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Abstract

The solubility profile of ethyl-p-hydroxybenzoate was 
determined in a variety of propan-2-ol / water mixtures. 
This study showed that it could be crystallised from a 
propan-2-ol / water mixture of 0.065 mole fraction propan- 
2-ol by the addition of water. This produced crystals of 
50% undersize of 66.0 microns showing a platey habit.

By varying the power input to the vessel via the 
stirring rate, crystal size was altered. As the stirring 
rate increased crystal size decreased as a result of a 
raised secondary nucleation rate. The supersaturation 
profile operating during crystallisation was varied by 
changing the rate of addition of water. As the rate of 
addition of water decreased, crystals developed an acicular 
habit and median crystal size was reduced. It was concluded 
that the reduced supersaturation caused crystal growth 
rates to be less. At higher growth rates crystal faces grow 
out of existence and this would account for the change in 
crystal habit when growth rates are reduced.

The addition of poloxamers to the crystallisation 
medium also caused changes in crystal size and habit. A 
distinct structure / activity relationship between the 
hydrophillic / hydrophobic balance of the poloxamer and the 
effect on crystal appearance was apparent. The threshold 
activity concentrations of the more polar poloxamers were 
significantly lower than those of less polarity. At the 
highest concentration studied (0.23% w/w), the most
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hydrophillic poloxamers reduced crystal 50% undersize to 32 
microns.

Differential scanning calorimetry studies showed no 
polymorphic changes or inclusion of poloxamers into crystal 
lattices. Solution calorimetry indicated that poloxamer was 
adsorbed onto crystals and measurements of contact angles 
showed that crystals of an acicular habit were more polar. 
Using these findings a model was proposed indicating how 
poloxamers are adsorbed at specific crystal faces according 
to their structure and so change crystal size and habit.
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Chapter 1

Introduction

The solid state of matter differs from the liquid and 
vapour phases in that molecules in the solid state have a 
greatly reduced molecular motion. Molecules within a 
crystalline solid are arranged in a regular lattice whereas 
molecules in non-crystaline solids do not show any internal 
order. Crystallisation is the process of forming solid 
crystalline material from other phases. Crystallisation can 
occur from vapour, from solution or from the melt. During 
the manufacture of fine chemicals, which includes 
pharmaceuticals, the crystallisation or precipitation stage 
is vital in determining the characteristics of the material 
produced (Davey, 1990).

It is well accepted that crystalline characteristics 
of pharmaceutical materials can have a profound effect on 
their performance (Haleblian, 1975 ; York, 1983) and that 
while new chemical entities may be effective clinically 
they may present pharmaceutical difficulties (Wells, 1988). 
Haleblian (1975) notes that synthetic chemists feel that 
once a compound's molecular chemistry is known the compound 
is ready for clinical usage. In this way the solid state 
properties of new compounds are disregarded. This can be 
particularly problematical during scale-up procedures when 
different batches of bulk material can vary markedly in 
their physicochemical behaviour (Huang et al, 1991).
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With regard to the specific case of tabletting , 
Hiittenrauch (1983), speaks of the need to understand the 
effect of crystallisation on particle properties and then 
relate this to tabletting. Changes in the physicochemical 
properties of a material as a result of crystallisation can 
also affect its bioavailability (Hersey and Krycer, 1980). 
Jones (1981) stresses the connection between a powder's 
fundamental properties (eg. particle size and melting 
point) and its derived properties (eg. flowability and 
dissolution rate). Crystallisation is therefore of great 
importance as it is one of the unit operations that can 
alter these fundamental properties and, as a result, its 
subsequent behaviour. Many further examples are given in 
section 1.4. emphasising the connection between 
crystallisation, physicochemical characteristics and 
derived properties.

Although the importance of a material's crystalline 
nature is well documented much less attention is given to 
attempts to manipulate it to best advantage. It was the aim 
of this thesis to attempt to control the nature of 
pharmaceutical materials by controlling the crystallisation 
process. Therefore, instead of having to overcome problems 
caused by the physicochemical nature of pharmaceutical 
materials, by controlling the conditions under which 
crystallisation is affected, problems could be avoided in 
the first place.

Specifically, it was hoped to crystallise directly to 
a small, narrowly defined size range thus making milling
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unnecessary. This would have several advantages; a 
considerable cost saving would result; milling can 
significantly alter powder properties, eg.surface 
characteristics (Buckton et al, 1988) so this would be 
avoided and problems related to dust control are removed.

More generally it was hoped to highlight some of the 
methods which have been used in other disciplines to modify 
crystal form. Indeed the concept of "crystal engineering" 
is considered in many other disciplines and many examples 
will be used throughout this thesis. Some studies have been 
reported in the field of pharmaceutics for example that of 
Staniforth (1980) who manipulated a powder's surface 
characteristics and Kawashima et al (1972) who produced 
large, spherical particles directly by crystallisation.

1.1 The crystalline state
Crystals differ from other solid materials in that 

they have a high degree of internal order which results in 
particles showing well defined external faces. Molecules 
repeat regularly to make up a well defined rigid structure. 
Crystallography (the science of the crystalline state) is 
an extensive subject and only the basic principles will be 
presented here. Fuller discussions can be found in various 
textbooks such as Phillips (1971) . Many materials exist in 
the crystalline state, from elemental crystals such as 
diamond, through simple ionic crystals like sodium 
chloride, to large organic molecules that can have complex 
internal arrangements. Advanced crystallographic methods
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have even shown crystalline form in materials such as 
rubber and plastics (Cartmell, 1972). With such a diversity 
of crystalline materials classification of crystals is not 
straightforward.

Early study of crystals was hampered because naturally 
occurring crystals of the same material exhibited different 
shapes according to their different growth conditions. 
However it was first noted by Hauy in 1784 that interfacial 
angles of the same compound were always constant. This 
principal became known as the Law of Constant Interfacial 
Angles (from Mullin, 1972a).

Crystals were first described in terms of their 
regular external arrangements. In this way seven crystal 
systems are defined in terms of their symmetry: triclinic, 
monoclinic, orthothrombic, tetragonal, regular, trigonal 
and hexagonal. This categorisation is based on the three 
simple elements of symmetry; ie. centre, axis and planes of 
symmetry. Some crystals exhibit a fourth class of symmetry 
which is known as symmetry about a rotation-reflection 
axis. Its existence means that there are in all only 32 
different combinations of symmetry possible and this 
understanding provides one means of classifying crystal 
form (Phillips, 1971).

Instead of this rigid description of crystal form in 
terms of symmetry, crystals are often described by the 
nature of their crystal habit such as platy, acicular and 
tabular. These are shown in Figure 1.1. The distinction 
between crystal form and habit must be emphasised; crystal
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form refers to the internal organisation of the crystal 
whereas crystal habit is a description of the external 
shape of the crystal.

Early crystallographic work suggested that the smooth 
external faces of grown crystals could be explained by the 
accumulation of a large number of small regular units. This 
idea became accepted and it was reasoned from geometrical 
arguments that these unit cells must conform to certain 
defined shapes to completely fill the internal space. The 
shapes of these unit cells correspond to the seven crystal 
systems.

Friedrich and Knipping in 1912 produced a diffraction 
pattern by passing X-rays through a crystal. As well as 
proving that X-rays were in fact a wave form this was the 
first confirmation of the existence of the crystal lattice. 
Refinement of the technique has allowed calculation of the 
unit cell dimensions and although interpretation of 
diffraction patterns may be difficult, it has allowed 
crystallographers to approach a complete determination of 
crystal structure (Cartmell, 1971).
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Figure 1.1. Some examples of crystal habit:
A, tabular; B, platey; C, prismatic; D, acicular.(Taken 
from Haleblian, 1975)

A

B
C

D
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1.2 Crystallisation theory
The theory of crystallisation is extensive but it 

still can not always fully explain the processes that 
occur. Since theories of the molecular behaviour of liquids 
and solutions are not fully developed it is unreasonable to 
expect exact theoretical explanations for crystallisation 
(Nyvlt, 1971). The complexity of the process is described 
graphically in this paragraph by Mullin (1975), "It is a 
simultaneous heat and mass transfer process with a strong 
dependence on fluid and particle mechanics. It takes place 
in a solution which can fluctuate between a so-called 
metastable equilibrium and a labile state, and the solution 
composition can also vary with time. The nucleation and 
growth kinetics, the governing processes in this operation, 
can often be profoundly influenced by mere traces of 
impurity in the system;..". It must also be remembered that 
crystals rarely show their equilibrium habit, ie. the 
external appearance that would arise as a result of the 
internal crystal form. This is of particular importance in 
crystallisation from solution when the solvent can be 
considered as an impurity to the equilibrium development of 
crystal shape. Another complication is that crystal 
imperfections are often vital for crystal growth (Hulbert, 
1984).

This introduction provides a broad description of 
accepted crystallisation theory with some sense of what is 
as yet unclear. It is concerned with the physicochemical 
aspects of the process and the chemical engineering

27



techniques and equipment used will not be discussed. A 
detailed description of these techniques and equipment used 
is given for example, by Mullin (1972a).

In the literature the theory of crystallisation is 
usually divided into three parts; ie. supersaturation and 
its development, nucleation and growth. Such a neat 
division is not really correct as all three can occur 
simultaneously during crystallisation. Agglomeration, 
attrition, dissolution and other modifications can also 
occur and will all define the final crystal product to some 
extent.

1.2.1. Supersaturation
If a solution is in equilibrium with solid particles 

of solute present it is said to be saturated. If however 
this equilibrium solubility is exceeded the solution is 
said to be supersaturated. It was Freundlich (1897, from 
Mullin, 1972a) who first spoke of "labile" and "metastable" 
solutions. In metastable solutions the equilibrium 
solubility is exceeded but nucleation will not occur. 
Growth can occur, however, onto crystals that are already 
present. In labile solutions nucleation can occur. Figure
1.2. shows this diagramatically. The area between the 
solubility curve and the temperature at which nuclei will 
form is often known as the metastable zone. The width is 
not, however definitive and many factors such as thermal 
history (Harano et al, 1982) and agitation (Brown et al, 
1989) can affect it.
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The extent of supersaturation is fundamental in 
determining most of the processes that occur during 
crystallisation because it indicates how far the system is 
from equilibrium and therefore the driving force for a 
reaction to proceed. As such it is important to have some 
quantitative figure for its description. A number of 
expressions to describe supersaturation are used (Mullin, 
1972a):

Concentration driving force, c=c-ceq /l.l.
Supersaturation ratio , S=c/ceq /l.2.

Relative supersaturation , o= (c-ceq)/ceq /l. 3. 
(where ceq is the solubility and c is the concentration)

Mullin (1972b) also notes the importance of stating 
the units used' for concentration as they can significantly 
effect the figure calculated for supersaturation. This 
confusion1can be of particular importance when fundamental 
data concerning the crystallisation process are under 
consideration. In such situations it is preferable to

V

describe the driving force in thermodynamic terms (Sohnel
and Garside, 1981) . Development of such a thermodynamic
description makes use of chemical potentials and is derived
as follows (Mullin and Sohnel, 1977). The driving force is
the difference in chemical potentials between a molecule in 
the crystal, |Llc, and one in solution, jlis, :

An = nc-ns /l. 4
It is assumed that |lc is the chemical potential of a 

molecule in a saturated solution, pieq/ and Hs that of a 
molecule in a saturated solution. Therefore,
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Meq ~ M'O +

and,
/l. 5.

M's =M-o + RTlnaeq (a=activity) /l. 6.
In crystallisation it is also normal for the driving force 
to be positive; a term for the growth affinity, A, is used,

a =-|A|1 /l. 7.

Therefore, A=RTln (as/aeq) /l. 8.
and, oa=A/RT /1.9.

where, oa, is the fundamental dimensionless driving force 
for crystallisation (Garside, 1982).

Although this expression is rarely used itself, it is 
interesting that if the supersaturation is low and the 
activity coefficient does not vary over a small range of 
concentration, then the previous expression for relative 
supersaturation (eq. /1.3.) can be derived from the eq. 
/I.9. (Cardew, Davey and Garside, 1979). This suggests that 
relative supersaturation is the most suitable expression to 
describe supersaturation.

1.2.2. Nucleation
Nucleation is the process of forming a surface onto 

which growth then occurs. In certain cases control of 
nucleation can be vital in controlling the crystals 
produced (Nyvlt, 1971). The crystal size distribution , 
(CSD), ie.the range over which crystal sizes are 
distributed), for example, is particularly sensitive to the 
extent of nucleation. That is, the greater the nucleation 
the smaller the CSD. Although there are extensive theories
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to describe nucleation, many factors can affect it and 
often semi-empirical equations are more useful. In primary 
nucleation the solute molecules either cluster around 
themselves (homogenous) or else around a foreign body 
(heterogenous). In secondary nucleation new nuclei form 
from crystals present in a saturated solution. This follows 
the form of nomenclature used by Mullin (1972a).
1.2.2.1.Homogenous nucleation

In a supersaturated solution there is an equilibrium 
size distribution of clusters of solute molecules. The 
existence of these clusters has been inferred from 
concentration gradients in standing columns (Larson and 
Garside, 1986), and from Raman spectroscopy (Hussmann et 
al, 1984). Molecules flux into or away from these clusters 
but there is a critical size at which they will start to 
grow into visible crystals.

