 
relationship between the external structure of a crystal 
and its internal molecular arrangement was initially 
investigated by Bravais (1866), Friedel (1907), and, Donnay 
and Barker (1937), who's studies are collectively known as 
the BFDH theory. They offered a quick approach for 
identifying the most likely crystallographic forms {hkl} 
which dominate a crystal habit. Later, the periodic bond 
chain (PBC) theory by Hartman and Perdok (1955) quantified 
crystal morphology in terms of the interaction energy 
between crystallising units.
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x-ray crystallography data provide the necessary assymetric 
cordinates of the unit cell for each crystal. This data is 
then used to predict the crystal morphology. If 
experimentally obtained and molecularly modelled 
morphological predictions are similar then it is suggested 
that crystal growth is thermodynamically controlled.

4.4.1. Experimental Procedure

The basic approach for carrying out morphological 
calculations was as follows;

1. The asymmetric coordinates of the unit cell were obtained 
from crystallographic analysis.
2. The forms most likely to dominate the crystal shape 
according to the Bravias-Friedel and Donnay-Harker laws 
were identified.
3. The lattice energy was then calculated and compared 
with the sublimation enthalpy.
4. The slice and attachment energies were then calculated 
for the most important BFDH forms.
5. Using the software package SYBYL, sets of images for the 
asymmetric unit were generated for all of the symmetry
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elements. Important intermolecular bonding interactions 
were then identified for all atom-atom separations between 
the generating unit and its nearest images (bond lengths in 
the range 1.7-3.0 A were considered important).
6. The 3D packing was then examined and the connecting nets 
determined.
7. The smallest polyhedron was then computed using the 
relevant parameters from the BFDH or the energy attachment 
calculations to find the theoretical crystal shape.

4.4.2. Molecular Modelling Results

Predicted molecular models for cyanazine platelets and 
needles based on Donnay-Harker and attachment energy 
calculations are shown in Figures 4.4.2.1-4 respectively. 
The attachment and slice energies, together with the 
relative growth rates of the individual faces of each 
crystal, using both methods of calculation are presented in 
Table 4.4.2.

These theoretically predicted crystal shapes bear no 
resemblance to those obtained experimentally. This could 
be due to any of the following reasons;
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Figure 4.4.2.3. Predicted attachment energy model for 
cyanazlne needles



oeedles



Table 4.4.2. Molecular Modelling Parameters For Cyanazlne 
Needles and Plates

Crystal
Face

Interplanar
Spacing

dhk 1

Attachment
Energy

Slice
Energy

Relative Growth 
Rates

Donnay Attach 
Marker Energy

Needles

001 16.941 - 7.72 -34.07 1 1
100 13.816 -18.44 -23.35 1.23 1.46
oil 8.894 —18.66 -23.43 1.91 1.45
110 8.334 -21.01 -20.78 2.03 1.64
102 7.777 -24.03 -17.76 2.18 1.92
111 7.771 -24.38 -17.40 2.18 1.96
111 7.216 -19.30 -22.49 2.35 1.52
102 6.770 -24.61 -17.18 2.50 1.98

Plates

200 13.59 1
110 9.93 1.37
001 9.27 1.47
310 6.91 1.97
ill 6.84 1.99
111 6.71 2.03
311 5.65 2.41
311 5.43 2.50
020 5.33 2.55



1. The inability of Donnay-Harker and Attachment Energy 
theories to account for solvent effects.
2. Crystal growth is governed by kinetic rather than 
thermodynamic conditions which are not accounted for in 
these theories.

4.5. Image Analysis

Having observed that cyanazine crystals exists in two 
distinct morphologies, image analysis was employed to study 
the influence of water weight fraction, temperature, and 
supersaturation on these crystal habits.

4.5.1. Experimental Procedure

An image analyser (Contextvision GOP-302) was used to
determine the percentage number and area of cyanazine 
needles and plates produced under different experimental
conditions. Once precipitation occured samples from 
unseeded solutions were added to 50mL sample cells. A
dispersant, Morwet D425 was immediately added to the 
solution to prevent any agglomeration taking place. Samples 
were then pipetted onto a microscopic slide with a cover
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slide placed on top. The sample was then wax sealed. 
Crystal -shapes were immediately recorded on separate 
picture frames. The magnification of the optical lens was 
also recorded, while a graticule was used to measure the 
size of the crystals. A number count for the percentage 
needles and plates in each batch as well as the measurement 
of each crystal dimension was then carried out. Table
4.5.1-3. show the effect of parameter changes on crystal 
habit. These effects are also illustrated by Figures
4.5.1-4, while photomicrographs of the needles and plates 
are displayed in Figure 4.2.1.4.

4.5.2. Image Analysis Results

At low initial supersaturations (S^3) very few needle 
shaped cyanazine crystals are produced at all three 
temperatures, irrespective of the water weight fraction. 
For water weight fractions X&0.65, however, an increase in 
initial supersaturation decreased the percentage of needles 
in solution, and increased the percentage of plates. 
Eventually, at high enough initial supersaturations, 
platelets were the only form of cyanazine crystals present. 
An increase in supersaturation at water weight fractions 
X^O.65 failed to produce any cyanazine platelets.
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Table 4.5.1. The influence of Water Weight Fraction on 
Crystal Shape for an Initial Supersaturation, S=5, at 10°C
Water Weight 
Fraction (X)

% No. of 
Needles

% No. of 
Plates

% Area 
of Needles

% Area 
of Plates

0.65 100 0 100 0
0.70 100 0 100 0
0.75 75.11 24.89 55.59 44.41
0.80 64.30 35.70 77.43 22.57
0.85 22.97 78.90 3.79 96.21
0.90 27.13 72.87 7.01 92.99
0.95 18.90 81.10 2.93 97.07

Table 4.5.2. The influence of Initial Supersaturation on 
Crystal Shape for a Water Weight Fraction, X=0.90, at 10°C

Initial 
Supersaturation

H No. 
Needles

% No. 
Plates

\ Area 
of Needles

H Area 
of Plates

3.0 98 2 96.5 3.5
3.5 97 3 96 4.0
4.0 86 14 65.8 34.2
5.0 27 73 7.01 92.99
10.0 0 100 0.0 100.0



Table 4.5.3. Other Image Analysis Results.

Water
Weight
Fraction

S
H No. 
Needles 
at 10°C

H No. 
Needles 
at 20°C

H No. 
Needles 
at 30°C

0.65 3.0 100
0.70 3.0 100 100 100
0.70 3.3 100
0.75 3.0 100 100 100
0.75 3.2 100
0.75 3.8 100
0.75 5.0 75 100
0.75 7.0 50
0.80 3.0 100 100 100
0.80 3.4 99
0.80 5.0 64 100
0.80 7.0 100
0.80 10.0 0
0.85 3.0 100 100 100
0.85 3.3 100
0.85 5.0 23 98 98
0.85 8.0 50
0.85 10.0 0
0.90 3.0 98 100 100
0.90 3.6 100
0.90 5.0 27 100
0.90 10.0 0 0 0
0.95 3.0 97 100 100
0.95 5.0 19 50 80
0.95 8.0 10
0.95 10.0 0 0



Figure 4.5.1. Supersaturation and WaterWeight Fraction Effects on Crystal Shape
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Figure 4.5.3. Effect of Water WeightFraction on Crystal Shape at S=5 and IOC
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Figure 4.5.4. Effect of Supersaturationon Crystal Shape for X=0.90 and IOC
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Figure 4.2.1.4. Photomicrographs of cyanazine needles and plates.



Thus, cyanazine precipitation at high water weight fraction 
(X=0.90-1.0) and high initial supersaturation (S=7-10) 
results in the production of crystals which are 
predominantly platelet in apearance. Under these conditions 
the abundance of water molecules in solution increases the 
potential for interaction between water and cyanazine 
molecules in solution. This potential is further increased 
by the high level of concentration driving force or high 
free energy (Figure 4.5.2) which increases the number of 
bimolecular collisions in the system. Cyanazines relative 
insolubility in highly aqueous solutions reflects the 
difficulty experienced by cyanazine and water molecules in 
forming intermolecular bonds. At high water weight fraction 
and high supersaturation cyanazine and water molecules 
collide and gain sufficient energy to overcome the 
platelets low activation energy and form weak 
intermolecular bonds.

A decrease in water weight fraction at high initial 
supersaturation means that there are fewer water molecules 
in solution to interact with cyanazine molecules. As a 
result more cyanazine-cyanazine collisions occur which is 
reflected in a decrease in the number cyanazine platelets 
and an increase in the number of needles.
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Figure 4.5.2. Relative Activation Energies For Needles and 
Platelets.
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When precipitation occurs at high water weight fractions 
and low initial supersaturation (S^3) needle shaped 
crystals are produced. These crystals are formed in 
preference to cyanazine platelets because the concentration 
driving force is not large enough to create water-cyanazine 
intermolecular bonds. The free energy (AE) of these needles 
and plates are similar in magnitude at low supersaturation, 
and so there is an increased tendency for cyanazine 
molecules to form the more stable needle form.

A decrease in temperature at constant water weight fraction 
and initial supersaturation increases the number of 
platelets produced.

4.6. Conclusion

X-ray crystallography reveals that cyanazine platelets are 
monohydrates while cyanazine needle shaped crystals are 
anhydrous. It also shows that the water molecules form 
monolayer sheets of water in an ordered fashion (Figure 
4.2.2) .

Differential scanning calorimetry (DSC) provides further

100



evidence to verify the existence of these two cyanazine 
conformations, and it also accounts for optical microscopic 
observations of platelet degradation. These metastable 
platelets, which have a relatively short lifetime, 
eventually fragment, dissolve and recrystallise to the more 
stable needle shaped cyanazine crystal. Molecular models 
based on X-ray crystallography of these two morphologies 
show little comparison with experimentally obtained needles 
and plates. This could be due to the theory's inability to 
account for kinetic and solvent effects during the growth 
of cyanazine crystals from aqueous ethanol solutions.

Image analysis results show that cyanazine crystal 
morphology is highly dependent upon supersaturation and 
water weight fraction, and to a lesser extent temperature.
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CHAPTER 5
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5.1 INTRODUCTION

Nucléation plays a very important role in the formation and 
subsequent growth of crystals. It can be divided into two 
main modes namely, primary and secondary nucléation. 
Primary nucléation is defined as the formation of nuclei in 
the absence of any crystalline matter and comprises 
homogeneous (spontaneous) and heterogeneous (due to a 
foreign body) nucléation. Secondary nucléation is defined 
as the creation of nuclei in the presence of existing 
crystals. In determining the mechanism of nucléation, 
induction periods are measured as a function of 
supersaturation, the results of which give an early 
indication of the type of nucléation and crystal growth 
that occurs in the system.

5.2.1 INDUCTION PERIODS

The time elapsed from the creation of the initial 
supersaturation to the detection of the first crystals 
formed in the system is known as the "induction period". To 
date a great wealth of experimental information is 
available for a wide variety of systems (mainly inorganic),
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but the interpretation of these data in terms of nucléation 
and crystal growth has been very conflicting. In the case 
of cyanazine, an organic herbicide, it was assumed that the 
existing nucléation theories for inorganic systems were 
also applicable to organic systems. Sohnel and Mullin 
(1988) thoroughly examined the uses of induction periods in 
determining the mechanisms of ̂ nucléation and crystal 
growth, and it is these theories that are used in this 
project.

5.2.2. Principles of nucléation determination via induction 
period measurements.

For a liquid-solid - phase transition to occur critical 
nuclei must first be formed and then grow to a detectable 
size. The induction time may thus be expressed by:

t = t + t (5.2.2.1)ind n g

where t is the time it takes for a critical nucleus toind
grow to a detectable size, t^ can be estimated, at least in 
principle, from a kinetic expression describing crystal 
growth by a particular mechanism. The nucléation time, t^, 
is harder to estimate but it can be assumed that
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supersaturation is attained instantaneously and does not 
change throughout the induction period. This is only valid, 
however, if the duration of the non-steady state nucléation 
is negligible, i.e. when the steady-state nucléation rate 
is reached very quickly. Indeed, Sohnel and Mullin have 
shown that non-steady state nucléation is not an important 
factor during the formation of crystal electrolytes from 
aqueous solutions, at least at moderate supersaturation and 
viscosity, irrespective of whether there is heterogeneous 
or homogeneous nucléation. The average time for the 
formation of a critical nucleus following the statistical 
concept of nucléation (Sohnel and Mullin, 1988) may be 
expressed as:

t = J’̂ (5.2.2.2)
ave 8

where J is the rate of nucléation and t is the average8 ave
induction time. When the non-steady-state nucléation period 
cannot be ignored then equation (5.2.2.2) is no longer 
applicable (Janse and de Jong, 1978) and it is necessary to 
include the non steady-state nucléation period as part of 
the overall induction time. In the case of cyanazine 
precipitating from aqueous ethanol it is assumed that 
steady-state nucléation occurs instantaneously.
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From equation (5.2.2.1) three separate cases may exist:
1). t » tn g

2) . t » tg n

3) . t - tn g

Case 1. t » tn g

The induction time is determined by the time needed for the 
formation of a critical nucleus in the system. Then 
assuming a steady state nucléation rate, J, (Walton 1969):

J = A .expS

pv^.ysL.f(^)Na 
v^(RT)^In^S (5.2.2.3)

where # is a geometrical shape factor; V̂ , the molar volume 
of the solid; the solid-liquid interfacial tension;
f(#), the correction factor of heterogeneous nucléation; 
Na, Avagadro's number; v, the number of ions in a molecular 
unit; R, gas constant; and T, the absolute temperature.

When f(#)= 1, nucléation is said to be homogeneous, and 
when f(#)< If heterogeneous nucléation occurs. Assuming
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that a steady-state nucléation rate occurs in the system, 
substitution of equation (5.3.2.3) into equation (5.3.2.2) 
and subsequent rearrangement gives

where

and

log tĵ  ̂ = B/T^log^S - A (5.2.2.4)

B = PyiL.v5.NA. f (d)/j(2.3R) V  (5.2.2.5)

A = log 0 = vkT.lnS (5.2.2.6)

where <p is the precipitation driving force and k is the 
Boltzmann constant.

Case 2. t » t9 n

Here the induction period is determined by the time needed 
for a critical nucleus to grow to a detectable size. An 
expression for the induction period may be found by 
integrating the respective kinetic expressions for crystal 
growth between the characteristic dimensions of a critical 
nucleus, r* and a detectable crystal, r̂ . And since r̂ » r^ 
the following equations may be defined.
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2.1. Screw-dislocation growth

(5.2.2.7)

2.2. Polynuclear growth

(r^/Cf(S)).exp
p'?sL.vi'?NA'3 
3( RT)^.v.ln S

where
|3'= P̂ 4/3̂  , C = N a

(5.2.2.8)

(5.2.2.9-10)

and (5.2.2.11)

where is a geometrical factor; p, the perimeter shape 
factor; the surface shape factor; and D, the diffusion
coefficient in solution.