This concept of a critical size and homogenous 
nucleation in general can be considered from the Gibbs- 
Thomson equation which shows that the vapour pressure 
around a small liquid droplet increases as the droplet 
radius decreases. This was adapted by Ostwald in 1900 when 
he showed that as the radius of a small crystal decreases 
the solubility of the particle under consideration 
increases.

ie. kT logcoqr/cRq“ = 2yV / r /l. 10

! Where Canr is the solubility of a particle (or cluster) ofj
radius, r, Ceq* is the solubility of an infinitely large 

particle, y is the surface energy, V is the volume per
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molecule in the crystal, k is the Boltzmann constant and T 
is the temperature. Clusters of size r are held in 
equilibrium in a supersaturated solution of supersaturation 
ratio of Cr/C„. If however they are smaller than r they will 
dissolve because of their greater solubility but if they 
are bigger than r they can grow because of their lower 
solubility. The concept of a critical size for a particular 
supersaturation is therefore clear (Dunning, 1969) . The 
clusters are thought to grow by consecutive addition of 
molecules until the critical size is reached. Larside and 
Garside (1986) showed that the average equilibrium cluster 
size increased with supersaturation.

A discussion of homogenous nucleation in terms of the 
work_required can be best approached from an appreciation 
of the condensation process. Mullin (1972a) notes that the 
total work of nucleus formation (W) is the sum of the work 
required to form a new surface (Ws, a positive quantity) and 
the work required to form the bulk (Wv, a negative 
quantity).

ie. W = Ws) + Wv /1.11
If the nucleus is considered to be a spherical liquid 
droplet of radius , r , of surface energy ys and 2ys/r is the 
difference in pressure between the inside of the droplet 
and the bulk vapour then the work of formation is;

Since Ws and Wv are proportional to r but to different 
degrees in a plot of r against W , W passes through a

6 4/3llr3 (2vs/r) /l.12.
=4/3Ilr2v
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maximum at a radius corresponding to the critical size. 
This is shown in Figure 1.3. If it is assumed that equation 
/l. 12 is applicable to the formation of a solid nucleus 
then an expression for r from equation /l. 10 can be 
substituted into equation /l. 12 and as can be seen from 
equation /l.13 an expression describing the work required 
for nucleus formation in terms of supersaturation can be 
developed.

|W = 1611 y3V2 / 3k2T2log2S /l. 13 
Where S is the supersaturation. The term yf the surface 
energy in a two phase system such as the solution crystal 
interface is now of course the interfacial tension.

1.2.2.2. Heterogenous nucleation
Work in the nineteenth century first suggested that 

the existence of large numbers of airborne particles may be 
responsible for initiating nucleation in supersaturated 
solutions (from Dunning, 1969) . This introduced the concept 
of heterogenous nucleation. The energy required ( G') is 
less than that required for homogenous nucleation ( G) .

G'=BG, /l. 14. where B, a constant is less than one. 
The value of B is dependent on the affinity of the 
crystallising material for the initiator and can be thought 
of in terms of a contact angle between the two substances. 
That is, the lower the contact angle, then the lower is | b 
(Mullin, 1972a). The initiating particle may or may not be 
crystalline but when it is the phenomenon can be considered 
in terms of crystal lattices. The closer the match between
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Figure /l.3. Relationship between radius size and work _of
nucleus formation
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the heteronucleii and the crystallising material then the 
substrate is better at promoting nucleation (Turnbull and 
Vonegut, 1952). This, in effect means less supersaturation 
is required for heterogenous nucleation and during normal 
crystallisation procedures it is considered much more 
common than homogenous nucleation.

1.2.2.3. Secondary nucleation
Secondary nucleation only occurs when crystals are 

present in supersaturated solutions (Botsaris, 1976).There 
is a clear distinction between contact nuclei and abrasion 
particles. There is a particular supersaturation below 
which no secondary nucleation takes place (Botsaris, 1976) 
and in addition, secondary nuclei have a characteristic 
shape (Garside, 1985). Secondary nucleation can occur at 
very low supersaturations compared to primary nucleation 
and in most industrial crystallisers secondary nucleation 
is the most common form of nucleation (Garside and Davey, 
1980) . As such the process has received considerable 
attention but the specific mechanisms behind it are still 
unclear.

There are two main areas of debate; the source of the 
nuclei and what produces them. It seems nuclei may arise 
either at the crystal surface or from a diffuse border 
layer between the crystal surface and the solution. 
Production is likely to be as a result of mechanical 
contacts between either the crystal and other crystals; the 
crystal and impeller or the crystal and crystalliser
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(Garabedian and Strikland-Constable, 1972). Nuclei may also 
be released by fluid shear (Sung et al, 1973) . Another 
mechanism suggests that clusters from solution adhere to 
crystals where they can grow and then be dislodged as 
stable nuclei (Mullin and Leci, 1972).

The extent of secondary nucleation increases as energy 
input (via stirrer speed) increases (Youngquist and 
Randolph, 1972) as is the case when the crystal suspension 
density increases (Tim and Larson, 1968). A number of 
studies have also shown that the hardness of impeller and 
crystalliser materials will affect the secondary nucleation 
process. Johnson et al (1972) studied the effect of several 
variables on the secondary nucleation process. They 
isolated a single crystal and in controlled conditions 
caused a contacting rod to strike the crystal. As the 
intensity of the contact increased so did the number of 
nucleii produced. They also showed that if the stainless 
steel contacting rod was coated in rubber then no contact 
nuclei were produced.

1.2 . 3.Crystal growth theory
In a review of crystal growth theory Garside (1984) 

states that although theories are only completely developed 
for the simplest cases they allow an understanding of the 
affect of varying the important parameters. These include 
supersaturation, temperature, solvent, the affect of 
additives or impurities and hydrodynamics. He also notes 
that while crystal growth most obviously determines size it
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also fundamentally controls shape. It is well established 
crystallisation theory that the final shape of crystals is 
determined by the slowest growing faces. In the example 
shown in Figure 1.4. a crystal of the hexagonal system 
gradually adopts an acicular habit because of the rapid 
growth rate in the vertical direction.

1.2.3.1. Diffusion
Crystal growth is generally assumed to be a two stage 

process: the diffusion of molecules to the interface and 
their subsequent integration. Either stage can be rate 
limiting. In an attempt to clarify the situation Garside 
(1971) introduced an effectiveness factor. He defined the 
surface integration effectiveness factor as;

Measured overall growth rate
^ = ------------------------------- /l.15.

Growth rate obtained when crystal 
is exposed to bulk solution.

^ tends to unity as the resistance to growth from diffusion 
is eliminated. Mydlarz and Jones (1989), list several 
methods to investigate the relative contributions to 
resistance to growth of diffusion and surface integration. 
Surface integration rates have been estimated by increasing 
the stirring rates thereby minimising diffusion resistance. 
In this way also, the relevance of diffusion to growth 
resistance can be appreciated. Volume diffusion can also be 
estimated if it is assumed that the volume diffusion seen
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Figure 71.4. Relationship between growth rates of crystal
faces and crystal habit
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in dissolution is the same as that in crystal growth. This 
is only a valid assumption, of course, if the same 
experimental conditions are used in each case.

Mydlarz and Jones (1989) also note that the diffusion 
rates to each face will be different according to the 
crystal's orientation in the prevailing hydrodynamic 
conditions. Mullin (1972a) also notes that the two stage 
model may be an oversimplification as diffusion and surface 
integration are comprised of various parts themselves. 
Diffusion will involve diffusion of solvated molecules and 
counter diffusion of released solvent molecules. In 
addition before a molecule is fitted to the crystal lattice 
it will have to diffuse along the crystal face to a growth 
site._

1.2.3.2. the interface
Growth theory is often considered at the interfacial 

level. This molecular approach, as well as giving a clear 
understanding of the process allows a rational approach to 
its modification. It is the surface roughness at the 
molecular level that defines the growth rate and mechanism 
(Garside, 1985). Surface roughness is important as, it is 
at the so called kink and step sites that growth units most 
easily attach (Pamplin, 1974) . The rate of growth and 
growth mechanism is controlled by the density of such 
sites.

Many recent studies into the crystal/solution 
interface have identified a "surface entropy factor (a)",
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as a useful descriptor of the growth process. This 
factordescribes the surface roughness at the molecular 
level. It was first applied by Tempkin (1964) to crystal 
growth from solution. A more thorough description of this 
theory is given in section 5-3. in effect this theory says 
that the greater a is then the smoother the surface is and 
so growth is slower. Bourne and Davey (1976), amongst 
others, have developed expressions for a in measurable 
quantities. Values predicted for a agree with experimental 
observations of the growth form.

Hartman and Perdok (1973), also relate growth to 
surface roughness. In this theory the surface roughness is 
related to the number of bonds that can form at the crystal 
surface as a result of the intrinsic nature of the crystal 
lattice. In theory this allows prediction of growth rates 
from a knowledge of the basic crystal structure. This 
system does not, however, take into account the nature of 
the interface.

1.3. Growth models

1.3.1.Continuous growth
In this case the surface is rough (a low figure for o) 

and the growth rate is directly proportional to 
supersaturation. This means all solute molecules reaching 
the crystal surface are able to find a step or kink site, 
so growth is rapid and diffusion is the rate limiting step. 
If G is the growth rate, o is the relative supersaturation
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and C is a constant then;
G = Co /I.18.

1.3.2.Surface nucleation
If the surface is smooth so that an approaching 

molecule does not readily reach a kink or step site 
(therefore a higher value for a ) it is envisaged that 
points of attachment are created by the formation of 
surface nuclei. Approaching molecules can then attach to 
the kinks and edges formed and growth will proceed across 
the growing face. A general equation for this model can be 
given as;

G = Dopexp ( -E/a ) /l.19.
D and E are constants. Variations of this model have been 
suggested; they vary principally in the value of p where p 
is a constant depending on the model (Ohara and Reid, 
1973) . A face can be covered by growth from a single 
nucleus or by a large number of nuclei forming on it. An 
intermediate and more likely possibility was first 
suggested by Hillig (1966). In this situation nuclei form 
on top of an as yet uncompleted layer; it is usually known 
as the "birth and spread" model.

1.3.3.Spiral growth
Mullin (1972a) derives a series of expressions for the 

formation of surface nuclei. They are analogous to those 
for homogenous nucleation. These relations did not, 
however, match with experimental results in that observed
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growth rates at low supersaturations were much greater than 
would be expected from theory (Volmer and Schultz, 1931).

An explanation was first suggested by Burton, Carbera 
and Frank (1949) which is now widely accepted and often 
known, eponomously, as the BCF model. They suggested that 
step sites arise at screw dislocations at the crystal 
surface (see Figure 1.5.). Such faults are common in 
growing crystals. Molecules can attach at these steps and 
the screw becomes self-perpetuating as it spirals out of 
the crystal surface.

From this elegant hypothesis complex mathematical 
relationships are evolved to account for factors such as 
the lateral growth of steps, curvature of the spiral, and 
the -effect of interacting spirals. However a generalised 
form of the BCF equation shows that growth rate is directly 
proportional to the square of supersaturation at low 
supersaturations and directly proportional at higher 
supersaturations (Ohara and Reid, 1973).
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Figure 71.5. Growth bv a spiral growth process
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1.4.Crystallisation; crystallinitv and physicochemical
characteristics

1. 4 .1.Crystal size
There are many references throughout the 

pharmaceutical literature highlighting the importance of 
particle size. Size can be of importance in many different 
situations. The size of drug particles can be very
important in low dose/high potency preparations with regard 
to ensuring a homogenous mix. In other words as particle 
size decreases, within certain limits, a homogenous mix can 
be attained more easily (Wells, 1988) .

It is well known that dissolution rate increases as 
particle size decreases. This is of great clinical
relevance for poorly soluble drugs such as griseofulvin. It
has been shown for this drug that as particle size
decreases bioavailability increases (Atkinson et al, 1962) . 
Too large a particle size can be disadvantageous in topical 
preparations as they can make the product feel "gritty" 
(Voigt, 1977). Particle size is also critical in the 
formulation of aerosols. A very small particle size is 
necessary for penetration of inhaled particles to the deep 
lung (Gonda, 1988).

Because size can be important in so many different 
situations a particular size range is usually required and 
is selected by milling then sieving. In addition to the 
further expense introduced other difficulties may now be 
encountered. For instance it has been shown that milling
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can alter a powder's surface behaviour. Buckton et al 
(1988) showed differences in thermodynamic functions for 
the adsorption of water onto powders that had been milled 
differently. Furthermore, during milling, control of 
atmospheric dust will be a significant problem (GGMP,1983).

In a paper in which crystal growth rates are measured 
Zipp and Rodriguez-Hornendo (1989) also indicate the 
implications of the CSD in various pharmaceutical 
situations. They, however, point out that the CSD can be 
significantly affected by crystallisation conditions. There 
has been much work in the chemical engineering field to 
control the CSD.

According to Jancic and Grootscholten (1984) the final 
CSD -is a balance of pure crystallisation kinetics, ie. 
nucleation and growth rates, and what they call "population 
functions". Population functions will arise as a result of 
crystalliser design whereas kinetics are controlled, to a 
large extent, by supersaturation. Many attempts, therefore, 
to control size centre on controlling supersaturation.

The aim in many industrial scale crystallisation 
procedures is to produce large particles within a narrowly 
defined range. In cooling crystallisation, where growth 
occurs onto seed particles, expressions have been developed 
for cooling regimens that aim to balance the 
supersaturation that is developed with crystal growth rate. 
In this way the extent of nucleation is controlled (Mullin 
and Nyvlt, 1971) . Conversely if the supersaturation is
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greater then so is nucleation and particles will be 
smaller.

The presence of additives in the crystallising 
environment can affect the shape (see 1.4.2.2.) and size of 
particles. A crystallisation technique has been developed 
by Kawashima et al (1982) that allows large, spherical 
agglomerates of crystals to be formed by adding small 
quantities of an "agglomerating solvent" during 
crystallisation. The particles produced in this way have 
improved flow and compression characteristics (Gordon and 
Chowhan, 1990). Small particles, on the other hand, can be 
produced by using surfactants (Stefen, 1988) which in this 
case increased bioavailability.