2.3. Mononuclear growth

t̂ ^̂  = (d^/6Dsr^) .exp
(RT)^.v.ln S

(5.2.2.12)

where d is the interplanar distance in solid phase; and Ds, 
the diffusion coefficient on a surface.
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Case 3. t “ tn g

Here the induction period is determined by both nucléation 
and crystal growth.

3.1. If nucléation is followed by -diffusional growth then

/  3

i nd exp 2pVm.ysL.NA 
5v^(RT)^In^S

(5.2.2.13)

where x is the number of building units arriving on a unit 
surface of a nucleus per unit time (Nielsen, 1969).

3.2. If nucléation is followed by polynuclear growth then

^ind (3/2n)i'f(v5'3/ %Æ'?Dfc^q)i'*.(S/(S-l)2)i/4

exp pVm.ysL.NV^ ^

4v^(RT)^In S
(5.2.2.14)

4v(RT) In S
This theory was postulated by Sohnel and Mullin (1978).

In general, for a limited supersaturation range linearity 
is generally found, but when a wide range is investigated a 
break in the induction period curve usually occurs 
(Nielsen, 1969; Nielsen and Sohnel, 1971; and Sohnel and
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Mullin, 1982). This change of slope is normally attributed 
to the fact that at low supersaturation nucléation is 
mainly heterogeneous (f(#)<l) whereas at high 
supersaturation primary homogeneous nucléation predominates 
(f(*)=l).

5.2.3. Techniques available for measuring induction periods

As yet, it is not physically possible to detect the 
creation of the critical nucleus In practice therefore, the 
induction period is measured as the time elapsed between 
the creation of supersaturation and the formation of a 
detectable quantity of the precipitate. To determine the 
induction time in this work several methods were 
considered, including visual observation, conductivity and 
turbidity measurements. Conductivity was immediately 
eliminated because cyanazine being an organic herbicide 
would give very low, if any, conductivity due to the lack 
of polar ions in solution. Visual measurements were also 
tested but very low precision was obtained. Turbidometric 
analysis was then tried and this proved to be a highly 
reproducible technique within its limits of detection.
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5.2.4. Principles of Turbidometric Analysis

A nephelometer (Analite Novasina) was used to detect the 
change in turbidity that occurred with the onset of 
precipitation of the cyanazine crystals. When light passes 
through a suspension of particle^ the intensity decreases 
because some light is scattered and/or absorbed by the 
particles. Therefore, when the supersaturated solution 
begins to precipitate cyanazine from solution an increase 
in turbidity is detected. The turbidity of the solution 
continues to increase with increasing mass transfer of 
cyanazine precipitates from the liquid to the solid phase. 
However, as mass transfer continues there is a tendency for 
single crystals to agglomerate. Initially this does not 
have any significant effect on the digital output (Hill, 
1989) , but, with time as the solution takes on a 
heterogeneous appearance due to large agglomerates present 
in an otherwise semi-clear solution, turbidometric 
measurements then become very inconsistent and unrealiable. 
As a result, no further data could be obtained. For the 
purpose of induction period measurements, however, the 
nephelometer proved to be very useful within its limits of 
detection.
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The nephelometer transmits light in the near infrared 
region through a fibre optic probe. It measures the back 
scattered light which is presented as a digital output in 
turbidity units. Interference from ambient is eliminated by 
using a modulated transmitting signal (Nephelometric 
Measurements).

5.2.5. Experimental Procedure for measuring induction 
periods

Having specified the initial supersaturation of the system 
at a constant temperature, the nephelometer was placed in a 
one litre round bottomed flask which contained a certain 
mass of stock solution. The required amount of 
ethanol-water mixture was then added to the vessel and this 
brought the water weight fraction and initial 
supersaturation of the system to their desired values. The 
induction time was recorded from the addition of the 
mixture and the nephelometer was zeroed once immersed in 
solution. The nephelometer digital display was monitored 
every second and when a change in the digital output 
occurred it was assumed that this corresponded to the onset 
of crystallisation, and hence, the end of the induction 
period. The temperature of the water bath was continuously
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monitored to ensure a constant temperature (±0.5°C), and 
the overhead single bladed stirrer kept at a constant 
300rpm. Figure 5.2 illustrates the experimental apparatus.

5.2.6. Limits of Detection of the Nephelometer

Highly reproducible induction periods (±10 seconds) were 
obtained for the precipitation of cyanazine from aqueous 
ethanol using this turbidometric technique. The limits of 
detection of the technique were found to depend on several 
factors including: 1) the concentration of cyanazine in
solution, 2) the initial supersaturation of the system, and
3) the particle size of the crystals present in the 
solution.

With increasing overall water weight fractions (increasing 
the percentage of water in solution) the solubility of 
cyanazine in solution decreases, so fewer particles are 
precipitated which are more difficult to detect. One way of 
overcoming this problem is to increase the initial 
supersaturation of the system which increases the 
concentration of cyanazine in solution and reduces the time 
taken for the onset of precipitation. However, when trying 
to determine the mechanism of nucléation the induction
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Figure 5.2 Experimental apparatus



period must be measured over a range of supersaturations at 
constant water weight fraction and temperature. The 
nephelometer is very sensitive to turbidometric changes, so 
when a nephelometric value of 2 is reached, the onset of 
crystallisation is assumed to have occurred.

Obtaining a range of reproducible supersaturations at high 
water weight fractions is also influenced by the 
temperature of the system, i.e. increasing temperature 
increases the solubility of cyanazine in solution allowing 
greater sensitivity to induction periods at higher 
temperatures.

With decreasing water weight fractions (X) the solubility 
of cyanazine increases making it harder to achieve high 
supersaturations. Furthermore, when the supersaturation was 
low (S<2) only a very small number of nuclei grew into 
large crystals and the increase in turbidity at the onset 
of crystallisation was below the limit of detection for the 
nephelometer. This prevented use of the technique at water 
weight fractions below 0.65 because supersaturation ratios 
of S>2 could not be achieved due to the restriction of mass 
balance equations. Figure 5.3.6 illustrates the efficiency 
of turbidometric analysis in detecting induction periods.
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5.2.7. Shape and Geometrical Factors

Knowledge of crystal shape is essential in determining the 
solid-liquid interfacial tension of cyanazine in aqueous 
ethanol. With the exception of isometric crystals, 
different faces of the crystal ̂ grow at different rates 
giving non-isometric shaped crystals. It is therefore 
important to characterise the shape of crystals using shape 
(a, /3s, and p) and geometric factors (/3 and /3')
respectively. Shape and geometric factors are essential for 
calculating:

1. The solid-liquid interfacial tension (ysL)

ŜL =
Na?(KT)?mv^

Vm.p
(5.2.7.1)

where Na is Avogadro's number; K, the gas constant; T, the 
temperature of the system; m, the slope of the plot of 
ln(t^^^) verses (ln(S))"^; v, the number of ions in a 
formula unit, Vm, the molar volume of the solid, and /3, the 
geometrical factor.
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2. The crystal mass (or volume), Me

M = ap .L̂  (5.2.7.2)c c
where a is the volume shape factor; p^, the density of the 
solid; and L, the characteristic dimension of the crystal.

3. The crystal surface area, Ac

Ac =  (5.2.7.3)

where is the surface shape factor; and L, the
characteristic dimension of the crystal.

It should be noted that the geometrical factor, /3, used for 
calculating interfacial tensions is quite different from 
/3'. /S'is defined as /3'= p^4p^ (where p and p^are the
perimeter and surface shape factor respectively) while the 
geometrical factor, p,is obtained from the combination of 
the following equations.

The total work necessary to form a critical nuclei, Ŵ , is 
given by
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Wj = Wg - Wy (5.2.7.4)

where and Wy are the work necessary to form the surface 
and volume of the critical nuclei, respectively. Equation 
(5.2.7.4) can also be written as

Wt = a?g^- b.AP (5.2.7.5)

where y^^is the surface free energy of the crystal per unit 
area, AP is the difference in pressure between the liquid 
and the interior of the crystal, a = 47rr^(spheres) ,
24r^(cubes), and 168r^(10xlxl needles), and b = (4/3)nr^
(spheres), 8r^ (cubes), and 80r^ (10x1x1 needles). Now
according to Freundlich (1909) :

1" If- = (5.2.7.6)

where supersaturation S=cr/c*, and Cr, the local 
concentration; c*, the equilibrium concentration; and M, 
the molecular weight. Substitution of equation (5.2.7.6) 
into equation (5.2.7.5) gives:

W = ----(5.2.7.7)
(RT.p.ln S)^
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where is the work required to form a stable crystal
nucleas, and /3 the geometric factor (167t/3 for spheres, and 
32 for cubes and needles) . In the case of cyanazine in 
aqueous ethanol the average crystal shape was obtained from 
microscopic measurements. Once the geometrical factors were 
obtained for crystals at a defined initial supersaturation 
the solid-liquid interfacial tension was then obtained. The 
value of p', the geometrical shape factor, calculated from 
values of surface and perimeter shape factors at the 
defined initial supersaturations for all the reactions are 
reported in Table 5.2.7.1.

5.2.8. Induction Period Results

Induction periods were measured over a range of 
supersaturations, and water weight factions, in a constant 
volume at 10°, 20°, and 30°C. Induction period values were 
typically in the range 0-72 minutes. The solubility of 
cyanazine in aqueous ethanol increases with increasing 
temperature and decreasing water weight fraction. Thus the 
detection range of the nephelometer changes with a change 
in temperature. The ln(t^^^) verses (InS)’  ̂ and (InS)"^ 
illustrated in Figures 5.3.8.1-13 and 5.3.9.1-13,
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Table 5.2.8.2. Induction Period Ihterfacial Tensions 
For Cyanazine in Aqueous Ethanol when .

Temperature
(K)

Water Weight 
Fraction (X)

Induction Period Interfacial 
Tension ((r)/mJ/m

Diffusional 
Growth

Polynuclear
Growth

283 0.65 5.99 5.45
0.70 6.02 5.32
0.80 7.79 6.21
0.85 7.43 6 .06

293 0.70 9.00 6.79
0.75 8.30 6.51
0.80 9.81 6.70
0.85 7.76 6.20

303 0.70 6.64 5.90
0.75 9.71 7.13
0.80 12.04 7.99
0.85 8.76 6.83
0.90 9.79 7.09



respectively, illustrate examples of the typical plots 
obtained at all three temperatures. Most of these figures 
were found to consist of two linear parts, with a change of 
slope typically in the range, S=2.5-3.6. These plots 
further reinforce the observation of Sohnel and Mullin
(1988) that linearity is found only within a limited range 
of supersaturation. Single linear plots were found in very 
few cases here.

The shape of these plots can be attributed to homogeneous 
nucléation at high supersaturations (f(#)=l) for the
steeper, linear curve, while the second part of the curve 
was due to the dominance of heterogeneous nucléation at low 
supersaturations (f(#)< 1). The slopes in each of the
ln(t^^^) verses (ln(S))"^ and (ln(S))”  ̂ plots have been 
calculated based on the assumptions of Sohnel and Mullin 
(1988) .

These values were then substituted into the relevant 
equations (5.2.2.3.-11) from which the solid-liquid
interfacial tension for cyanazine in aqueous ethanol was 
found. Individual interfacial tension values at all three 
temperatures are reported in Table 5.2.8.2-4. With 
increasing temperature, and constant water weight fraction, 
the interfacial tension was found to increase, which is the
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expected trend according to equation (5.2.7.1). The 
magnitude of the solid-liquid interfacial tension values 
appear to be relatively small (4-20mJ/m^) in comparison 
with interfacial tension of inorganic crystals reputed in 
the literature (typically 60-100mJ/m^). One possible reason 
for this is that organic compounds usually exhibit no ions 
in a molecular unit, while for inorganic substances there 
are at least two and substitution of this value into 
equations (5.2.2.3-11) significantly enhances the magnitude 
of interfacial tensions. An assumption was made that when 
there are no molecular ions v^ is equal to 1.

Large variations in the magnitude of cyanazine-aqueous 
ethanol interfacial tensions were found making it 
impossible to predict which nucléation and growth mechanism 
was predominating solely from induction period analysis. 
The only way of testing the validity of this hypothesis was 
to measure the solid-liquid interfacial tension directly 
and compare it with that inferred from induction period 
experiments.

5.2.9. Interfacial Tension

To validate interfacial tension values obtained from

120



induction period measurements for cyanazine in aqueous 
ethanol it was necessary to compare these results against 
an independent source. This was achieved using a dynamic 
contact angle analyser (CAHN DCA312). This instrument 
measures the solid-liquid contact angle, as well as the 
surface tension of both the solid and liquid. In this 
project, the Young (Adamson, 19^7) and Harmonic (Fowkes, 
1964) equations were used to find the solid-liquid 
interfacial tension once reproducible data was obtained for 
all the measurable parameters. The Young equation is as 
follows;

= y^.Cosi} + (5.2.9.1)

where y^and y^are the solid and liquid surface tensions, 
y^^is the solid-liquid interfacial tension, ^ is the 
contact angle and is the surface energy change due to 
any adsorption of vapor from the liquid onto the solid. For 
systems where wetting is poor is usually ignored. The
significance of this assumption was evaluated theoretically 
by Good (1975) , and it was concluded that was
negligible for relatively nonpolar solids at room 
temperature when high boiling point liquids are used. This 
is applicable to cyanazine hence equation (5.2.9.1) 
simplifies to:
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7g - = r ^ » C 0 S '& (5.2.9.2)

Measurement of and are obtained directly from
physical measurements using the dynamic contact angle 
analyser and hence y^^is easily found.

A
Alternatively, the solid-liquid interfacial tension could 
be calculated using the Harmonic equation. For this 
calculation, the dispersive (y*) and polar forces (y^) of 
the solid and liquid need to be known. The Harmonic 
Equation is as follows:

5.2.9.1. Experimental Procedure

Before analysis various batches of cyanazine crystals were 
grinded using a mortar and pestle. Then under high pressure 
shiny rectangular cyanazine plates were produced and their 
surface perimeters recorded. These were then allowed to 
stand for 48 hours to ensure that no fragmentation of the 
plates occurred.
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The dynamic contact angle analyser was then used to measure 
the surface tension of the cyanazine solid as well as 
filtered, saturated aqueous ethanol (reference liquid). The 
contact angle between the solid and the liquid was also 
measured. Firstly, a glass vessel containing the probe 
liquid was placed on the thermostatically controlled quartz 
glass platform. A pretreated, clean glass slide of known 
surface area was then suspended just above the liquid, 
always ensuring that the slide did not touch the liquid. 
Once the force reading had stabilised, ten points for the 
baseline were taken after which the platform was slowly 
elevated. Once the slide touched the liquid the force value 
jumped in magnitude. This is known as the point of "zero 
immersion". Then as the platform moved upwards, a decrease 
in the total force value was observed. This is due to the 
increased buoyancy as the slide is immersed deeper into the 
lic[uid. The wetting force due to the the advancing contact 
angle remained constant throughout the cycle. Once the scan 
was completed and the data analysed using least squares, 
the surface tension of the liquid was calculated using the 
following equation:

F = ys.P.Cos# (5.2.9.4)
0.981
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where F is the sample force at zero immersion depth as 
determined by the balance (mg), P, the perimeter of sample 
at the interface(cm), Tg, the surface tension(mJ/m^), Cos#, 
cosine of the contact angle, and 0.981, the conversion 
factor from milligrammes to dynes.