Additives can also control the CSD by affecting
nucleation. As noted earlier (see 1.4.1) as the nucleation 
rate increases the CSD decreases whereas if the rate 
decreases the CSD is greater. Additives can increase 
homogenous nucleation rates because they can reduce the 
interfacial tension between clusters of molecules and the 
solution (see equation /l.13.). On the other hand,
adsorption at the interface, in an analogous situation to 
crystal growth, can reduce the rate of growth of clusters
through the critical size. This reduces the nucleation rate
and so increases the CSD (Davey, 1982).

1.4.2. Crystal shape

The shape of particles can be of great importance in 

many different pharmaceutical situations so its control via
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the crystallisation process would be advantageous. In a 
paper in which Shell (1963) suggests a method for the 
quantitative description of crystal shape he points out the 
effect of particle shape on the ease with which particles 
in a suspension will pass through a syringe, on the 
stability of a suspension and on a powders' compression 
characteristics. Flow of powders is important in many 
pharmaceutical situations (eg.consistent weight of tablets 
and capsules) and particle shape is one of the many 
factors that will affect it (Jones and Pilpel, 1966).

The external shape, or habit, can be altered as a 
result of changes in the crystallising environment without 
altering the crystal's internal structure. Haleblian (1975) 
list'^ several circumstances in which this can occur 
including a change in the extent of supersaturation, a 
change in the nature of the crystallising solvent and if 
substances other than the solvent or solute are present. 
When discussing habit modification it is important to 
remember that the final crystal habit arises as a result of 
the slowest growing face becoming dominant as fast growing 
faces grow to extinction. In a review of crystal habit 
modification Boistelle (1976) reiterates this important 
concept; "crystal habit modification returns finally to a 
discussion of relative crystal growth rates."

1.4.2.1.solvent effects
From a consideration of a factors (see 1.2.3.2. and

5.3.) the importance of solvent on crystal habit can be
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appreciated. Since individual faces of the crystal will 
interact uniquely with different solvents, growth rates of 
each crystal face can change to a particular extent when 
the solvent is changed. In this way the habit can be 
modified. This theory says that roughening occurs more 
easily when there is a greater interaction between solute 
and solvent and so growth is faster in such circumstances.

However, a factors do not always correctly predict 
growth rates and some other explanation may be required to 
account for altered habits when crystallising from 
different solvents. Such a scenario was investigated by 
Davey, Mullin and Whiting (1982) when predicted growth 
rates of faces (using a factors and the theories derived by 
Hartman and Perdok, 197 3) and therefore crystal habit of 
succinic acid in water and isopropanol were not seen in 
practice.

The observed habits and growth rates were presumed to 
arise as a result of preferred adsorption of solvent 
molecules to a particular face. This contradicts surface 
entropy theory because it suggests that the greater the 
interaction between solvent and solute molecules then the 
slower is growth. In this case the solvent/solute 
interaction has caused growth sites to be blocked by 
adsorbed solvent molecules thereby impeding the approach of 
growth units. The authors note this contradiction and 
suggest that it is when the change in interactions (between 
solute and a different solvent) are substantial that the 
effect of a factors become important to explain the
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observed effect. They also suggest the use of a will be 
more useful to predict growth rate and habit if it is 
modified to take account of non-ideal solutions.

The first reported observation of solvent mediated 
habit modification is credited to Wells (1949) who noted 
different habits of iodoform when crystallised from aniline 
and cyclohexane. The concept has received considerable 
interest in the pharmaceutical field. Nitrofurantoin 
exhibits a tabular habit when crystallised from formic acid 
but is needle-like when crystallised from formic acid/ 
water co-solvent mixtures (Marshall and York, 1989). The 
authors attributed these results to preferential adsorption 
of solvent molecules to a particular face.

1.4.2.2.additives
Many substances have been shown to affect crystal 

habit. Again this effect is best understood using concepts 
from crystal growth theory. Substances that alter habit 
preferentially adsorb to a growing face at a kink or step 
site and so inhibit integration of molecules at the 
surface.

Davey (1982) lists the most common groups of materials 
that can influence habit: low molecular weight organic or
inorganic compounds; polymeric compounds with hydroxylic 
side groups and proteinaceous materials. A particularly 
rational approach to the selection of a suitable additive 
is followed by Weissbuch et al (1986) with considerable 
success. Studying the production of crystalline organic
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materials they attempt to select an additive which is 
similar to the crystallising material but different in some 
significant way.

This approach requires a thorough knowledge of the 
internal structure of the crystal so that the orientation 
of the crystallising molecule (substrate molecule) in 
relation to the crystal faces is known. Additives are then 
chosen to bind specifically at an individual face to 
interrupt the particular molecular associations seen at 
that face. It is usually most effective when there are only 
small differences between substrate and additive molecules.

The effect of the additive can be quantified by 
calculating the differences in binding energies between two 
substrate molecules and between an additive and a substrate 
molecule. If there is only a small- difference then the 
additive is effective at interacting with the substrate and 
consequently inhibiting the growth of that face 
(Berkovitch-Yellin, 1985).

Another logical approach is by consideration of the 
lattice parameters of the crystallising material and the 
additive. Nyvlt (1971), suggests that an additive is most 
effective if its lattice dimensions are within 5-15% of the 
crystallising material. Using aluminium ions as the 
additive when crystallising ammonium sulphate crystals he 
predicted which faces would be most affected by 
consideration of lattice dimensions. His prediction of a 
flat, needle-like habit proved correct in practice.
Because of the importance of particle shape in many
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pharmaceutical situations a number of investigations into 
habit modification by the use of additives have been 
reported in the pharmaceutical literature. Fairbrother and 
Grant (1978), for example, changed the shape of adipic acid 
particles by using n-alkanols or n-alkanoic acids as 
additives. They demonstrated a structure activity 
relationship between the additive and the extent of change 
in shape. The observed effect was related to preferential 
adsorption at particular faces.

1.4.2.3.supersaturation
High supersaturations tend to produce simple habits 

according to Nyvlt (1971) which agrees with Haleblian 
(1975) who says that habits tend to a needle-like form as 
supersaturation rises. He relates this to the fact that a 
needle shape dissipates heat of crystallisation better than 
more spherical particles. Furthermore as supersaturation 
and therefore growth rates increase only a few slow growing 
faces will be seen. Boistelle (1976), however notes that 
because supersaturation can affect habit in many different 
ways its effect is not really fully understood.

1.4.3. Crystalline form
1.4.3.1.polymorphism

If molecules can exist in different conformational 
forms in the crystal lattice the substance is said to 
exhibit polymorphism. In a well known review of 
polymorphism by Haleblian and McCrone (1969) the authors
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state that many if not all organic compounds show 
polymorphism. They also state that polymorphs of the same 
substance can be as different as two different compounds. 
Such differences can be seen in solubility, density, shape, 
hardness and stability. Polymorphism is therefore of 
obvious pharmaceutical significance and there have been 
many studies investigating the existence of polymorphs and 
their effect on various situations. A survey by Kuhnert- 
Brandstatter (1965) which discovered that, for example, 62% 
of steroids exhibit polymorphism demonstrated how 
widespread is the phenomenon.

As a result of the different molecular associations 
within the crystal lattice (York, 1983) polymorphic forms 
have-different energies. Conversion from a high energy 
(metastable) form to a lower energy form can occur which 
could have important implications for stability. In fact 
the above survey (Kuhnert-Brandsatter, 1965) showed that of 
the marketed sulphonamides studied 23% showed polymorphic 
changes. The conversion of a metastable form to a stable 
form is more likely in the presence of solvent. Metastable 
forms are more soluble so can dissolve then redeposit on 
the more stable form. In a suspension this can cause 
particle growth and caking (Pearson and Varney, 1969).

Many studies have shown different solubilities 
for different polymorphs. Aguiar et al (1967), for example, 
showed different solubilities for different polymorphs of 
chloramphenicol.This increased solubility of less stable 
polymorphs has clear implications for bioavailability. The
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polymorphic form has also been shown to affect powder flow 
and tabletting behaviour of tolbutamide (Simmons et al, 
1972) .

It would seem, therefore, that a variety of technical 
and clinical problems can be overcome by the correct choice 
of polymorphic form. Polymorphic transition is always, 
however, a possibility so great care must be taken to 
ensure the stability of the chosen form throughout all 
processing stages and clinical usage (York, 1983) .

Haleblian and McCrone (1969) suggest various ways in 
which metastable phases can be prepared and classify them 
according to whether thermodynamic equilibrium is reached 
or constrained. This can be best appreciated using Figure 
1.6.- If two forms are held in suspension then below the

Itransition temperature formjCX will dissolve and grow onto 
form P . In this way thermodynamic equilibrium is 
reached.The opposite will happen above the transition 
temperature. This transition can also occur in the solid 
state but at a slower rate.

Thermodynamic equilibrium can be constrained and the 
less stable form produced if a large amount of 
supersaturation is produced causing rapid crystallisation. 
The polymorph produced in this way must be isolated quickly 
to prevent conversion to a more stable state. Indeed in a 
study of polymorphism of frusemide, Doherty and York (1988) 
attribute the existence of the less stable form to rapid 
crystallisation at the solution's evaporating surface. The
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Figure /l. 6. Diagram showing polymorphic phase transitions
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suggested mechanisms seem quite impractical for large scale 
crystallisation.

1.4.3.2.solvates
A solvate is a crystalline form in which solvent 

molecules are incorporated directly into the crystal 
lattice in a stoichiometric association with solute 
molecules (Haleblian, 1975). If the solvent is water the 
solvate is a hydrate. Many pharmaceuticals can exist as 
solvates eg. ampicillin, chloramphenicol, chlordiazepoxide 
and diazepam (York, 1983) .

Solvates can affect solubility and therefore 
bioavailability. A study by Poole et al (1968) has shown a 
greater in vitro solubility of anhydrous ampicillin than 
the trihydrate. This was reflected in greater peak blood 
levels for the anhydrous form. Different solvates can also 
show different stability as shown by the greater stability 
of the anhydrous form of vitamin B12 than the hydrated form 
(Yamanouchi, 1972).

It is clear, therefore, that crystallising in 
different solvent systems may allow the possibility of 
producing powders with a preferred physicochemical nature. 
A paper by Nyqvist and Grafner (1986) stresses this point. 
They reported the existence of different solvates and 
habits when crystallising from different solvents. The 
authors suggested as part of the second stage of pre
formulation to crystallise from different solvents to 
investigate the various possibilities.
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1.4.4. Extent of crystallinity
The extent of crystallinity, ie.the degree of crystal 

perfection and number of dislocations within the lattice, 
is known to affect many aspects of a material's behaviour. 
A paper by Suryanarayanan and Mitchell (1985) that attempts 
to quantify the crystallinity of powders (that were ground 
for increasing time lengths then assessed by x-ray crystal 
diffraction) states that the degree of crystallinity can 
affect "chemical stability, water uptake and loss, 
solubility, dissolution rate, mixing, flow and compaction."

Burt and Mitchell (1981) demonstrated the influence of 
crystallisation rate on dislocation density for potassium 
perchlorate. They showed that dislocation density was 
greater when crystallisation was more rapid and this 
resulted in faster dissolution.

Work by Chow et al (1985) produced interesting results 
on the effect of additive incorporation to the crystal 
lattice and the ensuing effect on lattice strength. They 
used paracetamol as the crystallising substance and p- 
acetoxyacetanilide as the additive. As the concentration of 
additive in the system increased initially lattice strength 
(as measured by heat of fusion, melting point and entropy 
of fusion) increased. It then decreased as the 
concentration reached a particular level. Although this 
pattern is probably peculiar to this particular system it 
demonstrates the potential influence of crystallisation 
conditions on the extent of crystallinity.
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1.4.5. Surface characteristics
York (1983) points out the difficulty of detecting 

changes in crystal structure at the crystal surface but 
says that changes at this level can have profound effects 
on formulation and processing. A powders wetting behaviour 
will, for example, be affected by the nature of the crystal 
surface. Wetting can affect the dispersion of powders in 
liquids, the success of a granulation process and coating 
of tablets (Fell, 1988) . Wetting will also affect 
dissolution but its precise importance is not really clear 
(Florence and Attwood, 1989).

Contact angles allow a figure for surface energy to be 
calculated which can be used to describe the wetting 
process. Measurement of contact angles has been complicated 
, however, by the different measuring techniques used and 
the flaws associated with these techniques (Buckton, 1990).

As discussed previously (see 1.4.2) different habits 
arise as a result of preferred development of crystal 
faces. Because molecules in each face have particular 
molecular configurations each face will have a different 
polarity. In this way a change in crystal habit could 
produce a change in wettability. A paper by Hansford et al 
(1980) reported the production of various samples of 
griseofulvin (of different: habits) by changing the
crystallisation conditions. Measurement of contact angles 
(cos 0 ) showed differences for samples crystallised 
differently. Nonetheless, the potential to control surface
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\ energetics by controlled crystallisation has not been fully
| explored (Buckton, 1990) .

Rees and Staniforth (1979) have investigated the
iI

effect of surface rugosity in terms of producing an ordered 
mix. They showed that an ordered mix is more resistant to 

| vibrational segregation when the pores on the carrier
excipient particles match the size of the drug particles
being mixed. Further to this work Staniforth (1980) has
developed a technique to produce lactose of a high surface 
rugosity. This was achieved by rapid crystallisation of 
lactose from aqueous solutions by addition of a miscible 
organic solvent such as ethanol. The dendritic particles of 
lactose produced then aggregate to form large spherical 
particles of lactose with a high surface rugosity.