It should be noted that the surface tension and surface 
perimeter of the glass slide were essential prerequisites 
for the determination of the liquid surface tension. 
Excellent reproducibility was obtained for the surface 
tension of saturated aqueous ethanol.

The surface tension of the cyanazine discs were measured in 
the exact same way as the liquid surface tension. This time 
however the data were analysed to obtain the solid-liquid 
contact angle. These values were then analysed using the 
the analyser's Freetk software package which gave surface 
tension values for the solid, cyanazine. Its polar and 
dispersive forces were also found.

From the data collected by the CAHN DCA312 it was also 
possible to measure the free energy per unit area at the 
solid-liquid interface, otherwise known as the work of 
adhesion, . This is defined in terms of the solid and 
liquid tensions as well as the interfacial tension, i.e.:

124



trT = ?s + ?L - (5.2.9.5)

And by combining equations (5.2.9.2 and 5.2.9.5) the work 
of adhesion between the solid and the liquid, was
easily determined using the relation:

+ y^.CosT? (5.2.9.6)

And, when one of the phases is nonpolar:

(5.2.9.7)
where r"* is that part of the total surface tension that 
arises because of interactions due to dispersive forces of 
that phase. The polar forces, , of that phase were then 
found using:

^ l o t . 1  =  y d  +  y P  ( 5 .  2 .  9 .  8 )

As can be seen from the above equations a wealth of useful 
information can be obtained from surface tension 
measurements, which should further enlighten our knowledge 
of the properties of both the solid and the liquid and 
their interactions with each other.
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5.2.9.2. Theoretical Calculation of the Solid 
Surface Energy

The surface tension of cyanazine was calculated on a purely 
theoretical basis to compare it with the experimental 
results. There are four recognised modes of interaction 
between molecules and it is these interactions which 
collectively give rise to the cohesive energy (Hansen, 
1967). These are as follows; 1. The London dispersive 
forces (d), i.e., a fluctuating atomic dipole caused by
the presence of a positive nucleus with electrons rotating 
about it.

rLv. j
1/2= I AEd I (5.2.9.9)

where 6̂  is the solubility parameter (cal/cm^) AE^, the 
dispersive energy contribution, and, Vm, the molar volume.
2. Dipole-dipole interactions, i.e., interactions of 
permanent dipoles in interacting polar molecules.
3. Polar interactions (p), i.e., these are the combination 
of dipole-dipole interactions and weakly induced dipoles in 
other molecules which are represented by the following 
equation:
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= I AEp I (5.2.9.10)

And, 4. Hydrogen bonding (h);

r  A E h iLv. J
1/2

= I AEhI (5.2.9.11)

Quantities involving the sum of the last three modes of 
interaction are collectively referred to as association 
interactions (a) and are expressed as follows:

r  AEalLv. J
1/2

6̂  = AEa = j ar + ëp (5.2.9.12)

Hansen (1967) found that the surface tension of the solids 
can then be found using the relation:

= 0.0715.V^^^. (0̂  + 0.632(0^+ 0̂ )) (5.2.9.13)

Note, when converting from N/m.mol^^* to mN/m it is 
necessary to divide by Avogadro's number (N̂ ^̂ ) .

After all the interactive forces for every bond within the 
molecule had been taken into account (Table 5.2.9.5) the 
theoretical solid surface tension for cyanazine was

127



Table 5.2.9.5. Group Contributions to Partial Solubility 
Parameters.

Functional
Group

Polar
Parameter

VÔP
(cal/cm=)'/=

moi

Hydrogen Bonding 
Parameter„

V ô h "
(cal/cm^) 

mol

Dispersive
Parameter

V 6 d
(cal/cm^

mol
Cl 300 100 0

—C“N“ 500 550 525
C^HgNH- 113.52 928.8 406.36

(CHgi-CNH- 113.52 928.8 440.36
N

C C1 1 1043.61 1862.31 377.91
N N 

C1
TOTAL 2070.65 1862.307 1749.63

a 9.4496 11.1834 4.8581



calculated to be 37 laJ/m^.

5.2.9.3. Interfacial Tension Results

An abundance of useful information was obtained from 
dynamic contact angle measurements for cyanazine in 
saturated aqueous ethanol at 20°C. These included polar and 
dispersive forces as well as surface tension values for 
both the solid and the liquid, solid-liquid contact angles 
and interfacial tensions, and the work of adhesion between 
the solid and the liquid. These data are all reported in 
Tables 5.2.9.1-4.

It was found that an increase in water weight fraction gave 
an increase in the solid-liquid contact angle and 
interfacial tension. This was an expected trend as 
cyanazine becomes more insoluble with increasing water 
weight fraction.

Analysis of these contact angle data using both the 
Harmonic and Young equations gave close agreement with 
induction period interfacial tensions. Solid-liquid 
interfacial tensions obtained from equations (5.2.2.10-11) 
showed closest agreement. This is illustrated in Tables
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Table 5.2.8.2. Induction Period Interfacial Tensions 
For Cyanazine in Aqueous Ethanol when t ^ t .

Temperature
(K)

Water Weight 
Fraction (X)

Induction Period Interfacial 
Tension (o*)/mJ/m

Diffusional
Growth

Polynuclear
Growth

283 0.65 5.99 5.45
0.70 6.02 5.32
0.80 7.79 6.21
0.85 7.43 6.06

293 0.70 9.00 6.79
0.75 8.30 6.51
0.80 9.81 6.70
0.85 7.76 6.20

303 0.70 6.64 5.90
0.75 9.71 7.13
0.80 12.04 7.99
0.85 8.76 6.83
0.90 9.79 7.09



Table 5.2.8.3. Induction Period Interfacial Tensions
For Cyanazine in Aqueous Ethanol when t^< t^.

Temperature
(K)

Water Weight 
Fraction (X)

Induction Period Interfacial 
Tension (cr)/mJ/m

Mononuclear Polynuclear
Growth Growth

283 0.65 16.47 28.53
0.70 9.50 16.45
0.80 11.54 19.98
0.85 10.22 17.70

293 0.70 20.27 35.10
0.75 15.86 27.46
0.80 17.60 30.49
0.85 12.45 21.56

303 0.70 10.98 32.06
0.75 28.32 57.17
0.80 17.52 35.65
0.85 26.02 29.38
0.90 18.72 21.54



Table 5.2.8.4. Induction Period Interfacial Tensions
For Cyanazine in Aqueous Ethanol when t^> t^.

Temperature
(K)

Water Weight 
Fraction (X)

Induction Period Interfacial 
Tension (o*)/mJ/m

283 0.65 22.87
0.70 22.98
0.75 29.75
0.80 28.39

293 0.70 34.37
0.75 31.69
0.80 37.49
0.85 29.63

303 0.70 25.36
0.75 37.10
0.80 46.00
0.85 33.48
0.90 37.39

Table 5.2.9.1. Contact Angle Interfacial tensions for 
For Cyanazine in Aqueous Ethanol at 20°C.

Temperature
(K)

Water Weight 
Fraction(X)

Expt*1 Interfacial 
Tension(cr)/(mJ/m )

Young Harmonic
Eqn Eqn

293 0.70 1.51 4.03
0.75 2.89 3.22
0.80 8.88 1.57
0.85 10.15 2.62



Table 5.2.9.2. Total, Polar, and Dispersive Forces for 
Saturated Aqueous Ethanol Solutions at 20°C.

Water Weight 
Fraction

Polar Force
(mJ/m )

Dispersive Force
(mJ/m^ )

Total Surface 
Tension(mJ/m )

0.70 5.47 28.13 33.60
0.75 7.04 28.86 35.90
0.80 12.37 27.13 39.50
0.85 15.87 28.23A 44.1

Table 5.2.9.3. Total, Polar, and Dispersive Forces for the 
Solid, Cyanazine.

Polar Force 
(mJ/m )

Dispersive Force
(mJ/m )

Total Surface Tension
(mJ/m )

11.49 18.722 30.21

Table 5.2.9.4. Contact Angles and Cos# for Cyanazine in 
Saturated Aqueous Ethanol at 20°C.

Water Weight Fraction Contact Angle(°) Cos#

0.70 31.09 0.855
0.75 36.12 0.807
0.80 57.01 0.540
0.85 62.74 0.455



5.2.9.1. and 5.2.9.3.

The theoretical prediction of the solid surface tension of 
37 mJ/m^ at 20°C was also in close agreement with the 
dynamic contact angle analyser solid surface tension value 
of 30.2mJ/m^. These values further enhance the credance of 
the solid-liquid interfacial tension data.

These results imply that the induction period was 
influenced by both nucléation and crystal growth, i.e., t^~ 
t^, and that the nucléation mechanism for cyanazine 
precipitating from aqueous ethanol was primary nucléation 
followed by either polynuclear growth or diffusion 
controlled growth.

5.3.1. Secondary Nucléation

Secondary nucléation may described as the formation of new 
nuclei as a result of interactions between crystals already 
formed in the supersaturated solution, other crystals, or 
part of the crystalliser itself. Using a helium neon laser 
diffracter (Sympatec) a continuous flow system was set up 
which measured the crystal size distribution with time. 
From the data obtained at 20°C the particle size
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distribution of the precipitated cyanazine is already wide 
when it reaches the the lower concentration limit of the 
Sympatec analyser (Figure 5.3.1.A). That is to say, upon 
mass transfer from the liquid to the solid phase crystals 
quickly grow and agglomerate giving the appearance of a 
wide spectrum. With time there is an increase in crystal 
size (Figure 5.3.1) while agglomeration proceeds at a rapid 
rate initially, and slows down in the later stages. The 
number of particles below lOjLtm continues to decrease 
throughout the experiment suggesting that no significant 
secondary nucléation occurred. Due to time constraints and 
the non-availability of a cooling thermostat this 
experiment was only carried out at 20°C and therefore an 
assumption is made that the exact same events occur at 10, 
and 30°C.

5.4. Conclusions

Interpretation of induction periods as a function of 
supersaturation in a manner similar to that described by 
Sohnel and Mullin (1988) gave an early indication that the 
induction period was determined by both nucléation and 
crystal growth. The mechanism controlling the duration of 
the induction period was primary nucléation followed by
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Figure 5.3.1

Volume -based relative percentage size distribution 
for the precipitation of cyanazine from 10% aqueous 

ethanol at 20°C (1;̂  ̂= 3 mins).
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either polynuclear growth or diffusion-controlled growth. 
Primary nucléation was found to be either heterogeneous or 
homogeneous depending on the supersaturation range (low and 
high respectively) of the experiments.

Solid-liquid interfacial tensions for cyanazine in aqueous 
ethanol calculated from contact ^angle measurements showed 
closest agreement with values obtained from induction 
period models based on the assumption of t^~ t̂ .

Polar and dispersive forces, as well as surface tensions 
for both the solid and the liquid may provide useful 
information about any surface reactions that are occurring 
on the cyanazine crystal faces. This aspect, however, is 
not investigated any further in this project.

No significant secondary nucléation was detected in either 
seeded or unseeded cyanazine precipitations from all 
aqueous ethanol solutions tested.

The subject of nucléation is still very uncertain and 
before any definite conclusions can be made, the theories 
postulated by the above techniques need to be further 
supported by crystal growth experiments. These aspects are 
considered in the next chapter.
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CHAPTER 6
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6.1. INTRODUCTION

When determining the mechanism of crystal growth from 
solution, several measurements such as rates of 
desupersaturation and dissolution, induction periods, 
scanning electron microscopy, and single crystal growth 
must all give supporting evidence for the particular 
mechanism proposed. It has already been suggested from 
induction period results (Chapter 5, section 5.3.8) that 
diffusion is the rate determining step in the growth of 
cyanazine crystals from aqueous ethanol solutions. In the 
following sections this proposal will be further supported 
by information obtained from desupersaturation and 
dissolution rate experiments. Finally, results from 
scanning electron microscopy and single crystal growth 
experiments are described to give a clearer indication 
about the mechanism of surface integration and how the 
cyanazine molecules orientate themselves on the surface of 
the growing crystal.

6.2. Principles of Crystal Growth

Crystals grow by the advance of individual faces of the
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crystal. These faces grow at different rates to each other 
and the relative growth rates of these planes determine the 
overall crystal habit or shape. The slower growing faces of 
the crystal tend to form the major part of the growing 
surface since the faster growing faces grow out of the 
crystal, eventually disappearing.

There are three main ways of expressing the growth rate of 
a crystal: 1) Individual face growth rate, 2) Overall
mass growth rate, i.e. the total mass flux to the crystal 
surface, R̂ , and 3) Overall linear growth rate, G, defined 
as the rate of change of the characteristic dimension with 
time.

Crystal growth kinetic expressions link the supersaturation 
of the system to the crystal growth rate. The simplest 
growth rate expression is the empirical relationship 
between the overall crystal growth, R̂ , and the overall 
concentration driving force, AC, i.e..

R = k (C - C ) k AC  ̂ (6.2.1.1)G g eq g

where k^is the overall growth rate constant, and g is the 
"overall order of growth". Temperature, stirring rates and 
impurities in the system all influence this expression.

134



Crystal growth consists of two separate steps, i.e. 
diffusion of the solute from the bulk solution to the 
crystal/solution interface followed by the integration of 
the solute into the crystal lattice. The solute 
concentration profile in the vicinity of the crystal 
surface is illustrated in Figure 4.2.1. The movement of 
solute molecules in the solution is entirely physical, 
while the adjustment at the crystal face resembles a 
chemical reaction. Either of these two steps may exercise a 
dominating influence over the rate of crystal growth. In 
the present case it is assumed that the diffusion of the 
solute towards the crystal surface follows the normal laws 
of mass transfer. This two step process is best described 
by the following equations (Garside, Mersmann and Nyvlt 
1991):
Diffusion:

R^= (1/A^) (dm/dt) = k^(C - 0^)“ (6.2.1.2)

Integration:
= (1/A )(dm/dt) = k^(C^- 0^^)^ (6.2.1.3)

where k , the mass transfer coefficient; C and C , the bulk 
and crystal-solution interface concentrations of cyanazine 
in aqueous ethanol respectively; and, d and r, the order of
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the diffusion and surface integration processes 
respectively.