Surface characteristics can also be manipulated by 
crystallising the solute in the presence of trace amounts 
of surfactant. This has been shown to increase the 
dissolution of poorly soluble drugs such as chloramphenicol 
(Chiou et al, 1976) . The authors suggest that the increased 
dissolution rate is due to adsorbed surfactant molecules on 
the surface of the crystals increasing wetting and 
therefore the dissolution rate.
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1.5.Aims and Objectives
This chapter has reviewed the current knowledge of 

crystallisation theory. It has also discussed techniques to 
control the crystallisation process and the potential 
effect of such control on the properties of pharmaceutical 
materials. It is the aim of this thesis to use this 
knowledge to demonstrate that crystalline material can be 
manipulated to best advantage by a knowledge and therefore 
control of the crystallisation process.
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Chapter 2

Crystallisation Strategy and Analytical Techniques

In this chapter a simple description of the 
crystallisation procedure is presented with particular 
regard to the materials used. The analytical techniques 
used to asses the crystals produced are also described. In 
chapter 3 further development of the crystallisation 
process is discussed along with the effect of altering some 
of the principal crystallisation variables.

2.1.Crystallisation Strategy
-Ethyl-p-hydroxybenzoate (EHB, Nippa Laboratories, 

Pontypridd) was used as the model crystallising substance. 
This substance is widely used as an anti-microbial 
preservative. A literature survey revealed no previous 
reports of polymorphic forms of ethyl-p-hydroxybenzoate. 
Therefore this study could be limited to a study of the 
effects of crystallisation variables on crystal habit and 
size. Furthermore, a homologous series of hydroxybenzoate 
esters, from methyl to hexyl, is available. This means that 
work on the ethyl ester can be extended to investigate any 
possible structural activity relationship between members 
of the series and their crystallisation behaviour.

The solubility profiles of EHB in water and non-polar 
solvents allowed it to be conveniently crystallised. 
According to the British Pharmacopoeia (1980) its aqueous
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solubility is one in fifteen hundred parts whereas it is 
one part soluble in two parts of ethanol. Crystallisation 
could, therefore, be achieved easily by the addition of 
water to a solution of EHB in a water/non-polar solvent 
mixture. Propan-2-ol (BDH Chemicals, Poole) was used as the 
non-polar solvent and the water was double distilled.

2.1.1.Solubility Studies
The solubility of EHB was determined in various 

proportions of propan-2-ol/water mixtures and a solubility 
profile of concentration versus mole fraction propan-2-ol 
was obtained. An excess of solute was agitated using a 
magnetic stirrer in solvent mixtures of varying mole 
fractions of propanol. Concentration was measured by 
removing solution using a warmed syringe then filtering. 
The sample was weighed into a known weight of solvent and 
diluted as necessary. Concentration was determined by uv 
analysis at 259nm. It was assumed that equilibrium had been 
reached (at 30°C) after 24 hours because a further 
measurement after 48 hours produced the same result. When 
deriving a UV calibration line it was seen that the 
relation between concentration and absorbance was/ 
independent of propanol mole fraction so a single 
calibration line was sufficient. The solubility profile is 
shown in Figure 2.1. It is normal practice in 
crystallisation work to express concentrations and volumes 
in weight and this convention is followed throughout this 
work.
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2.1.2.Basic Crystallisation Procedure
As can be seen from the solubility diagram (fig /2.1.) 

solubility increases rapidly as the mole fraction of 
propan-2-ol increases through 0.05. It is clear therefore 
that EHB can be crystallised by diluting a 0.065 mole 
fraction mixture to 0.04 mole fraction mixture by the 
addition of water. This was the basis of the initial 
crystallisation strategy.

2.1.2.1.Thermal History
A solution's thermal history can subsequently affect 

the metastable zone width during a crystallisation process. 
Nyvlt (1971) discusses this point and relates the effect to 
a disruption of molecular clusters at temperatures above 
the solute's equilibrium solubility. On cooling, the 
aggregates reform only slowly so a greater supersaturation 
(wider metastable zone) is produced. Crystals of a 
different nature could therefore be produced if a solution 
is heated to a different temperature or held at this 
temperature for an altered time period. Work discussed in 
section 3.4.2.suggested that in this system the thermal 
history was not important. Nonetheless the temperature used 
to dissolve the solute was kept constant (55°C) and this 
temperature was maintained for 45 minutes. The solution was 
then cooled to 30°C where the temperature was held for 30 
minutes. Crystallisation then took place.
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2.1.2.2.Hydrodynamics
Crystallisation was carried out in a 200ml capacity 

screw top vessel. Initially 0.63g of EHB was dissolved in 
48. 3g of a 0.065 mole fraction propanol/water mixture. This 
in effect produced a saturated solution at 30°C which 
crystallises when 20g of water (at 30°C) was added. To 
prevent evaporation of solvent, water was added using a 
warmed pipette via a port in the vessel lid. The contents 
of the vessel were stirred using a magnetic stirrer (Rank 
Brothers, Cambridge). Temperature was maintained at 30°C by 
the use of a water bath (Grant Instruments, SB10) . The 
relative simplicity of this experimental assembly allowed 
good reproducibility and thereby a thorough assessment of 
the important variables.

2 .1.2.3.Drying
After the addition of water, stirring was continued 

for five minutes after which the crystals were filtered and 
dried. Crystals were filtered using a Buchner apparatus 
(Whatman filter paper, grade 2) and the crystals dried in 
a vacuum oven (Heraeus, Geprufte Sicherheit) at 60°C, 400 
mm Hg for one hour. No further loss in weight was seen when 
the crystals were left drying for a further 24 hours and so 
drying was assumed to be complete after one hour. These 
drying conditions were similar to those used by Gordon and 
Chowhan (1990). After drying the crystals were stored over 
silica gel. The crystals produced under these conditions 
adopted a regular, platey habit. Photomicrographs of these



crystals are shown on plate 1. Electronmicrographs are 
shown on plate 7.

2.2.Analytical techniques

2.2.1.Light microscopy
Light microscopy allowed an initial impression of the 

crystals and was used routinely throughout the work. An 
Olympus BH-2 model, which was used, is fitted with a 
variety of techniques to produce an optimal image. These 
include phase contrast, darkfield, crossed polars producing 
polarised light and a quarter wavelength retarding plate to 
produce coloured contrast. A camera (Olympus 0M2) 
attachment allowed the production of photomicrographs and 
a hot stage apparatus (Mettler FP5) further enhanced the 
initial assessment of the crystals.
2.2.1.1 Image analysis

Image analysis meant that the microscopical image of 
the crystals could be quantified in terms of size and 
shape. The system used was an in-house system developed by 
the sponsoring body known as VIPER. A television camera is 
mounted on top of the microscope and the image transferred 
to an IBM XT computer. After a binary image was created the 
programme analysed individually selected particles and 
produced shape factors (in terms of moments of inertia) to 
describe particle shape in terms of elongation and aspect 
ratio. Elongation is defined as the difference between the 
maximum and minimum moments of inertia, divided by the sum
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of the moments. The aspect ratio is the ratio of the square 
root of the maximum and minimum moments of inertia. These 
factors can be used to give an indication of how the 
average particle shape diverges from a circular form. At 
least two hundred particles were analysed for each batch 
under consideration.

2.2.2. Electron microscopy
Scanning electron microscopy was also used and 

produced a further visual assessment of the nature of the 
crystals produced in the various crystallisation 
procedures. A Phillips model was used and particles were 
coated with gold.

2.2.3.Size analysis
The Malvern 2600 size analyser was used to measure 

particle size. Measurement of particle size by this 
instrument is based upon Fraunhofer diffraction of a 
collimated and monochromatic beam of light by suspended 
particles. The theory of the technique is derived from work 
by Mie which explored the diffraction of light by particles 
in a homogenous medium (Weiss and Frock, 1976). The extent 
of light scattering depends on particle size.

Light passes from the source through the appropriately 
presented sample to a receiver lens. A detector consisting 
of thirty one concentric rings collects the scattered rays. 
According to the light intensity detected in each ring a 
size distribution is produced. Over the size range at which



the machine is effective the optical properties of the 
sample are irrelevant. The machine calculates a volume 
equivalent diameter and tabulates this in a variety of 
possible ways including cumulative percentage undersize and 
oversize and frequency distribution.

It must be remembered that microscopical size analysis 
produces a number size distribution as opposed to a volume 
or weight distribution for this system. The mean size 
produced by the two types of distribution for the same 
sample can be quite different. Volume distributions tend to 
be skewed by a few large particles to produce an 
erroneously large mean size. Because of this, good 
presentation of the sample is important particularly to 
ensure that no aggregates are present.
2.2.3.1.Sample presentation

The measuring cell used in this work was the PSI cell. 
This is a small volume cell (14mls) and particles are 
measured by adding them directly to the dispersant liquid 
within the cell. The method used was a slurry method (Model 
2600 reference manual) . A quantity of dispersant liquid was 
removed from the cell and used to make a slurry with some 
of the powder. A well dispersed slurry was produced either 
by ultrasonication or by gentle brushing with a small paint 
brush. Brushing was used more often because although 
ultrasonication produced an effective dispersion it also 
caused particles to break. Once a dispersed sample was 
produced it was returned to the cell and measured.

A saturated solution of EHB in water was used as the
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dispersant medium. This was necessary to avoid dissolution 
of EHB during measurement. A drop of Span 85 (Koch-Light, 
England) was added to enhance the dispersion of the 
crystals in the measuring cell. Great difficulties were 
experienced before a system that allowed reliable size 
analysis was developed satisfactorily. Clumping of 
particles was a particular problem, the main difficulty 
being to produce a good dispersion without any particle 
breakage. Using this system however reproducible results 
were obtained.

2 . 2.4.Differential scanning calorimetry (DSC)
DSC is a widely used technique and can give important 

information about the physical characteristics of the 
material being studied. A large number of phenomena can be 
identified and investigated with DSC. These include fusion, 
polymorphic changes, desolvation, dehydration, 
decomposition, crystallisation and glass transition. In 
this work it was useful to detect any changes in crystal 
structure and form as a result of changes in 
crystallisation conditions.

The instrument consists of a sample pan and a 
reference pan which are programmed to increase temperature 
at a particular rate. The temperature in each pan is 
monitored using a differential thermal loop. In the 
instrument used (Perkin Elmer DSC7) if a difference is 
detected between the pans power to the sample or reference 
pan is either increased or decreased until isothermal
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conditions are restored. In this way a readout of 
differential power against temperature is produced. If a 
reaction occurs in the sample pan the area under the peak
is proportional to the heat evolved or taken in during the
reaction.
2.2.4.1.Purity determination

Differential scanning calorimetry can also be used to 
determine the purity of the sample under study. A Van't 
Hoff type equation is used for purity determinations;

Ts=Tm-( RT^I / H f ) 1/F /2.1.
I Where Hfis the heat of fusion 

Where Ts is the sample temperature, Tm is the materials
melting point, R is the gas constant, I is the mole
fraction of impurities and F is the fraction melted at Ts.
If a plot of Ts against 1/F then the mole fraction of
impurity present can be calculated from the slope of the
line. It is normal to plot at least five fractions from
between 10 and 50 % of the melting endotherm against
temperature.
2 . 2 . 4.2.Experimental details

Runs were carried out using nested volatile pan bases 
under flowing nitrogen. An initial fast scanning rate of 
10 k/minute from 303'k to 403k was used after which 
specific areas of interest were examined at a reduced 
scanning rate of 2 k /minute. When purity was determined the 
standard experimental approach was followed. That is, the 
sample was carefully distributed across the bottom of the 
pan, the sample weight was between 1.5 and 2mg and a slow 
heating rate was used (2'K/min) . To further improve an even
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heat transmission through the sample the powder was sieved 
(355j mm aperture) before weighing into the pans to break up 
any large crystal aggregates.

2 . 2.5.Solution calorimetry
Solution calorimetry has been used by various authors 

to classify crystalline material. Pikal et al (1977) for 
example used it to determine the extent of a material's 
crystallinity and Grant and York (1986) used it as a means 
of assessing the solid state disorder induced by the 
presence of an impurity within a crystal lattice. In a 
paper in which Craig and Newton (1991) used the technique 
to asses polyethylene glycols the authors suggested that 
the technique's principal disadvantage is that it measures 
a series of thermal reactions which are difficult to 
distinguish. These include heat of wetting, heat of liquid 
penetration, breaking of solute/solute bonds, formation of 
solute/solvent bonds etc. In this work, however this series 
of reactions would be informative since surface 
characteristics as well as the crystal's internal 
arrangement could be assessed.

2.2.5.1.Experimental details
A Tronac 450 model adibiatic calorimeter was used for 

all the studies. The reaction to be studied takes place in 
a reaction vessel which is held in a large volume water 
bath. A diagram of the calorimeter is shown in Figure 2.2 
and the reaction vessel is shown in Figure 2.3. The water
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bath is maintained at a constant temperature by the use of 
a Tronac model .41 precision temperature controller (+/- 
0 .0003°c/• week) . The reaction vessel is a silvered Dewar 
flask of 50ml capacity. Temperature inside the vessel is 
monitored with a thermocouple connected to a chart recorder < 
and so a readout of voltage against time is produced.

The powder being studied is accurately weighed into a 
glass ampoule which is sealed using a silicone plug and 
beeswax. As shown in' Fig/2.3, the ampoule is held in the 
reaction vessel by a device which serves as a stirrer and 
an ampoule breaker. When the plunger is activated the 
ampoule is broken, the contents are released into the 
solvent and the heat produced by the interaction is 
monitored by the thermocouple.