Equation (6.2.1.3) is an empirical rate expression which 
accounts for all steps involved in crystal growth with the 
exception of bulk diffusion to the surface. In this form it 
is applicable to any surface integration mechanism.

The dissolution of crystals and the diffusion step of 
crystal growth is often assumed to be the same physical
process occurring in opposite directions given the same
concentration driving force, temperature and experimental 
conditions. The transfer of solute from the 
crystal-solution interface to the bulk solution can thus 
also be described by equation (6.3.1.1). In general when 
the diffusional mass transfer is a linear function of the 
concentration driving force (i.e. d=l), a value for the
mass transfer coefficient, k̂ , can thereby be easily 
determined. This then permits the interfacial 
concentration, , to be calculated from equation (6.2.1.2) 
which in turn enables equation (6.2.1.3) to be solved. The
overall order of growth, g, is then established which
indicates what the mechanism of crystal growth may be.

When k̂ » k , the diffusion step offers far less resistance
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than the integration step and the process is said to be 
surface integration controlled giving k . Diffusion
control occurs when k « k .

d r

Effectiveness factors, 7? , can also used to identify the 
controlling step of the two-step growth process Garside, 
1971). These are found using equation (2.4.3.1). Generally, 
as the diffusion step becomes less important, ?? =>1, and the 
surface integration step increasingly dominates crystal 
growth. Thus the value of gives a quantitative measure 
of how close the overall growth rate is to the true surface 
reaction step.

6.2.1. Shape factors

In section 5.3.7 it was seen that geometrical factors are 
essential in determining the solid-liquid interfacial 
tension. When overall crystal growth rates are considered 
it is also necessary that the volume and surface shape 
factors are known. The simplest way of determining the 
required shape factor for crystal growth is by using 
equations (5.3.7.2 and 5.3.7.3). In both cases a 
characteristic dimension, L, is known. This dimension may 
be defined in many different ways depending on the method
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of size analysis. If the size of the crystals are 
determined by optical analysis (for cyanazine image 
analysis and scanning electron microscopy were used) the 
measured value can be the projected area diameter, i.e., 
the diameter of a circle having the same area as a 
projection of the crystal perpendicular to the plane of 
greatest stability. For needle shaped crystals, however, it 
is convenient to take the length of the longest side as the 
characteristic dimension (Mullin, 1982). Crystal shape 
factors can vary for different crystal sizes, even if an 
average shape factor for individual narrow size fractions 
is determined.

Several ways exist for determining the shape factor of a 
crystal (Garside, Mersmann and Nyvlt, 1991). The method 
employed in this project was the approximation of the 
crystal habit by the shape of a similar simple regular 
geometric body. Average crystal lengths were measured by 
scanning electron microscopy (Jeol JSM 820) and the shape 
factors calculated by equations (5.3.7.2 and 5.3.7.3). 
These shape factors were then used to calculate the surface 
area of seeded crystals which are used in dissolution and 
desupersaturation experiments.
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6.3.1. Dissolution

Dissolution rates of cyanazine crystals in aqueous ethanol 
were measured at 10, 20, and 30°C to determine k and d
which were then compared with cyanazine growth rates 
obtained at the same temperature. Most dissolution rate 
experiments are diffusion controlled and fit the following 
equation:

R =  (1/A ) . (dm/dt) = k . (C*-C)‘* (6.3.1.1)

where is the rate of dissolution of cyanazine from the 
solid to the liquid phase; , the surface area of seeded 
crystals at time t; AC, the concentration driving force, 
(C*“C) , where C* and C are the concentration of cyanazine 
at equilibrium and in the bulk solution respectively; k^, 
the overall mass transfer coefficient for the dissolution 
process; and d, the overall order of dissolution.

6.3.2. Experimental Procedure

A known mass of cyanazine seed crystals of mean size
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(5±0.5jLiin in length, measured both microscopically and by 
Coulter Counter) were weighed out in a one litre round 
bottomed reaction vessel. A certain mass of aqueous 
ethanol, with a specific water weight fraction was added to 
the reaction vessel, the overhead single-bladed stirrer 
switched on at a constant 300rpm. The nephelometer, having 
previously been zeroed in pure aqueous ethanol solution, 
was immediately inserted into the reaction mixture and the 
reaction time noted.

Samples were then taken after one minute and every two 
minutes thereafter until the seed crystals had completely 
dissolved. Each gravimetric sample was vacuum filtered 
through a cellulose filter (Hewlett-Packard 0.45jLim pore 
size). Filtered samples were then placed in the preheated 
oven and dried to constant weight. Turbidometric analysis 
was made every thirty seconds. The turbidity of the 
solution decreased with time as expected.

6.3.3. Dissolution Results

The results of dissolution experiments are shown in Figures 
6.3.6- 6.B where the dissolution rate, , is plotted
against the concentration driving force, AC. As expected
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the dissolution of cyanazine in aqueous ethanol was first 
order indicating a diffusion controlled process. Equation 
(6.3.1.1) can then be expressed as:

Rd = k̂ . (C*- C) (6.3.1.2)

The overall mass transfer coefficient, k̂ , the diffusion 
rate constant is the gradient of the slope in Figure 6.3.6. 
Values of k̂  for all three temperatures are reported in 
Table 6.4. These values are subsequently used in overall 
growth rate experiments to calculate the surface 
integration rate constant, k . Turbidometric analysis of 
this dissolution process shows good agreement with results 
obtained from gravimetric analysis. This can be seen in 
Figure 6.3.2.

6.4.1. Desupersaturation

Desupersaturation of a solution is the decrease of the 
solution concentration with time as a solute precipitates 
from solution. To ensure that minimal nucléation occurs a 
large amount of seeded crystals of known size (5±0.5um) and 
surface area are introduced into the reaction vessel. The
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change in supersaturation can then be used to calculate 
and g (equation 6.2.1.1)

Rg= (1/AJ (dm/dt) =k^(C-C*)^ (6.4.1.1)

The surface area, , and mass, m, of N crystals are given 
by the following equations:

A^= /3.N.L^ (6.4.1.2)

m =  a.N.p.L^ (6.4.1.3)

where a and |3 are the volume and shape factors of the 
crystals, respectively; L, the characteristic dimension of 
the crystal; N, the number of crystals; and p , the crystal 
density. Substitution of equation (6.4.1.3) into (6.4.1.2) 
gives:

A^= (6. 4.1.4)

Further substitution of equation (6.4.1.4) into (6.4.1.1) 
and subsequent rearrangement yields:

Integration of equation (6.4.1.5) then gives
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where t is a specific time of growth; and, m^ and m̂ , are 
the final and initial mass of crystals respectively. The 
rate of mass deposition on seeded crystals can now be 
easily obtained using equation (6.4.1.6).

Calculated overall growth rates, R̂ , are then substituted 
into equation (6.4.1.1) to determine values of and g.

Values of the overall order of growth, g, obtained from 
growth (desuperaturation) experiments gives an initial 
approximation for the surface integration mechanism which 
takes place during crystal growth. Values of g=l suggests 
diffusion controlled growth, while g=l-2 indicates a screw 
dislocation mechanism for the surface integration step 
(Heyer, 1966; Bennema, 1969) and g>2 indicates polynuclear 
or "birth and spread" growth.

6.4.2. Experimental Procedure

Having achieved constant temperature (10, 20, and 30°C) the 
required mass of C was added to the reaction vessel in

stock
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which the nephelometer was placed. The necessary amount of 
ethanol/water mixture was then added to bring the solution 
to the desired initial supersaturation and water weight 
fraction. A large number of seeded crystals of known mass 
and surface area were immediately added to a one litre 
round bottomed reaction vessel. At this point the stopwatch 
and the Heidolph RZR 2000 overhead stirrer (300rpm) were 
switched on. Solution turbidity readings were taken every 
30 seconds and filtered. The samples were then dried to 
constant weight.

6.4.3. Desupersaturation Results

Overall growth rates for cyanazine crystals were determined 
at 10, 20, and 30°C at constant initial supersaturation
(8=3), crystal size (5±0.5/nm), and stirrer speed (300rpm) 
for a range of water weight fractions (0.65-0.85) to 
provide results that could be directly combined with 
dissolution rates and compared with growth rates obtained 
from single crystal growth experiments. Measured 
dissolution, overall growth and surface integration rates 
of cyanazine crystals from aqueous ethanol solutions were 
then calculated. These values were then plotted as a 
function of concentration driving force for all three
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temperatures and are illustrated in Figures 6.3.1-1.B. 
Values for the orders of overall growth, surface 
integration and dissolution were then calculated and found 
to lie within their theoretically predicted ranges, i.e. 
g=l-3, r=l-3, and d=l. These values together with values of 
the mass transfer coefficient, and the overall growth and 
surface integration rate constants are reported in 
Table.6.4. Overall growth rates for all three temperatures 
are listed in Tables 6.4.1.-3.

Combination of dissolution and growth rate results enables 
the surface integration rate constant, , and growth 
order, r, to be calculated. Additionally, the substitution 
of all these values into equation (2.4.3.1), i.e. the 
effectiveness factor equation gives more quantitative 
information about the controlling mechanism in the two-step 
crystal growth process.

Calculated overall growth rates, R̂ , from equation 6.4.1.6 
were substituted into equation 6.4.1.1 which then gave 
values of the overall growth order, g, and the overall 
growth rate constant, k̂ . Dissolution and growth results 
were then combined in equation, 6.2.1.2 giving values for 
the interfacial concentration, C^. Values of Ĉ  were then 
substituted into equation 6.2.1.3 giving values for the
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Figure 6.3.1. Crystallisation Kinetics
(X lE-7) For Cyanazine in Aqueous Ethanol atlOC
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t-igure 6.3.1.A. Crystallisation Kinetics
(X lE-7) For Cyanazine in Aqueous Ethanol at 200
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Figure 6 . 3 . l.B. Crystallisation Kinetics
(X lE-7) For Cyanazine in Aqueous tthanol at 30C
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Table 6.4.1. (Continued)
Water Weight 
Fraction (X)

Overall Growth
Rate (R. )G „(kg/m2s) XIO

Concentration 
Driving Force (AC)
(kg/kg sol") Xlo"*

0.85 11.3604 1.96
5.868 1.74
3.275 0.95
2.328 0.43
1.760 0.35
1.420 0.29
1.196 0.20
1.030 0.16
0.904 0.14

Table 6.4.2. Overall Growth Rates For Cyanazine in Aqueous 
Ethanol at 20C.

Water Weight 
Fraction (X)

Overall Growth 
Rates (R^)
(kg/m2s) X10"7

Concentration 
Driving Force (AC)
(kg/kg sol") Xio”^

0.70 5.506 1.59
3.819 1.42
1.953 1.32
1.049 1.00
0.709 0.93
0.541 0.85
0.439 0.77
0.372 0.70
0.322 0.64
0.284 0.60

0.75 5.515 0.79
3.812 0.70
1.923 0.68
1.039 0.47
0.709 0.40
0.541 0.35
0.436 0.34
0.364 0.33



Table 6.4.2. (Continued)

Water Weight 
Fraction (X)

Overall Growth 
Rate (R^)
(kg/m2s) XIO'^

Concentration 
Driving Force (AC)
(kg/kg sol") XlO"*

0.75 0.313 3.16
0.275 3.05

0.80 7.327 2.96
0.824 0.96
0.690 0.85
0.595 0.74
0.523 0.68

0.85 7.215 2.50
3.681 2.32
1.953 1.77
1.327 1.59
1.015 1.40
0.820 1.31
0.692 1.18
0.601 1.04
0.529 0.99

Table 6.4.3. Overall Growth Rates For Cyanzine in Aqueous 
Ethanol at 30C.

Water Weight 
Fraction (X)

Overall Growth 
Rates (R^)
(kg/m2s) XIO”^

Concentration 
Driving Force
(kg/kg sol") XlO"*

0.70 3.453 8.90
1.738 8.52
0.913 5.55
0.620 4.48
0.475 3.12
0.383 2.61
0.321 2.26
0.275 2.15
0.242 1.97



Table 6.4.3. (Continued)

Water Weight 
Fraction (X)

Overall Growth
Rate (R )G _  ™(kg/m2s) XIO

Concentration 
Driving Force
(kg/kg sol") XlO"*

0.75 5.474 3.28
2.808 1.75
1.411 1.45
0.944 1.26
0.709 1.12
0.568 1.02
0.474 0.94

0.80 5.008 1.63
1.296 0.50
0.867 0.38
0.652 0.30
0.436 0.22
0.374 0.18
0.328 0.15

0.85 3.183 1.93
0.565 0.85
0.426 0.77
0.342 0.69
0.286 0.62
0.246 0.56
0.216 0.52



surface integration rate constant, , and growth order, r. 
These values are tabulated in Table 6.4.

Overall growth rates are shown in Figures 6.3.1-B where the 
overall crystal growth rate, R̂ , was plotted against the 
concentration driving force, AC=(C-C*) . This plot shows 
that increases with increasing AC, and that the growth 
rate is greater than first order with respect to AC.

The overall growth order, g, for cyanazine crystals 
determined at low supersaturation (S=3) and at 10, 20, and 
30°C, gave values in the range g=l-2.5. Orders of surface 
integration were in the range, r=l-3. These data indicate 
that a screw dislocation and polynuclear growth were the 
operating mechanism for surface integration. Sato and Okada 
(1983) made similar observations for the growth of long 
chain stearic acid crystals from solution. These authors 
found that growth spirals or screw dislocations were 
present on the surface of the crystals at low levels of 
initial supersaturation.

t/ater Weight Fraction Effects
The effect of water weight fraction on overall crystal 
growth and dissolution rates at all three temperatures (10, 
20, and 30C) can be seen in Figures 6.3.5-5.B and 6.3.6-6B,
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t-igure 6.3.5. Influence of Water Weight
(X lE-7) Fraction on Overall Growth Rates at IOC
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respectively. These plots also illustrate the variation of 
both dissolution and overall growth rates as a function of 
the concentration driving force (C-C^, for dissolution, and 
C-C*, for overall growth). All dissolution rates are found 
to be first order with respect to undersaturation, while 
overall growth rates were second to third order with 
respect to supersaturation. Both rates were strongly 
dependent upon water weight fraction. Overall growth rates 
were found to increase with supersaturation and slightly 
decreases with increasing water weight fraction. This was 
also evident for dissolution rates, supporting the 
postulation that with increasing water weight fraction the 
controlling mechanism for crystal growth becomes more 
influenced by volume diffusion. This observation is 
illustrated most clearly in Figures 6.3.5 and 6.3.6, and is 
further supported by values for the respective surface 
integration effectiveness factors which can be seen in 
Table 6.4. It should be stated that values of k and k

g r

at water weight fraction X=0.70 at 10°C do not fit the 
observed trend. This could be due experimental error, or, 
if these rate constants are the correct magnitude then it 
could be that a change in mechanism could be occurring at 
this point.

It has also been found that under identical operating
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conditions the rate of dissolution of cyanazine crystals is 
much faster than the rate of crystal growth adding further 
credance to the suggestion that the volume diffusion step 
becomes more influential with increasing water weight 
fraction.

Surface Integration Rates

Analysis of surface integration rates (R̂ ) shows that there 
is very little difference between those rates and the 
overall crystal growth rates (R^). Figure 6.3.1 suggests 
that when the level of supersaturation is small the 
difference between the two rates is insignificant, implying 
that the influence of volume diffusion is small. As the 
concentration driving force increases, however, there is an 
increase in the difference between the two rates, with R^> 
Rg suggesting that as supersaturation increases volume 
diffusion plays a more influencing role in the growth of 
the cyanazine crystals. A similar variation was found for 
the drowning-out precipitation of potassium sulphate from 
aqueous isopropanol solutions (Mydlarz and Jones, 1989).

Surface Integration Effectiveness Factor (tĵ)
The effect of water weight fraction on the surface
integration effectiveness factor (equation 2.4.3.1) is
clearly illustrated in Figures 6.3.4.1-3. These plots
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Figure 6.3.4.2. Solvents Effects on
Surface Integration Effectiveness Factor

C-O4->U(O
COCO(Uc
03>•iH-MU
03

UJ
Co
(Oc_C3)
03-MC
03UCÜM—c_3cn

1

20C
0.9

0.8

0.7

0.6

0.5

0.4
0.4 0.5 0.6 0.7 0.8 0.9 1

Water Weight Fraction at 20C



Figure 6.3.4.3. Solvent Effects onSurface Integration Effectiveness Factor
C_o-MUmLi_
toto0)c0)>•iH4-)U0)
LÜ
Co•»H4-J(OC_O)0)-Mc
0)umM—c_3CD

1
30C0.9

0.8

0.7
0.6

0.5
0.4
0.3
0.2

0.5 0.8 0.90.4 0.6 0.7 1
Water Weight Fratcion at 30C



indicate that with increasing water weight fraction there 
is a decrease in the surface integration effectiveness 
factor at all three temperatures. Meanwhile, Figure 6.3.3 
shows a decrease in the surface integration effectiveness 
factor with increasing temperature. Both these observations 
infer that the mechanism of crystal growth becomes more 
influenced by volume diffusion with increasing temperature 
and water weight fraction as the value of tends to zero. 
One possible explanation for this observation could be that 
with more ethanol there is less chance for cyanazine 
molecules to reach the surface. Alternatively, with 
increasing water weight fraction (X^O.75) water molecules 
strongly hydrogen bond with other water molecules present 
in solution to form a barrier between cyanazine molecules 
and the surface of the crystal inhibiting bulk diffusion. 
Also, as the water weight fraction increases so too does 
the length, width and strength of this water barrier 
resulting in less diffusion. Indeed, as the water weight 
fraction decreases, the solubility of cyanazine increases 
and there are fewer water molecules in solution to offer 
resistance. As a result cyanazine molecules diffuse more 
freely to the crystal surface.
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6.5.1. Single Crystal Growth

Single crystal growth gives a detailed assessment of growth 
on the individual faces of a crystal. The rates of single 
crystal growth are usually compared with those obtained 
from overall crystal growth rates to give further credance 
to the postulated crystal growth mechanism. Single crystal 
growth measurements are usually obtained from changes in 
the mass or size of the crystal, or alternatively 
indirictly through changes in the solution concentration 
which occurs due to solid deposition at the crystal 
surface.

In this chapter fixed single crystal measurements at 
constant supersaturation and temperature were determined as 
reported. Scanning electron microscopy (SEM) was also used 
giving detailed information about the surface structure of 
a crystal, and hence the mechanism controlling surface 
integration.
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6.5.2. Optical Microscopic Analysis of Single Crystal Growth

Early attempts to measure single crystal growth rates of 
cyanazine crystals in aqueous ethanol solutions using a 
travelling microscope using the same technique as Beiny 
(1987); Whiting (1976), and Davey (1973); proved 
unsuccessful. This was for two reasons firstly, the initial 
crystal size was too small for detection by a travelling 
microscope, and secondly, as the crystal grew the quality 
of its external features depreciated substantially.

As a result of this, single crystals grown at specific 
initial supersaturation, temperature and water weight 
fractions were extracted from solution and placed in a 5mL 
thermostatically controlled batch observation cell.

Filtered mother liquor of known supersaturation was 
then added to the cell at a specific time, t, and the 
crystal growth observed. The growth of the individual faces 
of a single crystal were observed using an optical 
microscope linked to a video camera. This allowed the 
growth process to be recorded as a function of time. 
Gravimetric analysis of growth rate solutions was carried 
out at regular intervals for each experiment to ensure that 
after a initial sharp drop in supersaturation.
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approximately constant supersaturation was maintained 
throughout the experiment.

In further experiments the effects of a decrease in 
temperature on crystal growth was recorded. A graticule 
scale was used to determine the crystal dimensions.

6.5.3. Optical Microscopic Results

The use of optical microscopy in determining single crystal 
growth rates for cyanazine crystals had varied success. 
Qualitatively, it was possible to observe the mechanism of 
surface integration. Quantitatively, however, it was not 
possible to establish single crystal growth rates within 
satisfactory confidence limits. Cyanazine platelets were 
found to grow upwards in the direction of the microscope 
but it was impossible to measure the thickness of these 
plates. Accurate estimations of single crystal growth rates 
for needle shaped crystals were similarly not possible. 
Nevertheless, some interesting crystal growth features were 
observed.

Qualitative Analysis

{100} faces of cyanazine plates grown from high water
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weight fraction (X=0.90-0.95) solutions showed layers 
originating at the face edges and spreading towards the 
face centre. Optical analysis of platelet growth with time 
showed that regions of high index surface appeared at the 
leading edge which then extended laterally around the 
circumference of the face. Subsequent movement of these 
layers occurred towards the face centre and at the same 
time new layers appeared at the edges of the {100} face. 
With time, supersaturation remained approximately constant 
and the advancing velocity of these layers decreased to 
almost zero resulting in the formation of a face centred 
hole. The decrease of solution supersaturation for growth 
rate experiments then led to the healing over of these face 
centred holes to form a flat centred face. Other platelets 
observed at these water weight fractions showed movement of 
elliptical growth fronts intersecting to form crystal edges 
and corners. In some cases the imperfect joining of these 
fronts resulted in edge inclusions. Irregular shaped face 
centred holes were also produced here.

Bourne and Davey (1977) observed a similar growth pattern 
for the growth of hexamethylene tetramine (HMT) crystals 
from aqueous solutions. They also found that reduction of 
supersaturation led to the healing over of face centred 
holes leaving the crystal with pockets of included mother
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liquor.

At a water weight fraction X=0.85 proportionally more 
needle shaped crystals were produced, and the platelets 
which were formed displayed surface features which were 
different to those encountered at higher water weight 
fractions, i.e. X=0.90-0.95. Small spiral shaped layers 
were observed at the platelet face centres which, with 
time, increased in length and maintained their shape as 
they were moved toward the edges ultimately disappearing to 
be replaced by a new layer at the face centre (see video 
6) .

The exact same observation was reported by Bourne and Davey 
(1977) for the growth of hexamethylene tetramine platelets 
from ethanolic solutions. Even though the cyanazine 
crystals produced here are in a predominantly aqueous 
solution, it suggests that with decreasing water weight 
fraction there is a change in the surface integration 
mechanism. A change in the crystal habit is also seen to 
take place with an the increase in the proportion of 
needles produced.

Surface analysis of needle shaped cyanazine crystals 
growing from aqueous ethanol solutions revealed that not

154



all needles were totally symmetrical. The surface of some 
needles were totally smooth (Figure 6.5.4.1) while others 
(see video 6) showed the presence of screw dislocations. 
These results are in good agreement with those obtained by 
Bourne and Davey (1977) for the growth of HMT from 
ethanolic solutions and gives further evidence that a 
change of mechanism from layer by layer adsorption to screw 
dislocation is occurring with decreasing water weight 
fraction.

6.5.4. Scanning Electron Microscopy (SEM)

The scanning electron microscope is used extensively in 
surface chemistry. It is similar to the transmission 
electron microscope in that they both employ a beam of 
electrons directed at the specimen. Both instruments share 
common features such as the electron gun, condenser lenses 
and a vacuum designed system (Agar, Alderson and Chescor). 
The way in which the image is produced and displayed, 
however, is totally different.

The SEM is primarily used to study the surface or near 
surface of bulk specimens. As a result of this surface 
imaging, the images produced have a great depth of field
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Figure 6.5.4.1 SEM photographs of cyanazine needle shaped crystals



combined with a high contrast giving a three dimensional 
effect which makes it much easier for the eye to interpret.

6.5.4.1. Experimental Procedure

A small strip of transparent double sided sticky tape was 
attached to a brass or aluminium stub (l-2cm in diameter). 
Dry cyanazine crystals were then attached to these stubs 
and gold plated in an Emitech K550 gold splutter coater. 
The stubs were then placed in the specimen holder ensuring 
that the top of the stubs were level with the surface of 
the holder. The samples were then placed in the vacuum 
chamber of the SEM and the chamber vented. This was 
signified once the current meter light ignites. The voltage 
of the electron beam was then entered, and the filament 
current control rotated clockwise (usually 70/80jLtA) until 
two peak deflections of the trace were observed. After one 
or two other minor adjustments the surface of the crystal 
was viewed at various magnifications and appropriate 
photomicrographs taken.

It should be noted that the scanning electron microscopy 
will only give good images if the sample conducts 
electricity. The gold coating must be thick enough to
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ensure conductivity, but not so thick as to obscure the 
surface features.

Also, some materials are easily damaged by very high 
coating currents. This is avoided by lowering the coating 
currents and lengthening the deposition times.

The average platelet dimensions were 200 X 200 X 20jnm, and 
because of the crystals extreme thinness it underwent a 
high degree of strain about the middle section. This 
feature was observed when dried cyanazine crystals were 
viewed under optical microscopy, and when wetted crystals 
were viewed under transmission electron microscopy. In both 
cases there was a tendency for the crystal to fold or flip 
over on its side to take up a more stable position. The 
thickness of some platelets was greater than average 
(20/Ltm) , and as a result these crystals withstood the energy 
strain induced upon them enabling these platelets to retain 
their crystal shape. The average thickness of these 
crystals was 50-80um.
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6.5.4.2. Scanning Electron Microscopy Results

Platelets

When viewed under scanning electron microscopy cyanazine 
platelets were found to be fragmented. Under further 
examination, variation of the electron volts applied to the 
crystal did not cause any significant change to the final 
result, therefore it was assumed that the damage caused to 
these crystals was due to the heat radiated during gold 
plating which caused the platelets to dehydrate. 
Fortunately one or two platelets withstood most of the 
treatment giving very informative SEM polaroids. This is 
illustrated in Figure 6.5.3.2. where a screw dislocation is 
identified as the mechanism of surface integration during 
the growth of cyanazine platelets from a water weight 
fraction solution of X=0.85.

Needles

Scanning electron microscopy for needle shaped cyanazine 
crystals produced clear, well resolved images of the 
crystal faces (Figure 6.5.3.2). These needles, which are 
energetically more stable than platelets, retain their 
crystal form during pre-treatment and SEM analysis. The 
surface of the exposed faces of the needle shaped crystals
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(Figure 6.5.4.2.A) was again similar to that reported by 
Bourne and Davey (1977) giving further evidence that a 
screw dislocation was the mechanism of surface integration 
during the growth of cyanazine needles. SEM also produced 
some beautiful photographs of well defined, smooth 
surfaced, needle shaped crystals (Figure 6.5.4.2).

Scanning electron microscopy has proved to be a very useful 
technique in this project, providing evidence that screw 
dislocation was a mechanism of surface integration for both 
needles and platelets from ethanolic solutions. 
Unfortunately, due to the metastability associated with 
cyanazine platelets, SEM polaroids were not achieved for 
platelets at all water weight fractions.

6.6. Conclusion

A wealth of useful information has been obtained concerning 
the mechanism of cyanazine crystal growth from kinetic 
studies, highlighting the advantages of obtaining 
information from as many different sources as possible.

Dissolution and overall growth rate results indicate that 
with increasing water weight fraction and temperature the
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two-step growth process becomes more influenced by 
diffusion due to absence of ethanol molecules and increased 
resistance by the water molecules. Values for the overall 
growth order lie in range g=1.5-2.8 at initial 
supersaturations of S=3 and X=0.70-0.95, suggesting that 
cyanazine crystals grow via a screw dislocation mechanism 
for the surface integration step.

Limitations of the technique used to measure single growth 
meant that consistent single crystal growth rates could not 
be achieved for either needles or plates. Nevertheless, 
optical and scanning electron microscopy provided useful 
additional qualitative information about the mechanism of 
surface integration.

The results obtained from optical microscopy show that 
there is a change in the surface integration mechanism from 
layer by layer adsorption to screw dislocation over the 
water weight fraction range X=0.95-0.75. SEM analysis gives 
further support to these observations showing the presence 
of screw dislocations for needles and plates produced at 
water weight fractions, 0.85-0.70.
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CHAPTER 7
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7.1. DISCUSSION

In the forgoing sections, measured physical properties such 
as solubility and density have been used to obtain basic 
supersaturation data, from which the kinetics of nucléation 
and crystal growth for the herbicide cyanazine were 
determined. A comparison of the observed crystal habit with 
predictions from molecular modelling indicated that growth 
of cyanazine crystals is influenced more by kinetic than 
thermodynamic factors. This has been borne out by the 
important influences of water weight fraction, 
supersaturation, and temperature on crystal morphology and 
on the kinetics of cyanazine crystal growth were 
determined. These aspects are now discussed in turn.

Solubility
Measurements of solubility and density for cyanazine in 
aqueous ethanol at 10, 20, and 30°C provided necessary data 
essential for all subsequent supersaturation calculations. 
High performance liquid chromatography (HPLC) was found to 
be an effective technique for measuring cyanazine 
solubilities at high water weight fraction (X=0.60-1.0). At 
moderate to low water weight fractions (X=0-0.60), however, 
solubility data from HPLC analysis was very scattered and
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showed an unusual maximum at water weight fractions, X»0.1, 
which was most probably due to the evaporation of ethanol 
from solution. Nevertheless, highly reproducible density 
measurements were obtained for cyanazine in aqueous ethanol 
at this range of water weight fractions, providing an 
alternative method for calculating cyanazine solubilities. 
As expected, the solubility of cyanazine in aqueous ethanol 
increased with increasing temperature. Derived mass balance 
equations specified the required amount of each substituent 
in the precipitation of cyanazine from aqueous ethanol.