Prior to breaking the ampoule the system is calibrated 
using the heater inside the reaction vessel. While the 
calibration is taking place a digital voltmeter connected 
across the heater measures the voltage and indirectly, 
using a calibration resistor, the current. The time for 
which the heater is activated is accurately measured so in 
this way the heat produced by the heater is known. This is 
most easily seen with equation 2.2:

Power (Js"’;) = V, Vr /j R /2.2.
Where|Ris the resistance of the calibration resistor, V h is 
the voltage across the heater and V is the voltage across 

'the calibration resistor. Since according to Ohms law I = Vr/R 
and power = current /, voltage equation 2.2. gives the power
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Figure /2.2.The Tronac 450 adibiatic calorimeter

(reproduced from Tronac operation and maintenance manual)
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Figure /2.3.The reaction vessel (from Craig, 1989)
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of the heater. The heat produced by this calibration 
procedure gives a deflection on the chart recorder which is 
measured manually to give a figure of Joules cm"1. It is 
therefore possible to calculate the heat of reaction that 
occurs when an ampoule is broken and its contents released, 
by measuring the deflection produced on the chart recorder. 
Initial experiments showed no measurable response when an 
empty ampoule was broken. The heat produced when a full 
ampoule was broken was therefore used as the heat of 
reaction.

The heater was also used to raise the temperature of 
the reaction vessel close to that of the bath. In this way 
the temperature gradient on the chart recorder was 
virtually linear. This simplifies analysis of the results. 
After the temperature of the vessel had been raised the 
system was left to equilibrate for one hour before 
commencing the experiment.

2.2.6.Contact angle determinations
The contact angle between a solid and a liquid is the 

angle of contact a droplet of the liquid makes when it 
rests on the solid of interest. High values indicate poor 
affinity between the solid and liquid. Contact angles of 
the crystallised material were determined using the 
Willhelmy gravitational method. The method was similar to 
that described by Zajic and Buckton (1990). The Willhelmy 
gravitational method measures the force exerted on a thin 
plate of compressed material by a liquid of known surface
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tension. Contact angles are then calculated using the 
following relationship;

Force = p y lcos0 / g /2.3.
Jwhere p is the perimeter 

Where y L is the surface tension of the liquid, 0 is the
contact angle and g is the gravitational acceleration.
Water (double distilled from a glass still) was used as the
liquid of known surface tension (72 . 31 mN m'1 ) .

Thin plates of powder were made by compressing 200mg 
of powder in a Specac hand operated hydraulic press at 8.57 

xlO3 Kgcm-2 for two minutes. The punch and die set could be 
unbolted to allow easy removal of the compressed plate. The 
perimeter was then measured accurately using a micrometer. 
A commercial dynamic contact angle measuring system (Cahn) 
was .used to measure the force acting on the plate. It 
consists of an accurate balance which is connected to an 
IBM compatible computer that continuously monitors the 
output from the balance. The compressed plate is suspended 
from the balance which is then zeroed. Around 20mls of the 
test liquid, in a 50ml beaker, sit on a motorised stage 
below the suspended plate. The test liquid was maintained 
at 20°C using a jacketed vessel and temperature controlled 
water circulator. Prior to any measurement all glassware 
was cleaned thoroughly by ultrasonicating it in a hot 
solution of Micro cleaning solution (International Products 
Corporation, Chiselhurst) for five minutes then rinsing it 
in hot water for fifteen minutes. To ensure cleaning was 
successful the surface tension of water was determined 
before each measurement using a glass plate (cleaned
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Figure 2♦4.Determination of the force at zero depth of 
immersion
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flaming).
The stage was then raised until contact was made with 

the plate. As shown in Figure 2.4. the maximum force was 
found by extrapolating the buoyancy line to intersect with 
the point of initial contact and in this way the force at 
zero depth of immersion (FZD0I) is determined. This is the 
value of force used in equation /2.3. Most reproducible 
values for EHB were found when a slow stage speed was used.

2.2.7.Vacuum microbalance
The vacuum microbalance technique allows an assessment 

of a powder's wettability and would further indicate the 
nature of a powder's surface. The technique measures the 
water uptake onto the powder of interest and can be used to 
derive the thermodynamic functions of the wetting process 
(Buckton et al, 1986) .

The powder of interest is loaded onto one pan of a 
dual-pan Robal microbalance. This microbalance is isolated 
within a vacuum system. The vacuum is essential to ensure 
that the surface of the powder being assessed is completely 
desorbed of contaminants. The vacuum was obtained using a 
Diffstak 63/150 oil diffusion pump (Edwards) which was 
itself backed and roughed out using an E25M double stage 
rotary pump (Edwards). A final vacuum of 10~5 was drawn and 
held overnight to ensure desorption of all contaminants 
from the surface of the powder. The system was then 
isolated from the vacuum source and water equilibrated with
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the system producing a saturated vapour within the system. 
The amount of powder taken onto the surface of the powder 
was then measured. The whole apparatus was temperature 
controlled by connecting an air thermostat to a heating 
element in a fan unit. A discussion of the various 
thermodynamic derivations that can be calculated using this 
system is given by Buckton et al, (1986).
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Chapter 3

Manipulation of the Major Crystallisation Variables.

In this chapter manipulation of the basic 
crystallisation process is described and the effect of such 
manipulation principally on size is reported.

3.1.Hydrodynamics
The flow patterns within a crystalliser can be vital 

in determining the nature of the crystals produced. 
Hydrodynamics can affect primary nucleation, secondary 
nucleation and growth rates. Hydrodynamics will also 
determine the extent of crystal breakage and aggregation. 
If they are poorly considered segregation or settling of 
particles of a particular size can be a problem. Obviously 
if the vessel geometry or agitator system are changed a new 
set of hydrodynamic conditions will apply and different 
crystals will be produced. Because of this the scale-up of 
a crystallisation process can be troublesome (Mullin, 
1961) .

The aim of this project was not to design a 
crystalliser. Instead a crystallisation procedure was 
required that was highly reproducible and for which the 
processes taking place were well understood. In this way if 
the crystallisation conditions were changed any resultant 
changes in the crystals could be easily related to these 
new conditions. In order to develop such an understanding
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of the process a. different crystalliser systems and b. a 
range of stirring rates were investigated.

3.1.a .Crystalliser system
3.1.a .1.Experimental details

Two different systems were investigated that varied 
from the system described in 2.1.2. solely in the agitator 
system used. A Heidolph rotational motor (Lab-Plant Ltd, 
Huddersfield) was used to drive a propeller and a paddle 
design of stirrer. Initially the lowest stirring speed 
necessary to effectively agitate the vessel was used. The 
speeds used were, 500rpm for the propeller stirrer and 80 
rpm for the paddle stirrer. The effect of increasing these 
stirring rates is investigated in the next section.

When the propeller stirrer was used crystallisation 
was carried out in the vessel used in 2.1.2. following 
exactly the conditions described there. The rod of the 
propeller entered the vessel via a second port in the lid. 
When the paddle stirrer was used, however, a vessel of 
500mls capacity was used to accommodate the larger paddle 
stirrer and the quantities used were doubled. That is 1.26g 
of EHB was dissolved in 96.6g of solvent mixture and 40g of 
water was added to affect crystallisation.
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3.1.a .2.Results and discussion
Using the propeller stirrer although crystallisation 

was apparent on addition of water, gross encrustation on 
the stirrer was visible before crystals could be seen in 
the solution bulk. Furthermore the crystals produced were 
poorly formed and fragile in comparison with those produced 
using the magnetic stirrer. Photomicrographs of these 
crystals are shown on plates 2 and 3.

Using the paddle stirrer only a very few large, flaky 
crystals were produced using the conditions described 
above. Even when the supersaturation was increased by 
increasing the initial concentration of EHB and adding 50g 
of water it was again only possible to produce a few large, 
flaky crystals. Because of the low yield and nature of the 
product they could not be classified easily.

3.1.b .Stirring rate
A number of studies have investigated the effect of 

stirrer speed on the crystallisation process. It is more 
correct to speak of power input as the effect produced by 
a particular stirring speed is dependent on the 
crystalliser design and the stirrer type. Investigations 
into the effect of stirrer speed have shown that it can 
effect crystallisation at a number of places in the 
process. Changes in the crystalline product, by altering 
the stirring rate, are generally reflected in the CSD. The 
effect on the CSD arises as a result of an effect on any of 
the major crystallisation functions.
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The extent of agitation can affect primary nucleation 
by changing the width of the metastable zone (see Figure
1.2.). This in effect means the system is more unstable and 
more likely to nucleate. As the stirring rate increases, up 
to a certain extent, the width of the metastable zone 
decreases (Nyvlt, 1971). Furthermore, low intensity 
agitation can produce localised areas of high 
supersaturation where higher than predicted rates of 
nucleation may occur (Fitchett and Tarbell, 1990). For 
example at crystalliser walls where the temperature may be 
lower because of poor heat distribution by the low stirring 
rates, nucleation is likely to be higher.

The extent of secondary nucleation is critically 
dependent on the stirring rate. Youngquist and Randolph 
(1972) for example showed instantaneous increases in 
population density, in the size range of secondary nuclei, 
as the stirring rate increased. A similar observation was 
reported by Mullin and Leci, (1972).

There are also many reports of the influence of the 
stirring intensity on growth rate. These reports are 
generally consistent in their findings; that is as the 
stirring rate increases growth becomes faster. This 
relationship follows until at a particular rate the 
increase levels off or actually decreases. Fitchett and 
Tarbell (1990) published results that followed this basic 
trend. They explained the increase in growth rate in terms 
of facilitated mass diffusion as the stirring rate 
increased.
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Others (eg. Pohorecki and Baldyga, 1983) have 
suggested a faster stirring rate improves the efficiency of 
turbulent micromixing to allow an intimate arrangement of 
reactive species. In the system used in this work this is 
analogous to the efficient mixing of added water with the 
propan-2-ol/water mixture. Again from accepted growth 
theory the levelling off in growth rate increase was 
explained as the change from diffusion limited growth to 
surface integration limited growth. The decrease in growth 
rate when stirring is increased further is really an 
apparent decrease caused by increased secondary nucleation 
(Koros et al, 1972) .

It can be seen therefore, that the effect of stirring 
rate.on the size of the crystal product is not predictable. 
This is because the different crystallisation functions 
which are affected by stirring rate can be affected in such 
a way as to produce opposing effects on the CSD.

3.1.b .1.Experimental procedure
The effect of changing the stirring rates was 

investigated in all three systems used previously. That is 
using the magnetic stirrer, the propeller stirrer and the 
paddle stirrer. All conditions used previously in each 
system were held constant as the stirring rates were 
changed. The magnetic stirrer was quantified using a 
transistor stroboscope (Dawe instruments, London).

Reynolds' numbers (Re) can be used to indicate the 
flow patterns within a fluid system. They were calculated
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for the propeller system of agitation to give some 
indication of the power input to the vessel. They were 
calculated using the expression;

Re = d2Np / j x /2 .1
Where d is the diameter of the agitator, N is the agitator 
speed, p is the solution density and [x is the solution 
viscosity (Coulson and Richardson, 1990) . Values of density 
and viscosity were taken from the International Critical 
Values (1933) . Reynold's values were not calculated for the 
magnetic stirrer system as the geometric arrangements in 
this system are quite different to those assumed in the 
above formula. As can be seen in Table 3.2. the values are 
high indicating turbulent flow within the vessel. This 
suggests that mixing of added water will be thorough and 
that no pockets of high supersaturation should develop. 
Although no Reynold's value was calculated for the magnetic 
stirrer system, visually it appeared to be as thoroughly 
agitated as the propeller stirrer system.

3.1.b .2.Results and discussion
Sizing results at different stirring rates of the 

magnetic and propeller stirrer are shown in Table 3.1. and
3.2. Photomicrographs of crystals produced at different 
stirring rates (using the propeller stirrer) are also 
presented on plates 2 and 3. From the size analysis data 
and the photomicrographs it can be seen that, in both cases 
for the stirring rates employed in this study as the rates 
increase then crystal size decreases.
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From the photomicrographs it appears that the 
intermediate stirring rates produce individually smaller 
particles whereas at the fastest stirring rates the 
reduction in measured particle size is a result of crystal 
breakage. It would appear therefore, that at 900rpm for the 
magnetic stirrer, and 800 rpm for the propeller stirrer 
nucleation is increased.

The maximum relative supersaturation attained in these 
experiments was 1.16. (see 1.3.) which is relatively low 
and would be unlikely to produce primary nucleation to any 
significant extent. It seems, therefore that the agitation 
increases the nucleation rate via a secondary mechanism.

This hypothesis is strengthened by observing the 
effect of increasing the stirring rate of the paddle 
stirrer. In section 3.1.a.2. at a low stirring rate (80rpm) 
only a very few, very large, flaky crystals were produced. 
With more vigorous stirring (up to 800rpm) , however, a 
greater yield of smaller crystals were produced. 
Nonetheless these were of an ill-defined shape and still 
too large to be measured using the Malvern.

These results suggests a similar mechanism for each 
crystalliser set-up. The supersaturation produced by the 
addition of water is sufficient to produce a few crystals, 
probably by a heterogenous nucleation mechanism, then 
vigorous stirring (as indicated by the Reynolds' numbers) 
is necessary to produce secondary nuclei from these 
particles. Secondary nucleation rates are very dependent on



Table 3.1.Effect of stirring speed (magnetic stirrer) o n  
particle size |(micrometers)

RPM 90%
undersize

50%
undersize

10%
undersize

480 139.8 +/-!.8 72.7 +/-1.3 25.7 +/-1.6
900 119.2 +/-8.8 66.2 +/-4.2 24.6 +/-2.6
1260 97.6 +/- 8.0 52.0 +/-3.7 21.7 +/-2.4

I

Table 3.2. Effect of stirring speed (propeller stirrer) 
against sizeJ (micrometers)

RPM Reynolds
number

90%
undersize

50%
undersize

10%
undersize

500- 6428.4 190.1 +/- 
10.1

87.6 +/- 
4.9

30.0 +/- 
3.1

800 6669.6 175.1 +/- 
12.3

80.7 +/- 
5.3

28.1 +/- 
2.9

1300 10838.1 165.8 +/- 
9.9

74.5 +/- 
3.9

26.0 +/- 
1.4

i
f

All sizing results presented in this thesis are the
|
| average and standard deviation of at least four 
j crystallisation procedures.