Crystal Habit
Investigations into this precipitation process revealed 
that two different crystal habits (needles and plates) are 
produced as a result of changes in experimental conditions. 
Initially, it was thought that the two crystal forms might 
be polymorphs. Differential scanning calorimetry (DSC) and 
X-ray crystallography of these crystals, however, showed 
that the platelets are cyanazine monohydrates and the 
needles are anhydrous cyanazine crystals. X-ray 
crystallography of the platelets revealed that weak 
intermolecular hydrogen bonds exist between water and 
cyanazine molecules. It also showed the presence of strong 
intermolecular hydrogen bonding between the water molecules 
of each monohydrate. In the platelets the water exists as
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of each monohydrate. In the platelets the water exists as 
monolayer sheets within the crystal lattice.

Optical microscopic observations of these platelets in 
solution revealed that they degrade with time. DSC and 
X-ray analysis have shown that this is due to the exit of 
water monolayers from the crystal lattice. After 
fragmenting, platelets dissolve in solution and 
recrystallise as cyanazine needles (filtered platelets
follow a similar trend). This evidence suggests that
cyanazine platelets are metastable, with a higher free 
energy and lower activation energy than needles (Figure
4.5,2). Effectively, an increase in the initial 
supersaturation increases the free energy of cyanazine in 
solution. So, as the free energy drops with a decrease in 
solution supersaturation, there is little difference 
between the activation energies for needles and platelets. 
In these circumstances, cyanazine precipitates to the more 
stable needle form. Needle shaped cyanazine crystals retain 
their morphological appearance both in solution and when 
dried, confirming that this habit is cyanazine's most
stable conformation.

Predicted molecular models of cyanazine crystal habits for 
needles and plates were totally different to those obtained
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modelling theories to account for the influence of solvents 
or kinetics on the growth of cyanazine crystals from 
solution. The use of software packages which take these 
factors into account could possibly bring a greater 
similarity between experimental and predicted crystal 
models.

Image analysis data shows the effect of water weight 
fraction, supersaturation and temperature on crystal shape. 
A change in any of the first two parameters was found to 
have a dramatic effect on the relative number of needle and 
platelet crystals produced. In general, it has been found 
that an increase in water weight fraction and initial 
supersaturation increases the percentage number of 
platelets in solution. However, at low supersaturations 
(S^3) an increase in water weight fraction causes little or 
no change in crystal morphology, i.e. cyanazine crystals 
retain their needle shape. When water weight fractions 
X^0.70, however, an increase in supersaturation has no 
discernible effect on crystal morphology and almost 
crystals produced are needle in shape.

Cyanazine crystal growth at high water weight fraction 
(X=0.90-0.99) and high supersaturation (S=7-10) results in 
the formation of a large quantity of platelets. Under these
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conditions there is an abundance of water molecules in 
solution and the potential for one molecule of water to 
interact with one molecule of cyanazine and form a 
cyanazine monohydrate is very high. Increased 
supersaturation increases the concentration driving force 
which in turn increases the number of bimolecular 
collisions between water and cyanazine molecules. The 
relative insolubility of cyanazine in water highlights the 
difficulty in achieving intermolecular bonds between water 
and cyanazine molecules. Therefore, with a lot of water 
molecules at high supersaturation, the activation energy 
necessary for the creation of monohydrated cyanazine plates 
should be less than that for anhydrous needle formation, 
therefore, at high supersaturations, large quantities of 
metastable cyanazine monohydrates precipitate rapidly from 
high water weight fraction solutions.

This postulation also explains the observations reported at 
high water weight fraction and low supersaturation. 
Although there is an excess of water molecules available in 
solution, the formation of any crystal is sufficiently slow 
under these conditions that any weak water-cyanazine bonds 
which may have formed, break and form strong 
cyanazine-cyanazine intermolecular bonds of lower free 
energy. Lower supersaturation levels also indicate that
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there are fewer cyanazine molecules available to
potentially bond to the water molecules. This postulation 
can also account for changes in crystal morphology when 
water weight fraction or initial supersaturation levels are 
lowered.

Decreasing water weight fractions at high supersaturation 
levels indicates that there are fewer water molecules in 
solution to interact with the increasing number of
cyanazine molecules. This is due to increases cyanazine 
solubility with decreasing water weight fraction in
ethanolic solutions. As a result there are far more 
cyanazine molecules present in solution which 
preferentially bond to each other rather than with the
energetically unfavorable water molecules. This culminates 
in a decrease in the number of collisions between water and 
cyanazine molecules which in turn decreases the number of 
platelets formed, but increases the number of needles 
produced. Eventually, when the water weight fraction X^o.VO 
needle shaped crystals are only crystal habit observed in 
solution.

Temperature effects on crystal habit indicate that 
increasing temperatures decrease the percentage number of 
platelets formed. The reason for this could be two-fold.
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Firstly, an increase in temperature increases the 
solubility of cyanazine in solution, which results in more 
cyanazine-cyanazine interactions, and the production of 
fewer platelets. Secondly, previous work carried out by oil 
companies on gas hydrates suggest that methane gas forms 
solid crystal hydrates at very low temperature.

Nucléation
Solid-liquid interfacial tensions calculated indirectly at 
20°C from induction period and contact angle measurements 
indicate that the mechanisms controlling this precipitation 
process was primary nucléation followed by either 
polynuclear or diffusion-controlled growth. Primary 
nucléation is believed to be heterogeneous at low 
supersaturation and homogeneous at high supersaturations.

Induction period results also suggest that the time taken 
for nucléation to occur t̂  is approximately equal to the 
time taken for growth of the nuclei into a detectable size 
t̂ . As anticipated, cyanazine-ethanol interfacial tension 
gradually increases with increasing water weight fraction. 
This in turn decreases the solubility of cyanazine in 
solution and increases the repulsive forces between the 
solid and the liquid. Unfortunately, it was not possible to 
calculate interfacial tensions at 10 and 3 0°C from contact
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angle measurements. It was nevertheless assumed that the 
conclusions made from the comparison of interfacial 
tensions at 20°C are also applicable at 10 and 30°C.

Crystal Growth
Effectiveness factors , calculated from the combination 
of growth and dissolution rates at low supersaturations, 
indicate that with increasing water weight fraction the 
two-step crystal growth process becomes more influenced by 
bulk diffusion. This is thought to occur because of the 
increased build up of water molecules in solution which 
form strong intermolecular hydrogen bonds between each 
other resulting in a water barrier whose thickness 
increases with increasing water weight fraction. This 
barrier prevents the easy diffusion of cyanazine molecules 
from the bulk solution to the crystal surface, which at low 
supersaturation do not have sufficient driving force to 
easily cross this barrier. This observation further 
supports the conclusions made from induction period and 
crystal morphology postulations on the type of nucléation 
and growth that occurs.

Overall growth orders calculated at 10, 20, and 30°C for an 
initial supersaturation S=3 and range of water weight 
fractions X=0.65-0.85, fell within the range g=l-2.8. These
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results suggested that a screw dislocation and polynuclear 
growth were the controlling mechanism of surface 
integration in the two-step growth process. Further 
evidence of screw dislocations have been found using 
optical and scanning electron microscopy. Platelets and 
needles formed at water weight fractions, X^O.85, exhibited 
screw dislocations on the surface as observed by optical 
microscopy.

Previous morphological studies of other systems by several 
authors (Sato and Okada,1983; and Bourne and Davey, 1976) 
have found that at low supersaturation, surface integration 
is controlled by dislocations while at high supersaturation 
levels, layer by layer adsorption occurs. The latter was 
observed for the growth of cyanazine platelets at high 
water weight fraction (X=0.90-0.95) and high 
supersaturation (S=7-10), while the former occurred as the 
level of both these parameters dropped. This postulation is 
further supported by the observations made from X-ray 
crystallography and optical microscopy on the same 
platelets. These results show great similarity to those 
reported by Bourne and Davey (1976) for hexamethylene 
tetramine crystals grown from aqueous and ethanolic 
solutions.
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The effect of initial supersaturation on the two-step 
crystal growth process has not be studied here. It is 
thought, however, that at high supersaturations the driving 
force for crystal growth is sufficient to overcome any 
resistance to diffusion. An increase in water weight 
fraction would probably cause some resistance to diffusion 
but not to the extent encountered at low supersaturations.

Evidence from crystal morphology, nucléation and overall 
crystal growth suggest that primary nucléation followed by 
diffusion-controlled growth is the operating mechanism of 
crystallisation during precipitation of cyanazine from 
aqueous ethanol solutions.
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7.2. Main Conclusions

1. Density measurements offer a highly reproducible method 
for determining the solubility of cyanazine in aqueous 
ethanol solutions, while HPLC also offers good 
reproducibility over a specific water weight fraction 
(X=0.60-1.0).

2. Image analysis techniques proved very successful in 
determining the effects of experimental conditions on 
crystal habit. In general, high initial supersaturation 
(S&7) and water weight fraction (X^0.90), together with 
low solution temperatures produce large quantities of 
metastable cyanazine monohydrate platelets which when 
left in solution or atmospheric conditions, fragment and 
recrystallise to the more stable anhydrous cyanazine 
needles. A decrease in either supersaturation or water 
weight fraction, or an increase in temperature decreases 
the percentage number of platelets, but increases the 
percentage number of needles. At low
supersaturations(S«3) or moderate water weight fractions 
(X=0.65) cyanazine needles are the only crystal form 
present.
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3, Morphological studies of these crystal habits showed 
that the cyanazine platelets were monohydrates while the 
needles are anhydrous cyanazine crystals. X-ray 
crystallography revealed that hydrogen bonding existed 
between the water molecules of these monohydrate 
platelets resulting in the formation of monolayer sheets 
of water molecules throughout the crystal. The packing 
arrangement of cyanazine needles showed a network of 
intermolecular hydrogen bonding, and it is these bonds 
which give the crystal its stability.

4. The use of turbidometric analysis in determining 
induction periods for nucléation and crystal growth 
proved highly successful, giving good reproducibility 
within its limits of detection. These limits were
dependent upon crystal size and population. Induction 
period measurements reveal that primary nucléation
followed by diffusion-controlled or polymer growth are 
the controlling mechanisms of crystallisation over the 
range of water weight fractions, X=0.65-0.95. These
suggestions were substantiated by the close similarity 
of cyanazine-ethanol interfacial tensions obtained from 
induction period (4-20mJ/m^) and contact angle (2-12) 
measurements.
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5. Dissolution and overall growth rate measurements at low 
supersaturations show a gradually increasing influence 
of diffusion on the two-step crystal growth of cyanazine 
from aqueous ethanol solutions as water weight fractions 
increase. While surface analysis of these needle and 
plates reveal that at high supersaturation and water 
weight fraction, the surface integration mechanism of 
this two-step crystal growth process for cyanazine 
platelets seems to be more influenced by layer by layer 
adsorption. A decrease in either of these parameters, 
results in the surface integration mechanism becoming 
more determined by screw dislocations.

6. Finally, the precipitation of cyanazine from aqueous 
ethanol solutions is highly dependent upon 
supersaturation, temperature and water weight fraction, 
and is controlled by primary nucléation followed by 
diffusion-controlled growth.
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7.3. Recommendations for future work

1. The level of reproducibility achieved by turbidometric 
analysis in measuring induction period measurements 
suggests that this highly sensitive method of detection 
could be successfully used in dispersion concentrates to 
measure the onset of crystal growth, agglomeration and 
phase separations in crystallisation processes. This 
technique can also be applied to measuring the 
efficiency of surfactants and additives in solution, as 
well as ensuring complete mixing throughout the system.

2. As well as being an excellent technique for validating 
nucléation theories, contact angle measurements also 
provides useful information on the physical properties 
of solid and liquid, e.g. the wettability of solids, as 
well as polar and dispersive forces of solids and 
liquids. This technique could be used in conjunction 
with X-ray crystallography to study the effects of 
solvents or additives on the crystal morphology and 
physical properties of commercial products. Further 
contact angle studies of cyanazine in aqueous ethanol at 
10 and 30°C should be carried out to further enhance the 
credibility of the results portrayed in this thesis.
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3. Cyanazine platelet fragmentation is almost certainly 
caused by the departure of monolayer of water molecules 
from the crystal lattice. These postulations can be 
verified by NMR, DSC and X-ray analysis of these 
fragments. Estimation of the activation energy required 
to form needles and platelets, together with NMR 
analysis should give a clearer picture on how cyanazine 
and water molecules interact in solution.

4. A possible commercial significance of these fragile 
platelets is their ability to fragment and provide a 
highly dispersive concentrate when mechanically 
agitated. The optimum conditions for the production of 
these platelets is at high values of initial 
supersaturation and water weight fraction, and low 
temperatures, where the use of additives and other 
solvents at this critical stage may radically change the 
physical properties of a system.

5. For accurate predictions of crystal morphology, 
molecular modelling needs to account for the kinetic, 
thermodynamic and solvent effects on a system.

6. Having successfully determined the growth mechanisms for
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cyanazine at a supersaturation S=3, it would be useful 
to establish if any increase or decrease in the initial 
supersaturation effects the control of the two-step 
crystal growth process.

7. Commercially, additives play a key role in the designing 
of a crop protection product. The extent to which they 
interrupt solubility, crystal morphology, interfacial 
tension and the rate of crystal growth can be analysed 
successfully using the techniques developed and used in 
this thesis.
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NOMENCLATURE

A surface area of a crystal
C

A critical cluster
n

â  activity of an ion
B birth of nuclei
ĉ ,̂ c* equilibrium concentration of a solid in solution 
c, local concentration of a solid in solution
AC concentration difference
D diffusion coefficient
dL size range
d order of diffusion
AE free energy
AE^ dispersive energy distribution
Ê  activation energy
Ê  ̂ lattice energy
Ê ^̂  attachment energy
E slice energy

s i  ice

f(#) correction factor for heterogeneous
or homogeneous

g overall order of growth
J nucléation rate

activity solubility product 
k Boltzmann constant
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k nucléation rate constantn

k overall dissolution rate constant
k̂  overall growth rate constant
k̂  surface integration rate constant
L characteristic dimension of the crystal
m̂ y m̂  final and initial mass of crystals

respectively 
m order of nucléation
n , n no. of positive and negative kinks on the

crystal surface
N no. of data points, or no. of seeded crystals

Avagdro's number
p no. of ions in a critical cluster
P perimeter of the sample at the interface
g^, atomic fractional charges
r surface integration order of growth
r inter-atomic distanceij

overall rate of crystal growth 
R overall rate of dissolution

D

S supersaturation ratio
t induction periodind ^

t̂  time required for an appropriate distribution
of nuclei to be established

t time in which critical nuclei are generatedn
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t time taken for a critical nuclei to grow to
9

a detectable size 
T temperature
V no. of ions in a molecular unit
V molar volume of a solidm

total work necessary to form a critical nuclei 
W W work necessary to form the surface and volumeS ,  V

of a critical nuclei
work of adhesion between the solid and the

a

liquid
X water weight fraction

GREEK SYMBOLS

a surface smoothness or roughness factor
e energy gain on the creation of a solid-fluid

bond at the interface 
jS geometrical shape factor

geometrical factor 
^ perimeter shape factors
y g solid surface tension/energy

solid-liquid interfacial tension 
y liquid surface tension
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solubility parameter
contact angle between a solid and a liquid

0 energy of interaction between neighbouring
molecules
surface integration effectiveness factor 
surface energy change due to the adsorption of 

(T relative supersaturation
pc density of the crystal
p density of a solid or liquid
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Table 3.2.1. Measured Solubility and Density Isotherms For 
Cyanazine in Aqueous Ethanol at 10, 20, and 30°C.

Water
Weight
Fraction

Ethanol
Molar
Fraction

Solubility of 
Cyanazine, (kg 
Cyana z ine/10 0kg 
Aqueous Ethanol)

X 10 -  2

Density of Density 
Cyanazine of pure 
in Aqueous Aqueous 
Ethanol Ethanol

p/(gcm^)

1.00
0.90
0.80
0.70
0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

1.00
0.90
0.80
0.70
0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

0.000
0.042
0.089
0.144
0.207
0.243
0.281
0.324
0.370
0.421
0.477
0.540
0.610
0.689
0.779
0.881
1.000

0.000
0.042
0.089
0.144
0.207
0.243
0.281
0.324
0.370
0.421
0.477
0.540
0.610
0.689
0.779
0.881
1.000

10°C

1.14
2.59
6.03

19.90
68.60

113.60
129.10
178.40 
192.20
231.50
239.60
321.40 
328.90
324.50 
313.80
365.10
305.60

20*C
1.43
3.45
8.86

28.10
94.20
113.60
129.10
224.10
264.70
304.80
287.80 
334.50
338.20
339.20
309.60
325.20

0.9997
0.9841
0.9728
0.9603
0.9437
0.9246
0.9048
0.8849
0.8637
0.8389
0.8090

0.9983
0.9820
0.9689
0.9546
0.9371
0.9181
0.8985
0.8788
0.8580
0.8334
0.8027

0.9997
0.9840
0.9726
0.9599
0.9425
0.9217
0.8994
0.8761
0.8521
0.8266
0.7980

0.9983
0.9820
0.9688
0.9536
0.9354
0.9140
0.8913
0.8677
0.8435
0.8180
0.7895



Table 3.2.1.(CONTINUED)

Water
Weight
Fraction

Ethanol
Molar
Fraction

Solubility of 
Cyanazine, (kg 
Cyanazine/100kg 
Aqueous Ethanol)

Density of 
Cyanazine 
in Aqueous 
Ethanol

Density 
of pure 
Aqueous 
Ethanol

X 10"^ p(gcm^)

30*C
1.00 0.000 1.89 0.9949 0.9957
0.90 0.042 4.94 0.9789 0.9788
0.80 0.089 16.30 0.9643 0.9640
0.70 0.144 50.20 0.9489 0.9476
0.60 0.207 0.9309 0.9287
0.55 0.243 170.80
0.50 0.281 212.30 0.9120 0.9059
0.45 0.324 302.30
0.40 0.370 268.70 0.8935 0.8829
0.35 0.421 363.80
0.30 0.477 341.10 0.8749 0.8592
0.20 0.610 471.40 0.8551 0.8350
0.10 0.779 508.20 0.8308 0.8093
0.05 0.881 521.70
0.00 1.000 438.00 0.7989 0.7809



Table 3.2.2. Coefficients for Solubility Model Equations

Temperature
(K)

Water
Weight
Fraction

Coefficients 
A B G

283 1.0—0.60 -4.49768 19.92123
283 0.7-0.00 -1.43467 12.11754 -7.55019
293 1.0-0.60 -4.37650 23.34971 -12.01218
293 0.7-0.00 -1.21690 12.40348 -8.18353
303 1.0-0.60 -4.28180 32.48174 -52.02816
303 0.7-0.00 -1.69437 16.59793 -10.29287

Table 3.2.3. Standard Deviation and Correlation Coefficients 
For Solubility Data

Temperature
(K)

Water
Weight
Fraction

Standard 
Deviation 
(or) xlO'S

Correlation
Coefficient

283 1.0-0.60 1.33 0.9999
283 0.7-0.00 3380.00 0.9761
293 1.0-0.60 0.78 0.9999
293 0.7-0.00 3570.00 0.9733
303 1.0-0.55 1.60 0.9999
303 0.7-0.00 8850.00 0.9683
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Table 3.3.1. Coefficients for Density Model Equations

Temperature Water Coefficients
(K) Weight

Fraction A B C
283 0—0.60 —0•00566 - 0.27595 0.07083
293 0—0.60 -0.01371 - 0.27100 0.06629
303 0-0.60 -0.02440 - 0.25127 0.05282

Table 3.3.2. Standard Deviation and Correlation Coefficients 
For Density Data

Temperature
(K)

Water
Weight
Fraction

Standard 
Deviation 
(O') xlO"*

Correlation 
Coefficent

(R )

283 0.6-0.00 3.80 0.9991
293 0.6-0.00 4.60 0.9989
303 0.6-0.00 6.20 0.9983
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Table 4.2.3.1.1. Cyanazine Needles 
STRUCTURE DETERMINATION SUMMARY

Crystal Data

Empirical Formula 

Color; Habit 

Crystal size (mm) 

Crystal System 

Space Group 

Unit Cell Dimensions

Volume

Z

Formula weight 

Density(calc.) 

Absorption Coefficient 

F(OOO)

c, H^3 Cl Ng

CLEAR PRISMS 

.6 .4 .3

Monoclinic

P2^/n

a = 13.984(5) À  

b = 10.449(5) À  

c = 17.146(6) À  

P * 98.89(2)° 

2475(2)

8

240.7

1.292 Mg/m^ 

0.293 mm  ^

1008



Table 4.2.3.1.2. Cyanazine Needles
Data Collection

Diffractometer Used

Radiation

Temperature (K)

Monochromator

26 Range

Scan Type

Scan Speed

Scan Range (w)

Background Measurement

Standard Reflections 

Index Ranges

Reflections Collected 

Independent Reflections 

Observed Reflections 

Absorption Correction

Siemens R3m/V 

MoKo (X = 0.71073 Â)

293

Highly oriented graphite crystal 

3.0 to 50.0°

CJ

Variable; 2.00 to 58.00°/min. in w 

2.00°
Stationary crystal and stationary 
counter at beginning and end of 
scan, each for 20.0% of total 
scan time

2 measured every SO reflections

0 ^  A ^  16, 0 3  k 3  12 
-20 3  f 3  20

4554

4372 (R^^^ * 2.41%)

3225 (F > 3.0<r(F)) 

N/A



Table 4.2.3.1.3. Cyanazine Needles 
Solution and Refinement

System Used 

Solution

Refinement Method 

Quantity Minimized 

Absolute Structure 

Extinction Correction 

Hydrogen Atoms 

Weighting Scheme 

Number of Parameters Refined 

Final R Indices (obs. data)

R Indices (all data) 

Goodness-of-Fit 

Largest and Mean A/a 

Data-to-Parameter Ratio 

Largest Difference Peak 

Largest Difference Hole

Siemens SHELXTL PLUS (PC Version) 

Direct Methods 

Full-Matrix Least-Squares 

Ew(F-F^)'
N/A

N/A

Riding model, fixed isotropic U
- 1 2  2 w  = a (F) + 0.0007F

305

R = 4.82 %, wR = 6.13 %

R = 6.85 %, wR = 6.45 %

1.46 

0.012, 0.001 
10.6:1
0.29 e A-3

-0.30 e A-3



Table 4.2.3.1.A. Cyanazine Needles
4

Atomic coordinates (xlO ) and equivalent isotropic
• 2 3displacement coefficients (Â xlO )

X y z U(eq)

N(l) 6407 2) 2952 2) 987 1) 40(1)
C(2) 5689 2) 2490 3) 1310 2) 37(1)
Cl(2) 4999 1) 1342 1) 760 1) 59(1)
N(3) 5427 2) 2779 2) 1996 1) 38(1)
C(4) 6046 2) 3624 3) 2412 2) 32(1)
N(4) 5843 2) 3917 2) 3136 1) 39(1)
N(5) 6812 2) 4167 2) 2176 1) 35(1)
C(6) 6957 2) 3819 3) 1451 2) 35(1)
N(6) 7677 2) 4351 3) 1138 1) 46(1)
C(7) 6425 2) 4759 3) 3705 2) 38(1)
C(8) 7419 3) 4241 4) 3881 2) 55(1)
N(8) 8166 3) 3843 5) 4055 2) 103(2)
C(9) 5980 2) 4742 3) 4459 2) 55(1)
C(10) 6451 3) 6128 3) 3400 2) 58(1)
C(ll) 8355 2) 5271 3) 1552 2) 57(1)
C(12) 9171 3) 4662 4) 2084 3) 80(2)
N(l') 3058 2) 2054 2) 4588 1) 38(1)
C(2') 3879 2) 2131 3) 4310 2) 32(1)
Cl(2') 4894 1) 1742 1) 4992 1) 51(1)
N(3') 4056 2) 2438 2) 3601 1) 36(1)
C(4') 3220 2) 2646 3) 3092 2) 33(1)
N(4') 3317 2) 2878 3) 2338 1) 41(1)
N(S') 2331 2) 2620 2) 3278 1) 37(1)
C(6') 2277 2) 2359 3) 4036 2) 38(1)
N(6') 1428 2) 2347 3) 4280 1) 59(1)
C(7') 2506 2) 3119 3) 1708 2) 44(1)
C(8') 1846 3) 2009 4) 1639 2) 56(1)
N(8') 1330 3) 1158 4) 1549 2) 95(2)
C(9') 2909 3) 3249 5) 926 2) 77(2)
C(IO') 1943 3) 4321 4) 1851 2) 68(1)
C(ll') 490 2) 2532 4) 3773 2) 69(2)
C(12') -141 4) 1412 5) 3800 4) 130(3)

* Equivalent isotropic U defined as one third of the 
trace of the orthogonalized tensor



Table 4.2.3.1.5. Cyanazine Needles
Bond lengths (A)

N(1 -C(2) 1.311 (4) N(l)-C(6) 1.361 (4
C(2 -Cl(2) 1.726 (3) C(2)-N(3) 1.320 (4
N(3 -C(4) 1.360 (3) C(4)-N(4) 1.350 (4
C(4 -N(5) 1.330 (4) N(4)-C(7) 1.463 (4
N(5 -C(6) 1.340 (4) C(6)-N(6) 1.333 (4
N(6 -C(ll) 1.457 (4) C(7)-C(8) 1.478 (5
C(7 -C(9) 1.518 (4) C(7)-C(10) 1.525 (5
C(8 -N(8) 1.122 (5) C(11)“C(12) 1.488 (5
N(1 )-C(2') 1.311 (4) N(l')-C(6') 1.367 (3
C(2 )-Cl(2') 1.743 (3) C(2')-N(3') 1.318 (3
N(3 )-C(4') 1.363 (3) C(4')-N(4') 1.344 (4
C{4 )-N(5') 1.330 (4) N(4')-C(7') 1.462 (3
N{5 )-C(6') 1.342 (4) C(6')-N(6') 1.320 (4
N(6 )-C(ll') 1.469 (4) C(7')-C(8') 1.476 (5
C(7 )-C(9') 1.539 (5) C(7')-C(10') 1.522 (5
C(8 )-N(8') 1.141 (6) C(ll')-C(12') 1.471 (7



Table 4.2.3.1.6. Cyanazine Needles
Bond angles ( )

C 2 -N(l)-C(6) 113.5 2) N(l) -C(2)-C1(2) 115.2 2
N 1 -C(2)-N(3) 128.9 3) Cl(2)-C(2)-N(3) 115.9 2
C 2 -N(3)-C{4) 112.0 2) N(3) -C(4)-N(4) 115.0 2
N 3 -C(4)-N(5) 126.4 2) N(4) -C(4)-N(5) 118.5 2
C 4 -N(4)-C(7) 125.1 2) C(4) -N(5)-C(6) 114.3 2
N 1 -C(6)-N(5) 124.7 3) N(l) -C(6)-N(6) 115.8 2
N 5 -C(6)-N(6) 119.5 2) C(6) -N(6)-C(ll) 123.7 3
N 4 -C(7)-C(8) 108.9 3) N(4) -C(7)-C(9) 107.5 2
C 8 -C(7)-C(9) 108.5 2) N(4) -C(7)-C(10) 112.1 2
C 8 -C(7)-C(10) 109.9 3) C(9) -C(7)-C(10) 109.7 3
C 7 -C(8)-N(8) 176.4 4) N(6) -C(ll)-C(12) 113.3 3
C 2 )-N(l')-C(6') 112.6 2) N(l' )-C(2')-Cl(2') 114.2 2
N 1 )-C(2')-N(3') 130.6 2) Cl(2 ')-C(2')-N(3') 115.2 2
C 2 )-N(3')-C(4') 111.3 2) N(3' )-C(4')-N(4') 116.1 2
N 3 )-C(4')-N(5') 125.8 2) N(4' )-C(4')-N(5') 118.1 2
C 4 )-N(4')-C(7') 124.0 2) C(4' )-N(5')-C(6') 115.5 2
N 1 )-C(6')-N(5') 124.0 3) N(l' )-C(6')-N(6') 116.1 2
N 5 )-C(6')-N(6') 119.8 2) C(6' )-N(6')-C(ll') 125.1 3
N 4 )-C(7')-C(8') 109.2 3) N(4' )-C(7')-C(9') 108.2 2
C 8 )-C(7')-C(9') 108.0 3) N(4' )-C(7')-C(10') 112.6 3
C 8 )-C(7')-C(10') 109.2 3) C(9' )-C(7')-C(10') 109.6 3
C 7 )-C(8')-N(8') 176.8 4) N(6' )-C(ll')-C(12') 111.2 4



Table 4.2.3.1.7» Cyanazine Needles
Anisotropic displacement coefficients (Â^xlO^)