\
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stirring rates so the average particle size will decrease 
as the stirring rate increases.

3.2.Supersaturation Profiles
The supersaturation profile is the pattern of the 

development and depletion of supersaturation throughout a 
crystallisation procedure. In this investigation therefore, 
the rate at which water is added to the crystallising 
vessel will determine this pattern and it is likely that 
this will affect the nature, especially the size, of the 
crystals produced. This situation is analogous to the study 
of cooling crystallisation procedures in which the effect 
of cooling rate is related to the crystals produced.

One of the first studies of this kind was by Jones and 
Mullin (1974) . They employed three main cooling regimens 
while studying a crystallisation process in which growth 
occurred onto seeds. The first of these was natural cooling 
in which no attempt was made to control the cooling rate. 
A natural cooling curve loses heat rapidly at first then 
more slowly as equilibrium approaches. In the other cooling 
processes attempts were made to control the rates of 
cooling so that the supersaturation developed by cooling 
balanced crystal growth rates. By doing this it was hoped 
to limit nucleation. This is the aim of many industrial 
crystallisation processes as large crystals are considered 
desirable. Figure 3.1. shows the cooling curves used by 
Jones and Mullin (1974) along with the supersaturation
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produced. As was predicted by the authors the initial surge 
of supersaturation produced by natural cooling exceeded the 
metastable limit of the system and nucleation took, place. 
This produced a smaller median size. In the more controlled 
processes nucleation was less evident and a larger median 
size was produced.

From the above discussion, therefore, it would be 
expected that if water was added at different rates then a 
different crystalline product would be produced.

3.2.1.Experimental procedure
The use of a peristaltic pump (Minipuls3, Gilson) 

meant water could be added at a variety of speeds. The pump 
was primed to deliver 20g of water (at 30°C) through lagged 
HPLC tubing into the crystallising vessel via a port in the 
lid. The crystals produced were compared against those 
produced by the addition of water using a pipette. The 
pipette delivered 20g of water in thirty seconds.

For each addition rate, stirring was continued for 
five minutes after the water was added. Obviously if water
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Figure 3.1.The cooling curves and resultant supersaturation 
profiles studied by Jones and Mullin (1974).
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is delivered over a prolonged period of time, the length of 
stirring (residence time) increases. To ensure this in 
itself did not affect the crystals produced, the residence 
time, when water was added using a pipette, was extended 
and the crystals produced were examined for any change.

3.2.2.Estimation of supersaturation profiles
The supersaturation profiles produced by the addition 

of water using a pipette and at a rate of 0.49g min-1 are 
shown in Figure 3.2. In the case of the pipette addition no 
crystallisation was apparent immediately after the complete 
addition of water. The addition of 20g of water produces a 
solvent mixture of mole fraction propan-2-ol of 0.04 in 
which the solubility of EHB is 0.427% w/w. The 
concentration of EHB in the crystallisation vessel is 
0.922% w/w. Using these figures in equation /l.3. it can be 
seen that a relative supersaturation of 1.16 was the 
initial driving force for crystallisation. The first 
crystals appeared soon after the addition of water. By 
filtering at various times after the first appearance of 
crystalline material it was seen that the initial 
supersaturation is depleted after two minutes.

At the addition rate of 0.49 g min_: it was seen that 
the first crystals appeared after fourteen minutes. The 
dashed section of the line is an estimation as no 
measurements were actually made. It is unlikely however 
that once crystalline material appears supersaturation will
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increase to any great extent.
As would be expected pipette addition produces a rapid 

surge in supersaturation whereas a prolonged addition 
produces a more sustained but lower profile. However, as 
discussed in the following section, it seems likely that 
the supersaturation does not decline as rapidly as 
indicated by this estimation.

3.2.3.Results and discussion
Size analysis at the different addition rates and for 

prolonged residence times is given in Table 3.3. and Table 
3.4. Photomicrographs of the crystals produced by adding 
water at a reduced rate are shown on plate 4. From the size 
analysis data it can be seen that larger crystals are 
produced when supersaturation is produced rapidly than when 
it develops gradually. Also from the photomicrographs a 
change in crystal habit is evident when the development of 
supersaturation is more gradual. From the work described 
previously (see 3.2) it would be expected that high 
supersaturations would produce more intense nucleation and 
therefore a smaller 50% undersize. In this case the 
opposite is seen in that when less supersaturation is 
generated the 50% undersize is smaller.

From section 3.1.b.2. however these results can be 
understood. In this section it was concluded that the 
supersaturation generated . by pipette addition is only 
sufficient to produce a small degree of nucleation unless
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Tables 3.3. Table showing effect of rate of addition of 
water (g min-1) on crystal sizej(micrometers)

G min-1 90%
undersize

50%
undersize

10%
undersize

40.0 119.2 +/-8.8 66.2 + /- 4.2 24.6 .+/- 1.6
3.61 122.1 +/-9.7 66.9 + /- 5.0 24.4 + /- 2.1
1.72 88.1 +/- 5.9 50.4 + /- 3.8 23.9 + /- 1.6
0.49 79.4 + /- 4.4 47.2 +/- 1.9 19.7 +/- 1.6

Table 3.4.Effect of residence time (minutes) on crystal 
size I (micrometers)

Post addition 
stirring period

90%
undersi
-ze

50%
undersi
-ze

10%
undersi
-ze

'' 15 121.7 
+/- 8.5

63.5 
+ /- 4.9

24.0 
+/- 1.6

60 120.0 
+ /- 8.8

61.3 
+/- 5.7

23.8 
+/- 3.1
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stirring is intense enough to produce secondary nuclei. 
Growth can then occur onto these secondary nuclei and 
produce crystals of the type and size previously described. 
In other words this system is effectively operating within 
the metastable region in which growth can occur onto 
crystals already present but primary nucleation is not 
favoured (see 1.2.2.).

When water was added gradually crystals appeared 
before the relative supersaturation reached the high levels 
produced when it was added rapidly. Once crystals had 
appeared, even though water was still added, 
supersaturation did not increase any further because it was 
balanced by solute deposition. Because of this, 
supersaturation stayed constant around 0.287 which, as seen 
by the size analysis results was not sufficient to allow 
crystals to grow to their previous size. On the other hand 
when water was added rapidly the surge in supersaturation 
allowed substantial crystal growth as seen by the sizing 
results. In other words this reduced supersaturation 
produced by adding water gradually is sufficient to produce 
secondary nuclei but not crystal growth. Various studies 
have in fact shown that secondary nucleation will occur 
even when supersaturation is very low and crystal growth is 
insignificant (eg.Youngquist and Randolph, 1972).

The relation between supersaturation and secondary 
nucleation is not well defined. In comparison with the 
effect of stirring rates however, supersaturation is likely 
to be a less critical variable particularly if, as in this
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thesis, stirring is vigorous. A study by Cise and Randolph 
(1972), showed that secondary nucleation rates were 
proportional to the 0.6th power of supersaturation but the 
6th power of stirring rates for the system studied. 
Therefore it appears very possible that when water is added 
gradually the prevailing conditions, low supersaturation 
and vigorous stirring rates, will favour secondary 
nucleation but not crystal growth.

Crystals displayed an altered shape when water was 
added gradually presumably because the rapid growth rates 
produced by high supersaturations caused faster growing 
faces to grow out of existence. This phenomena is discussed 
at greater length in the next chapter.

'.The results for prolonged stirring times indicating 
little change in size when stirring times are increased. A 
slight reduction, especially when stirring is continued for 
one hour was seen microscopically to be due to increased 
crystal breakage. It can be concluded, therefore that the 
changes in CSD are due to changes in supersaturation 
profile and not simply due to an increased residence time.

3.3.Addition of reduced precipitant
A further experiment helped to confirm that the 

changes in the observed CSD were as a result of sustained 
low levels of supersaturation. As shown in Figure 3.2. 
crystallisation commenced after 14 minutes when water was 
added at 0.48 g min--. In other words 6.72g of water had
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been added to produce a relative supersaturation of 0.287.
When 6.5g of water were added instantaneously with a 

pipette, smaller particles were evident once again (see 
Table 3.5.). Microscopically it was also seen that the 
acicular habit seen in Plate 4 was adopted by these 
particles. These particles are in fact smaller than when 
water is added more slowly which suggests that the 
continued addition of water generates sufficient 
supersaturation to allow further crystal growth. This means 
the dashed section in Figure 3.2. is probably an incorrect 
estimation and the supersaturation stays at a higher level 
for longer allowing some crystal growth.

Table 3.5.Effect of the addition of a reduced amount of 
water on crystal size| (micrometers)

Weight of added 
water (g)

90%
undersize

50%
undersize

10%
undersize

10 119.2 +/- 
8.8

67.2 +/- 
4.5

24.6 +/- 
2.6

6.5 66.7 +/- 
2.5

39.4 +/- 
3.7

17.1 +/- 
0.85
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3.4. Cooling crystallisation

The process of crystallisation by cooling a saturated 
solution was studied, and although these studies did not 
finally constitute a large part of the overall work the 
findings from these experiments proved useful to indicate 
some of the processes occurring in crystallisation by 
dilution and were, in any case, of interest generally. Some 
of the factors studied are discussed briefly below.

3.4.1.Method
A 2% solution of EHB was dissolved at 55°C in a 0.065 

propan-2-ol / water solvent mixture and then cooled to 30°C. 
Onset of crystallisation, as indicated by the solution 
becoming cloudy, first occurred at 36°C. A 200ml screw 
capped vessel was used as the crystallising vessel and 
agitation was achieved using the magnetic stirrer operating 
at 900rpm.

3.4.2.Thermal history
As discussed in section 2.1.2.1 the temperature at 

which solution is affected and the length of time for which 
this temperature is maintained has been seen to affect the 
crystallisation process. By holding the solution at 55°C for 
various time lengths (0.5-24 hours) before cooling, the 
effect of thermal history was investigated. No change in 
the temperature at which cloudiness was first seen nor in 
final particle appearance was noted at any of the different
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holding times. It was assumed that for this particular 
system the effect of thermal history was unimportant.

Thermal history can be an important variable because 
it disrupts the equilibrium distribution of molecular 
clusters that exist in a supersaturated solution. In this 
way the width of the metastable zone will change. This 
means that the effect of thermal history will be seen 
mainly on primary nucleation. In the crystallisation 
process discussed above (see 3.2.3.) it was concluded that 
secondary nucleation was the dominant effect and so it
would be unlikely that thermal history would be an
important factor.

3.4.3.Effect of solution particle content
Heterogenous nucleation involves the clustering of 

solute molecules around a foreign particle or surface 
within the crystallisation vessel. In section 1.2.2.b. the 
phenomena was discussed and it was noted that in comparison 
with homogenous nucleation less supersaturation was 
required. To attempt to investigate the importance, or
relative importance, of heterogenous and homogenous
nucleation, solutions were filtered and prepared in a class 
2 clean room. It was assumed that this procedure would 
reduce the particulate burden within the solution and so 
heterogenous nucleation would be less likely.

Solutions prepared in the class 2 room also first 
crystallised at 36~C and no differences were noted between 
crystals produced in the Class 2 environment or in the
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laboratory. If heterogenous nucleation were made less 
likely by the filtration procedure then it would be 
expected that greater supersaturation could be generated 
and crystallisation would be first apparent at a lower 
temperature. Since this is not the case it seems that the 
balance between heterogenous and homogenous nucleation is 
not critical and that as discussed in 3.2.3. the dominant 
nucleation process is secondary. It also seems likely that 
the heterogenous mechanism proposed (in section 3.1.b.2.) 
to explain the first appearance of crystalline material 
could be due to particles forming around a surface within 
the crystallising vessel rather than around foreign 
particles.

3.4.4.In-situ Malvern studies
Using this cooling crystallisation process, attempts 

were made to crystallise in the Malvern system. That is, 
solution at 55°C was transferred from the crystallising 
vessel to the pre-heated Malvern cell mentioned in section
2.2.3.1. As it cooled any particle appearance was monitored 
using the Malvern size analysis laser system.

This work was unsuccessful because of rapid 
crystallisation which caused a thick cloud of particles to 
form and made measurement of any size distribution 
impossible. Nevertheless the system could be useful to 
monitor a size distribution developing under different 
circumstances. It would, for example, be interesting to 
monitor the growth of seed crystals under conditions of low
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supersaturation. This would ensure that nucleation was 
minimised, no sudden appearance of particles would 
therefore be seen and so monitoring of crystal growth would 
be possible.
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Chapter 4

The Effect of Poloxamers on the Crystalline Product

4.1.Introduction
Stefen (1988) produced crystals in the sub-micron 

range by adding a variety of materials to the crystallising 
medium. Among the most effective was a surfactant from the 
poloxamer series. Poloxamers are a range of A-B-A block co
polymer non-ionic surfactants and the members of the group 
show a great variety of properties according to their 
different structures. It was hoped to extend the work of 
Stefen (1988) by studying the effect of a series of 
poloxamers on the crystallisation of EHB and in this 
chapter the results of this work will be presented. A 
detailed description of the poloxamers is given in section
4.2.1.

In Chapter 1 various examples were given of the use of 
additives in the crystallisation process. A summary of the 
main proposed mechanisms of action of additives is given, 
followed by some specific examples of the effect of 
surfactants in the production of crystalline material.

4.1.1.Meehan ism of action of additives

A great variety of substances have been added to the 

crystallising medium to alter the nature of the crystal 

product and there are various reviews of their usage, eg. 

Botsaris, (1982) and Boistelle (1976). In another useful
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review of the subject Davey (1982) notes that the mechanism 
of action of additives is most commonly related to 
adsorption at growing crystal faces. Because of the regular 
internal arrangement of molecules within a crystal lattice, 
the external faces have a particular nature. This means 
additives can selectively adsorb onto a particular face and 
inhibit growth at that face to a greater extent than at 
other faces. In this way a habit change as well as a change 
in size can be affected. A discussion of these concepts 
along with important examples of their own work is 
presented by Weissbuch et al (1986).

In addition to this effect on growth rates, additives 
have been shown to affect both primary and secondary 
nucleation. As mentioned in section 1.4.1 additives can 
increase or decrease the rate of homogenous nucleation. 
There have also been reports of additives affecting 
heterogenous nucleation. Work by Birchall and Davey (1981) 
has shown that carragheenan molecules can broaden the 
metastable zone. One explanation offered was that 
carragheenan molecules can adsorb onto heteronucleii 
particles and prevent them acting as substrate particles 
for growth. A similar conclusion was reached by Wen (1975) 
who investigated the nucleation of sodium chloride 
solutions. He showed that the presence of lead ions could 
inhibit heterogenous nucleation by reducing the surface 
concentration, on substrate particles, of the crystallising 
material. Homogenous nucleation was not affected by the 
presence of lead ions.
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Several studies have also shown that the presence of 
an additional substance in the crystallising medium can 
affect secondary nucleation, eg. Botsaris and Sutwali 
(1981). It appears generally that secondary nucleation 
rates are reduced by additives. Botsaris (1982) suggests 
this may be due, either to a simple reduction in the number 
of particles dislodged during a collision or it could be an 
apparent reduction in secondary nucleation rate because the 
growth of the secondary nucleii to a detectable size is 
inhibited by the presence of additives.

4.1.2.Use of surfactants in crystallisation
Surfactants are often used in industrial 

crystallisation in an empirical approach to a particular 
problem (Mullin, 1961) . However there are a number of 
studies that report a more rational approach to their 
usage. Micheals and Colville (1960) studied the effect of 
an anionic (sodium dodecylbenzene sulphonate) and a 
cationic (trimethyl dodecylammonium chloride) surfactant on 
the growth rate and habit of adipic acid. They showed that 
both surfactants reduced the growth rates of all faces. The 
extent of the reduction was different however, at the 
different crystal faces and so a habit modification was 
seen. Furthermore the two surfactants were most effective 
at different faces so each produced a distinctive habit 
modification. This difference was related to the individual 
chemical nature of the surfactants and therefore a 
different affinity for particular crystal faces.
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The study also showed that the surfactants were more 
effective at inhibiting the growth of small crystals than 
large ones. Small crystals were deduced to grow by a 
surface nucleation mechanism whereas larger crystals grew 
as a result of screw dislocations. It was concluded that 
the lower energy requirements of growth by screw 
dislocation meant that growth was less susceptible to the 
presence of surfactants.

Fairbrother and Grant (1978, 1979) extended this study 
on adipic acid by investigating the effect of a series of 
n-alkanoic acids and n-alkanols on the crystallisation of 
adipic acid. These studies showed a structure activity 
relationship between surfactant chain length and the effect 
on crystal habit; that is as the chain length increased by 
the consecutive addition of another -CH2- group the effect 
became more pronounced. A change in crystal habit could be 
seen when the concentration of additive was as low as 
cm-3. Studies using radiolabelled hexanoic acid indicated 
that the molecule is incorporated into the growing crystal. 
Further work (Chow et al, 1984) related changes in melting 
point, enthalpy of fusion and dissolution rate to the 
inclusion of additive within the crystal lattice. For 
instance crystallisation in the presence of hexanoic acid 
or undecanoic acid causes a doubling in dissolution rate of 
adipic acid.

Work was carried out by Beckmann and Boistelle (1985) 

into the precise effect of Span 60 on the growth mechanism 

of stearic acid. Comparison of their results with a
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critical discussion of BCF theory they suggested that the 
surfactant was effective by inhibiting the integration of 
molecules at step sites on the growth spiral.

A study by El-Bary (1990) into the crystallisation of 
chlorpropamide in the presence of polysorbate 80 and 
polyvinylpyrrolidone showed an enhancement of dissolution 
rate in the crystal product. It was suggested that 
adherence of surfactant molecules to the crystal surfaces 
caused an increase in crystal wetting and therefore an 
increase in dissolution rate. This hypothesis was 
strengthened by the observation that when the crystals were 
washed with distilled water the increase in dissolution 
rate seen previously disappeared. Another suggestion 
offered to explain the results was that the increased 
viscosity of the solution caused by the presence of 
surfactant decreased the growth rate of the crystals. 
Smaller particles would therefore be produced and the 
increased dissolution rate of small particles would explain 
the results.

It is generally assumed that the effect of surfactants 
is as a result of their physical presence and not as a 
result of their surface activity (Nyvlt, 1971). Stefen 
(1988) did however suggest that the reduced size range of 
particles produced in his work could be as a result of an 
increased rate of homogenous nucleation caused by a 
reduction in the surface energy per unit area (T in 
equation 1.12) of clusters in the supersaturated solution. 
The explanation preferred by Stefen (1988) was that once
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nucleii have formed they will be coated in surfactant 
molecules and so the growth rate of the newly formed 
crystal is reduced. In this way supersaturation is not 
depleted rapidly. This means the system is longer outwith 
the metastable zone and as a result more nucleation will 
occur thereby reducing the average particle size.

4.2.The use of poloxamers in the crystallisation process
Using a series of poloxamers it should be possible to 

extend the work of Stefen (1988) to investigate a structure 
/ activity relationship between the poloxamer structure and 
the effect on the crystal product. Such a relationship was 
seen by Fairbrother and Grant (1978, 1979). In light of the 
previous work with surfactants and other additives already 
discussed, (see 4.1. and Chapter 1/) possible mechanisms 
can then be identified and investigated (see Chapter 5/).

4.2.1.The poloxamer series of surfactants
Poloxamers (Synperonic PE range, ICI) are a series of

non-ionic surfactants. There have been reports of batch to
batch variation so the same batch of each poloxamer was
used throughout the work. They are a range of a-b-a block
co-polymers of polyoxyethylene (POE)and jpolyoxypropylene
(POP). They are usually represented by a formula of a type
shown below;

H- (OCH2CH?)„ - (OCHCH2)d - (OCH2CH2) a - OH
I

(CH3)

Depending on the ratio of POP to POE the poloxamer will
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have particular properties. That is, as the proportion of 
POE increases the polarity of the molecule increases 
whereas as the proportion of POP increases the 
hydrophobicity of the molecule will increase. The overall 
molecular size will also affect the poloxamers behaviour. 
They have been used for many pharmaceutical, veterinarial 
and cosmetic purposes. As such their toxicity profile is 
well established and they appear to be well tolerated 
(Handbook of Pharmaceutical Excipients, 1988). A review of 
the properties of block co-polymers, including the 
poloxamer series is given by Schmolka (1977).

Five different poloxamers were used in this work. 
Poloxamers 188, 184 and 182 were used most often although
238 and 338 were also used. An explanation of this 
nomenclature is given in Table 4.1.

Table 4.1.Poloxamer nomenclature

Poloxamer
MWt
Polyoxypr’
-opylene

MWt
Polyoxyet
-hylene

MWt of 
poloxamer

%
polyoxyet
-hylene

188 1750 7000 8750 80
184 1750 1167 2916.7 40
182 1750 438 2187.5 20
238 2250 9000 11250 80
338 3250 13000 16250 80

The final figure (multiplied by 10) in the poloxamer 
nomenclature designates the percentage of POE in the 
poloxamer molecule whereas the first two (multiplied by 
100) approximate the molecular weight of the POP portion of
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the molecule.

4.2.2.Experimental procedure
The basic experimental procedure used was as described 

in Chapter 2. That is, dissolved EHB is crystallised by the 
addition of water at a temperature of 30°C. In this case, 
however, EHB was crystallised by the addition of a 
surfactant solution. The various surfactant solutions were 
added initially using a pipette and the solution was 
agitated using a magnetic stirrer operating at 900rpm. The 
effect of varying these conditions is discussed in a later 
section (see 4.5). Surfactant solutions were added to 
produce a range of final concentrations (0.23% w/w to
0.027% w/w). The solutions were prepared by sonication for 
30 minutes after which they were equilibrated at 30°C before 
being added to the crystallising vessel.

4.3.Effect of changing the hvdrophillic/hydrophobic ratio 
Initially the effect of altering the hydrophillic/ 

hydrophobic ratio in the poloxamer molecule was studied. A 
series of three poloxamers was used in which the molecular 
weight of the polyoxypropylene, hydrophobic portion of the 
poloxamer was constant but the molecular weight of the 
polyoxyethylene section changed causing the surfactant to 
become more or less hydrophillic. Poloxamers 188, 184 and
182 were used. Each poloxamer was added at a range of 
concentrations and all other experimental conditions were 
as discussed previously.
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4.3.1.Results and discussion 
a/ Effect on size

In Figure 4.1. the size distributions of crystals 
produced in the presence of poloxamer 188 at a 
concentration of 0.23% w/w, and when no surfactant was 
present are shown. A very significant narrowing of the size 
distribution as well as an overall decrease in average 
crystal size is apparent. The change in crystal size is 
also clear from the photomicrographs on plates 5 and 6. 
Electronmicrographs are shown on plate 8. It is also clear 
that crystal habit is considerably altered. This effect on 
crystal habit will be discussed in the next section.

As can be seen from the sizing results displayed in 
Tables 4.2, 4.3, and 4.4 each of the poloxamers reduce
crystal size. However it is also clear that across the 
range of concentrations studied, each of the three 
poloxamers have different effects on crystal size. That is, 
the concentration at which each surfactant begins to affect 
the crystal size is different. From the effect of the 
poloxamers at their highest concentration it also appears 
that there is a difference in absolute effectiveness. 
Fairbrother and Grant (1978) also noticed a different 
"threshold" concentration for the onset of effectiveness
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Figure 4.1.Size distributions of a.Control type crystals 
and b.Crystals produced in the presence of poloxamer at a 
concentration of 0.23% w/w.
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Table 4.2. Size analysis of crystals produced using 
poloxamer 182j(All sizes in micrometers)

Cone. (%w/w) 50%
undersize

90%
undersize

10%
undersize

0.23 41.0 + /- 1.6 74.7 + /- 1.3 16.5 +/- 1.2
0.15 65.2 + /- 3.6 125.4+/- 7.6 24.3 +/- 1.6
0.13 59.1 + /- 4.3 112.4+/- 3.7 20.1 +/- 0.4
0.09 60.5 +/- 7.0 115.0+/- 4.6 19.6 +/- 0.7
0.061 58.1 + /- 8.0 108.6+/-10.2 22.2 +/- 1.2
0.046 64.1 + /- 7.8 116.6+/- 7.7 23.3 +/- 1.5

Table 4.3.Size analysis of crystals produced using 
poloxamer 184

Cone. (%w/w) 50%
undersize

90%
undersize

10%
undersize

0.23 34.1 +/- 0.7 62.5 +/- 2.0 14.7 +/- 1.3
-0.15 47.9 +/- 1.4 86.2 +/- 3.2 19.6 +/- 1.1
0.13 45.7 +/- 2.8 92.8 +/- 3.4 16.7 +/- 0.9
0.09 53.2 +/- 1.8 107.3+/- 6.8 18.4 +/- 0.6
0.061 56.0 +/- 3.2 105.5+/- 6.1 20.3 +/- 1.4
0 . 046 56.6 +/- 4.1 101.8+/- 4.3 20.9 +/- 0.5

Table 4.4.Size analysis of crystals produced using 
poloxamer 188

Cone. (%w/w) 50%
undersize

90%
undersize

10%
undersize

0.23 32.2 +/- 3.0 52.5 +/- 3.8 14.6 +/- 2.8
0. 15 40.3 +/- 2.6 71.7 +/- 2.3 17.2 +/- 0.9
0.13 38.7 +/- 1.7 74.3 +/- 4.8 17.3 +/- 0.4
0.09 38.4 +/- 1.3 74.8 +/- 3.3 15.7 +/- 1.3
0.061 41.7 +/- 2.7 73.8 +/- 1.8 19.4 +/- 3.0
0.046 53.7 +/- 1. 9 98.8 +/- 4 . 0 23.0 +/- 1.7
0 . 027 50.7 +/- 2.1 92.6 +/- 2.2 21.3 +/- 1.6
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for the different n-alkanols and alkanoic acids in their 
work with adipic acid.

The threshold concentrations for poloxamers 188, 184, 
182 are 0.061, 0.13 and 0.23 % w/w respectively. This is
well demonstrated in Figure 4.2. and 4.3. where a definite 
decrease in 50% and 90% undersize is seen for each 
poloxamer at their particular threshold concentration. A 
structure / activity relationship is therefore apparent in 
that as the structure of the poloxamer changes through the 
series the poloxamer has a greater effect on the crystal 
size in the order 182, 184, 188.