" u °22 "33 “12 ^13 "23
N(l) 36(1) 52(2) 33(1) 0(1 9(1) -4(1
C(2) 35(2) 44(2) 33(1) 1(1 3(1) -2(1
Cl (2) 57(1) 69(1) 52(1) -18(1 10(1) -23(1
N(3) 36(1) 48(2) 32(1) -5(1 8(1) -4(1
C{4) 30(1) 37(2) 30(1) 4(1 5(1) 0(1
N(4) 35(1) 50(2) 33(1) -12(1 11(1) -7(1
N(5) 32(1) 43(1) 33(1) -3(1 10(1) -2(1
C(6) 32(1) 43(2) 32(1) 4(1 8(1) 3(1
N(6) 43(1) 56(2) 41(1) -8(1 17(1) -6(1
C(7) 37(2) 47(2) 32(1) -5(1 9(1) -8(1
C{8) 42(2) 72(3) 49(2) 0(2 2(2) -4(2
N(8) 59(2) 153(4) 91(3) 24(2 -6(2) 1(3
C(9) 61(2) 68(2) 38(2) -14(2 16(2) -14(2
C(10) 70(2) 45(2) 60(2) -7(2 13(2) -6(2
C(ll) 54(2) 60(2) 63(2) -17(2 26(2) -9(2
C(12) 52(2) 87(3) 96(3) -10(2 1(2) -28(2
N(l') 34(1) 51(2) 28(1) -4(1 5(1) 0(1
C(2') 34(1) 32(2) 30(1) -3(1 0(1) -4(1
Cl(2') 39(1) 69(1) 42(1) 4(1 -2(1) 12(1
N(3') 34(1) 44(1) 30(1) -5(1 5(1) 0(1
C(4') 32(1) 37(2) 30(1) -4(1 6(1) -2(1
N(4') 33(1) 62(2) 30(1) -4(1 8(1) 5(1
N(5') 32(1) 47(2) 32(1) -2(1 6(1) 1(1
C(6') 34(2) 49(2) 30(1) -6 ( 1 6(1) -2(1
N(6') 33(1) 115(3) 33(1) 0(2 10(1) 9(2
C(7' ) 38(2) 62(2) 32(1) -2(2 2(1) 8(1
C(8' ) 55(2) 68(3) 41(2) -4(2 -9(2) 7(2
N(8') 98(3) 98(3) 78(2) -40(2 -20(2) 4(2
C(9') 63(2) 133(4) 36(2) 7(2 6(2) 20(2
C(IO') 76(3) 60(2) 64(2) 14(2 1(2) 14(2
C(ll') 34(2) 130(4) 44(2) 8(2 7(1) 15(2
C(12') 79(3) 109(4) 180(6) -3(3 -52(4) -43 (4

The anisotropic displacement factor exponent takes the forms 
+ .11 + 2hka*b*U^^)



Table 4.2.3.1.8. Cyanazine Needles
H-Atom coordinates (xlO*) and isotropic

.2 3displacement coefficients (A xlO )

X y z U

H(4) 5307(16) 3417(27) 3277(19) 64(10)
H(6) 7787(22) 3941(26) 649(10) 53(9)
H(9A) 5966 3877 4646 80
H(9B) 6359 5261 4853 80
H(9C) 5332 5071 4352 80
H(IOA) 6735 6144 2925 80
H(IOB) 5803 6457 3294 80
H(IOC) 6830 6647 3795 80
H(llA) 8013 5812 1868 80
H(llB) 8608 5800 1174 80
H(12A) 9597 5299 2349 80
H(12B) 8920 4144 2468 80
H(12C) 9520 4131 1768 80
H(4') 3956(12) 2844(36) 2168(20) 79(12)
H(6') 1417(22) 2192(29) 4842(5) 55(9)
H(9'A) 3259 2485 839 80
H(9'B) 2388 3368 497 80
H(9'C) 3337 3972 956 80
H(IOD) 1691 4228 2338 80
H(IOE) 2368 5048 1885 80
H(IOF) 1418 4445 1426 80
H(llC) 593 2696 3242 80
H(llD) 168 3259 3956 80
H(12D) -753 1535 3469 80
H(12E) 185 691 3613 80
H(12F) -244 1257 4332 80



Table 4.2.3.2.1. Cyanazine Platelets 
STRUCTURE DETERMINATION SUMMARY

Crystal Data

Empirical Formula 

Color; Habit 

Crystal size (mm) 

Crystal System 

Space Group 

Unit Cell Dimensions

Volume

Z

Formula weight 

Density(calc.) 

Absorption Coefficient 

F(OOO)

C, H^3 Cl Ng O 

Clear plates 

.01 X .17 X .17 

Monoclinic 

C2/C

a = 27.223(6) Â  

b = 10.663(2) Â  

c = 9.282(2) Â  

0 = 93.05(2)° 

2690.7(9)

8
256.7

1.267 Mg/m^ 

2.497 mm 

1072



Table A.2.3.2.2. Cyanazine Platelets
Data Collection

Diffractometer Used

Radiation

Temperature (K)

Monochromator

2B Range

Scan Type

Scan Speed

Scan Range (w)

Background Measurement

Standard Reflections 

Index Ranges

Reflections Collected 

Independent Reflections 

Observed Reflections 

Absorption Correction 

M i n ./ M a x . Transmiss ion

Siemens R3/PC 

CuKa (X = 1.54178 Â)

291

Highly oriented graphite crystal 

0.0 to 116.0° 

w
Variable; 0.70 to 15.00°/min. in co 

0.90°

Stationary crystal and stationary 
counter at beginning and end of 
scan, each for 30.0% of total 
scan time

2 measured every 50 reflections

0 ^  29, 0 ^  11
-10 3 10

1858

1820 (R^^^ * 2.32%)

1038 (F > 4.0a(F))

Face-indexed numerical 

0.7782 / 0.9749



Table 4.2.3.2.3 Cyanazine Platelets 
Solution and Refinement

System Used 

Solution

Refinement Method 

Quantity Minimized 

Absolute Structure 

Extinction Correction

Hydrogen Atoms

Weighting Scheme

Number of Parameters Refined

Final R Indices (obs. data)

R Indices (all data) 

Goodness-of-Fit 

Largest and Mean A/a 

Data-to-Parameter Ratio 

Largest Difference Peak 

Largest Difference Hole

Siemens SHELXTL PLUS (PC Version) 

Direct Methods 

Full-Matrix Least-Squares 

Ew(F-F^)"
N/A

X = 0.0019(7), where
* 2 -1/4F = F [ 1 + 0.002xF /sin(29) ] '

Riding model, fixed isotropic U
- 1 2  2 w  * a (F) + 0.0005F

164

R = 11.16 %, wR = 12.22 %

R = 16.38 %, wR = 12.84 %

2.79

0.500, 0.049 

6.3:1

0.51 e A-3

—0.43 eA'-3



Table 4.2.3.2.4. Cyanazine Platelets 
4Atomic coordinates (xlO ) and equivalent isotropic 

displacement coefficients (Â^xlO^)
X y z U(eq)

N(l) 1838(3) 7857(10) -494 11) 55(4)
C(2) 1421(5) 8402(12) -545 12) 47(5)
Cl(2) 1311(1) 9413(3) 901 3) 65(1)
N(3) 1040(3) 8299(9) -1492 11) 49(4)
C(4) 1135(4) 7538(12) -2577 13) 42(4)
N(4) 782(4) 7411(9) -3616 11) 59(4)
N(5) 1550(3) 6891(9) -2703 10) 46(4)
C(6) 1885(5) 7070(14) -1653 16) 67(6)
N(6) 2315(4) 6504(15) -1679 13) 125(7)
C(7) 826(5) 6679(15) -4940 18) 73(7)
C(8) 948(5) 5369(18) -4605 15) 67(7)
N(8) 1026(6) 4306(14) -4390 17) 114(8)
C(9) 330(6) 6717(17) -5792 17) 129(9)
C(10) 1192(8) 7224(18) -5873 17) 150(12)
C(ll) 2408(5) 5447(26) -2751 19) 124(12)
C(12) 2626(11) 6185(22) -3828 30) 122(17)
C(12') 2371(27) 4216(28) -2162 64) 342(75)
0(1) -85(3) 9203(10) -3947 12) 104(5)

* Equivalent isotropic Ü defined as one third of the 
trace of the orthogonalized tensor



Table 4.2.3.2.5. Cyanazine Platelets
Bond lengths (À)

N(l)-C(2) 1.275 (16) N(l)-C(6) 1.376 (18)
C(2)-C1(2) 1.759 (12) C(2)-N(3) 1.328 (16)
N(3)-C(4) 1.330 (16) C(4)-N(4) 1.332 (15)
C(4)-N(5) 1.334 (15) N(4)-C(7) 1.465 (19)
N(5)-C(6) 1.311 (16) C(6)-N(6) 1.319 (19)
N(6)-C(ll) 1.533 (27) C(7)-C(8) 1.466 (25)
C(7)-C(9) 1.529 (22) C(7)-C(10) 1.475 (25)
C(8)-N(8) 1.168 (24) C(ll)-C(12) 1.426 (35)
C(ll)-C(12') 1.428 (44)



Table 4.2.3.2.6. Cyanazine Platelets
Bond angles ( )

C(2)-N(l)-C(6) 111.6 10) N(1)-C(2)-C1(2) 116.0 9)
N(l)-C(2)-N(3) 130.6 11) Cl(2)-C(2)-N(3) 113.4 10)
C(2)-N(3)-C(4) 111.9 10) N(3)-C(4)-N(4) 116.6 11)
N(3)-C(4)-N(5) 125.6 11) N(4)-C(4)-N(5) 117.8 11)
C(4)-N(4)-C(7) 125.1 11) C(4)-N(5)-C(6) 114.7 11)
N(l)-C(6)-N(5) 125.5 12) N(l)-C(6)-N(6) 114.3 12)
N(5)-C(6)-N{6) 120.2 13) C(6)-N(6)-C(ll) 121.7 12)
N(4)-C(7)-C(8) 110.9 12) N(4)-C(7)-C(9) 108.1 12)
C(8)-C(7)-C(9) 108.6 13) N(4)-C(7)-C(10) 111.7 13)
C(8)-C(7)-C(10) 110.3 14) C(9)-C(7)-C(10) 107.0 14)
C(7)-C(8)-N(8) 176.5 15) N(6)-C(ll)-C(12) 98.0 19)
N(6)-C(ll)-C(12') 114.2 27) C(12)-C(ll)-C(12') 144.7 32)



Table 4.2.3.2.7. Cyanazine Platelets 
Anisotropic displacement coefficients (Â xlO )

*11 *22 *33 *12 *13 *23
N(l) 27(6) 86(9) 52(7) 15(6) -9(5) -31(6)
C(2) 57(9) 47(9) 37(8) -5(8) 4(7) -2(7)
Cl(2) 69(2) 67(2) 58(2) 21(2) 0(2) -19(2)
N(3) 59(7) 44(7) 43(6) -4(6) -14(6) 6(6)
C(4) 44(8) 41(8) 41(8) -5(7) -12(6) 8(7)
N(4) 61(7) 52(7) 60(7) 3(6) -25(6) -10(6)
N(5) 30(6) 53(7) 54(7) 5(6) -16(5) -13(6)
C(6) 41(8) 82(12) 76(10) 12(9) -13(8) -19(9)
N(6) 61(9) 203(17) 107(10) 44(10) -40(8) -124(12)
C(7) 72(11) 64(11) 80(12) -13(9) -37(9) 17(10)
C(8) 53(9) 91(14) 57(10) -17(11) -7(7) -13(10)
N(8) 130(13) 91(12) 119(13) -6(12) -16(10) -12(11)
C(9) 137(16) 121(16) 118(15) -26(13) -94(12) 24(12)
C(10) 226(25) 149(20) 73(13) -86(19) -27(15) 2(13)
C(ll) 39(10) 240(32) 91(13) 76(15) -30(9) -79(18)
C(12) 163(35) 42(21) 153(31) 27(20) -65(26) -55(22)
C(12') 562(168 68(45) 437(142 0(62) 415(136 -86(61)
0(1) 61(6) 109(10) 138(9) -1(6) -19(6) 18(7)

The anisotropic displacement factor exponent takes the form:
2 2 2 -2r (h a* + + 2hka#b*U^2)



Table 4.2.3.2.8. Cyanazine Platelets
4H-Atom coordinates (xlO ) and isotropic 

displacement coefficients (Â xlO )
X y z U

H(4A) 494 7795 -3491 80
H(6A) 2559 6731 -1037 80
H(9A) 100 6358 -5159 80
H(9B) 234 7563 -6024 80
H(9C) 332 6230 — 6662 80
H(IOA) 1509 7206 -5368 80
H(IOB) 1203 6743 -6745 80
H(IOC) 1106 8076 -6106 80
H(llC) 2734 5561 -3074 80
H(llD) 2184 5593 -3567 80
H(llA) 2106 5091 -3143 80
H(llB) 2619 4794 -2360 80
H(12A) 2710 5672 -4629 80
H(12B) 2408 6842 -4165 80
H(12C) 2919 6546 -3384 80
H(12D) 2436 3691 -2970 80
H(12E) 2601 4029 -1374 80
H(12F) 2042 4062 -1874 80
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Figure 5.3.8.3. Plot of (InS) v In (t^ )For Cyanazine in Aqueous Ethanol at IOC
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Figure 5.3.8.7. Plot of (InS) v In (t^ )For Cyanazine in Aqueous Ethanol at 20C ^
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Figure 5.3.8.8. Plot of (lnS)“  v In (t^ )For Cyanazine in Aqueous Ethanol at 20C
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Figure 5.3.8.9. Plot of (InS)* v In(t_ )For Cyanazine in Aqueous Ethanol at 30C
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Figure 5.3.8.12. Plot of (lnS)‘ v In (t^ )For Cyanazine in Aqueous Ethanol at 30C
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Figure 5.3.8.13. Plot of (InS) v In (t^ )For Cyanazine in Aqueous Ethanol at 30C ^
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Figure 5.3.9.6. Plot of (Insf v In(t^ )For Cyanazine in Aqueous Ethanol at 20C
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- sFigure 5.3.9.7. Plot of (InS) v In(t^ )
For Cyanazine in Aqueous Ethanol at 20C

03Ef-i
4-»
cof-l4->U3■ac

4
X=0.80

3

2

1

0
0.66 0.71 0.76 0.81 0.86 0.91 0.96

(InS)- s



Figure 5.3.9.8. Plot of (lnS)*v In (t^ )For Cyanazine in Aqueous Ethanol at 200
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Figure 5.3.9.9. Plot of (lnS)‘* v In (t^ )For Cyanazine in Aqueous Ethanol at 30C
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- 1Figure 5.3.9.10. Plot of (InS) v In(t^ )
For Cyanazine in Aqueous Ethanol at 30C “
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r IFigure 5.3.9.12. Plot of (InS) v In (t^ )
For Cyanazine in Aqueous Ethanol at 30C
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Figure 5.3.9.13. Plot of (InS)* v In (t^ )
For Cyanazine in Aqueous Ethanol at 300
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