In the first sizing procedures, poloxamer type 
crystals were dispersed in the mull prior to size analysis 
using sonication (see 2.2.3). This was done because only 
sonication successfully produced a complete dispersion of 
the poloxamer type crystals which tended to clump. Control 
type crystals were dispersed with a brush as described in 
2.2.2 because sonication tended to break the larger, more 
fragile crystals. Sonication was soon abandoned because of 
this problem and for all the sizing results displayed in 
Tables 4.2, 4.3 and 4.4 crystals were dispersed by
brushing. Although dispersion is then not so effective, 
(and therefore the results in Tables 4.2.,4.3. and 4.4. 
underestimate the effect of the poloxamers) it is adequate 
and there are no longer any discrepancies in the analytical 
procedures.
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The poloxamers used in this work have significantly 
different molecular weights (see Table 4.1) and so a 
consideration of the poloxamer concentrations used in terms 
of their molar concentrations is likely to be revealing 
about the relative effectiveness of the different
poloxamers. The three threshold concentrations in terms of 
molality (ie.moles per kilogramme) are 0.70 x 10-4, 4.5 x 
10-4, 10.5 x 10-4, for poloxamer 188, 184 and 182
respectively. A plot of the sizing results in which the
poloxamer concentrations are expressed in terms of molality 
is shown in Figure 4.4. This figure shows the greater 
effectiveness of poloxamer 188 particularly clearly. It is 
clear that because of the greater molecular weight of
poloxamer 188 it has a far greater molar activity than 
poloxamer 184 or 182.

a/i.Surface area determinations
The serious difficulties encountered initially in 

measuring crystal size led to an attempt to differentiate 
the different size distributions by measuring the surface 
areas of some of the different crystal batches. A 
Quantasorb Junior surface area analyser was used for this 
work. The powder being analysed was first cleaned of any 
surface contaminants by heating it in a Helium gas stream 
for 24 hours. The adsorption and desorption of nitrogen 
onto and from the surface of the powder was then measured 
by changes in thermal conductivity. The volume of gas 
adsorbed onto the surface was calculated by direct
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calibration.
Surface area values of 0.52, 0.51 and 0.45 m2g_1 were

determined for crystals prepared in the presence of 
poloxamer 188 at concentrations of 0.23, 0.09 and 0.046
%w/w respectively. These values were calculated using BET 
single point analysis theory. From these results it was 
seen that the technique was not sufficiently sensitive to 
differentiate between batches of crystals of clearly 
different sizes. No attempt was made to continue with this 
work as satisfactory sizing procedures were developed. The 
results were useful however when a vacuum microbalance 
study was subsequently undertaken.

b/ Effect on habit
A change in crystal habit has been noted previously 

(see section 3.2) and is again seen using poloxamers. 
Crystal habit changes from a platey nature when poloxamer 
is not present to prismatic when it is present. As the 
concentration of poloxamer in the crystallising medium 
increases the proportion of particles of platey habit 
decrease and more particles of a prismatic habit are seen. 
A microscopical assessment was made of at least two hundred 
crystals of well defined shape (ie. no broken crystals) in 
which the crystals were assigned to either shape category. 
These results are shown in Figures 4.5, 4.6. and 4.7. It
can be seen that the pattern of appearance of crystals of 
a prismatic habit follows that of the change in 50% 
undersize. The same threshold concentration is again seen
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for each poloxamer. In this case when the particular 
concentration is reached the percentage of crystals of 
tabular habit increases rapidly. It would appear therefore, 
that the reduction in size is as a result of the appearance 
of the smaller prismatic crystals as the percentage of 
poloxamer increases. Plate 9 shows the mixture of habits 
produced when crystallisation took place in the presence of 
poloxamer 188 at a concentration of 0.09% w/w and poloxamer 
184 at a concentration of 0.13% w/w.

In addition to assigning particles to either habit 
category, particles of each habit were analysed using the 
VIPER image analysis system described in section 2.2.1.1. 
Shape factors for each habit were derived from image 
analysis of at least one hundred particles of that shape. 
It can be seen from the shape factors in Table 4.5. that 
particles of a platey habit are less elongated and have a 
lower aspect ratio than particles of a more prismatic 
nature.

Habit changes usually arise as a result of a change in 
the growth rate of a particular face relative to the growth 
rates of other faces in the growing crystal. A possible 
mechanism for the habit change in this case is shown 
diagrammatically in Figure 4.8. It is assumed in this 
hypothesis that when no poloxamer is present faces A grow 
at the same rate whereas face B is the most slowly growing 
and so it is the dominant face. In three
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Table 4.5.Results of image analysis of crystals of 
prismatic habit.

Poloxamer type and 
concentration.

Elongation Aspect ratio

188, 0.23% w/w 0.421 + /- 0.16 1.63 +/- 0.35

184, 0.23% w/w 0.509 +/- 0.16 1.85 +/- 0.45

182, 0.23% w/w 0.533 + /- 0.15 1.92 +/- 0.49

188, 0.09% w/w 0.461 +/- .0.14 1.71 +/- 0.37

Tabl-e 4.6.Results of image analysis of crystals of platey 
habit.

Poloxamer type 
and concentration

Elongation Aspect ratio

188, 0.09% w/w 0.315 +/- 0.19 1.468 +/- 0.47

188, 0.046% w/w 0.230 +/- 0.14 1.288 +/- 0.22

184, 0.09% w/w 0.297 + /- 0.17 1.399 +/- 0.35

No poloxamer 0.159 +/- 0.07 1.179 +/- 0.10
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Figure 4.8.Diagrammatic scheme showing effect of poloxamer 
on crystal habit
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dimensions this produces crystals of a thin, platey 
character.

When poloxamer is present, the scheme in Figure 4.8. 
suggests that fast growing faces (C and D), that grow out 
of existence when no poloxamer is present, become dominant 
because their growth rates are inhibited by poloxamer. 
Photomicrographs and electronmicrographs on plates 6 and 8 
suggest that this explanation may be viable. X-ray 
crystallographic studies would help to indicate the 
usefulness of this argument.

In Table 4.5. and 4.6. it is seen that crystals of a 
prismatic habit produced using poloxamer 188 at a 
concentration of 0.23% w/w have shape factors quite similar 
to those of crystals with a platey habit. If it is assumed 
that poloxamers exert their effect by adsorption at crystal 
faces this suggests that at high concentrations of the most 
effective poloxamer less selectivity for a particular face 
is demonstrated. This further suggests that the poloxamers 
do not show complete selectivity for a particular face and 
that the growth rates of all faces are affected to some 
extent. This would also explain the overall reduction in 
crystal size discussed in the previous section.

The changes seen in crystal habit and size do not 
appear in an incremental fashion. Instead two distinct 
groups of particles of different nature are produced whose 
relative proportions change as the concentration of 
poloxamer in solution is altered. It could be expected that 
a gradual transition from large platey crystals to small
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crystals of prismatic habit would occur and that particles 
of an intermediate appearance would be seen.

The most likely explanation for this pattern of 
appearance of small, prismatic crystals seems to be as 
follows. On addition of water during a crystallisation 
process poloxamers adsorb onto the first crystals to appear 
and so they can not grow into large, platey type crystals. 
However, as the crystallisation process progresses a 
particular point arrives at which there is insufficient 
poloxamer present to coat newly forming crystalline 
material, and these crystals will grow into large, platey 
crystals. In this way 2 distinct groups of crystals are 
formed. The level of poloxamer necessary to prevent growth 
into’, large crystals is dependent on the poloxamer's 
affinity for crystal surfaces and therefore ability to 
prevent that crystal face growing. In this way a structure 
activity relationship exists.

The reduction in crystal size has been indicated in 
this previous discussion to be due to a reduction in 
crystal growth rates caused by the adsorption of poloxamer 
to crystal faces. However, a second mechanism to account 
for smaller crystals arises automatically as a result of 
this effect. If it is accepted that growth is inhibited by 
the presence of poloxamer then the supersaturation 
developed during crystallisation will not be depleted 
rapidly by crystal growth. A prolonged, raised 
supersaturation could then allow some degree of primary 
nucleation which would of course lower the average particle
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size. In section 3.1.b.2. it was considered unlikely that 
any significant primary nucleation occurred during this 
crystallisation process. However the presence of surfactant 
may increase the homogenous nucleation rate as already 
noted in section 4.1.2. Further arguments indicating the 
occurrence of primary nucleation are presented in section 
4 . 5 . 2 . b .

4.4.The effect of poloxamer size on crystal properties
In section 4.3. a relationship between the structure 

of the poloxamer and its effect on particle size and shape 
was noted. A decreasing rank order of effectiveness of 
poloxamer 188, 184, and 182 in changing crystal properties 
was seen. These molecules differ from each other 
structurally in that there is a decrease in molecular size 
and hydrophillicity across the series.

In the discussion above, it was assumed that the 
reduced crystal size and altered habit arose as a result of 
adsorption of poloxamer at particular crystal faces. The 
work of Weiisbuch et al (1986) has been noted previously 
wherein the effect of additives on crystallisation 
processes is related to molecular interactions between the 
additive and crystalline substrate. According to this 
theory therefore, the different poloxamers should adsorb to 
crystal surfaces to different extents due to differences in 
their molecular makeup. This would be related to their 
different hydrophillic / hydrophobic ratio causing 
different molecular associations at crystal surfaces.
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However, other studies have shown that adsorption of 
polymers at crystal surfaces is related directly to 
molecular size. Garvey et al (1974) for example studied the 
adsorption of polyvinyl alcohols at the polystyrene / water 
interface and showed that adsorption increased with 
molecular size. Furthermore as already mentioned 
Fairbrother and Grant (1978, 1979) showed that as the chain 
lengths of additives increased, adsorption onto crystal 
surfaces increased and a greater effect was seen on the 
crystal product.

It seems therefore that there are 2 viable 
explanations, based upon the structure of the poloxamers, 
to explain the structure activity relationship noted in the 
previous section. To determine which of the structural 
differences in the poloxamers is important in this 
particular situation a further 2 poloxamers were tested in 
the crystallisation process. These were poloxamers 238 and 
338 and along with poloxamer 188 they make another three 
membered series. In these poloxamers the polyoxyethylene 
percentage remains constant but the overall molecular 
weight changes. Because in this case the hydrophobic / 
hydrophillic ratio remains constant and the molecular 
weight changes the specific effect of poloxamer size can be 
investigated.

4.4.1.Experimental procedure

Once again a range of concentrations of poloxamer were 
prepared and added to the crystallising vessel. The
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resultant crystals were analysed to investigate any effect 
of the poloxamer on crystal size.

4.4.2.Results and discussion.
Across the concentration range of 0.23% w/w to 0.027% 

w/w used previously no differences in effect on crystal 
size or habit were noted between poloxamer 188, 238 and
338. That is, both poloxamer 238 and 338 showed the same 
threshold concentration of 0.061% w/w as poloxamer 188. The 
change in crystal size is also seen to be as a result of 
the appearance of smaller crystals of a prismatic habit. 
Some examples of the sizing results are shown in table 4.7.

However, once again a clearer picture of the molecular 
affinities of the different poloxamers can be derived by 
discussing the concentrations used in terms of molal 
concentrations. The different molal threshold 
concentrations are shown in Table 4.8. A rank order of 338, 
238, 188 in terms of molar activity can be seen.

This would suggest that the important structural 
criteria is the molecular size and that the difference in 
activity noted between poloxamer 188, 184 and 182 was due
to their different molecular sizes. However Figure 4.9. 
shows the threshold concentrations of all the poloxamers 
against molecular weight and from this plot it can be seen 
that the difference in effectiveness between poloxamers 
188, 238 and 338 is much less than the difference between 
188, 184 and 182. It seems therefore that although the 
molecular size partly explains the structure / activity
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Table 4.7.Effect of poloxamer molecular weight against 
crystal size I (micrometers)

Poloxamer
and
cone.%w/w

90%
undersize

50%
undersize

10%
undersize

188, 0.23 52.5 +/- 3.8 32.2 + /- 3.0 14.6 +/- 2.8
238, 0.23 51.4 +/- 4.2 31.6 + /- 2.9 15.0 +/- 1.3
338, 0.23 53.0 +/-2.1 33.1 + /- 1.8 14.1 +/- 2.9
188, 0.09 74.8 +/- 3.3 38.4 +/- 1.3 15.7 +/- 1.3
188, 0.046 98.8 +/- 4.0 53.7 +/- 1.9 23.0 +/- 1.7
338, 0.09 76.1 + /- 3.9 40.4 +/- 2.5 16.3 +/- 2.1
338, 0.046 102.1 +/- 

3.6
50.9 + /- 4.1 19.4 +/- 2.2

Table 4.8.Threshold concentrations (molality) of different 
poloxamers.

Poloxamer Cone, (molality x 10 A)
188 0.70
238 0.54
338 0.48
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relationship the critical factor in determining the
effectiveness of the poloxamer is the hydrophillic / 
hydrophobic balance. With this in mind it is interesting to 
consider the HLB values of the different poloxamers used. 
Poloxamers 188, 228 and 338 have very similar values of 29, 
28 and 27 respectively whereas poloxamers 184 and 182 have 
significantly lower values of 15 and 7 respectively. These 
values further suggest that it is the specific molecular 
character and not simply their size that determine the
effectiveness of the poloxamers in controlling crystal 
properties.

The precise nature of the interaction between
poloxamers and crystal faces is discussed further in 
section 5.3.4.

4.5.Variation of stirring rates and supersaturation
profiles
In Chapter 3 significant changes in the crystalline 

product were seen when the agitation system and rate 
changed and also when the when the rate of addition of 
water were changed. The results from these experiments 
helped to indicate which were the dominant crystallisation 
processes. With this in mind, these experiments were 
repeated using poloxamer.

4.5.1.Experimental procedures
All experiments were carried out using poloxamer at a 

final concentration within the crystalliser of 0.23 %w/w.
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This concentration showed the most significant effect and 
was therefore assumed to display, to the greatest extent, 
the processes leading to the appearance of crystals 
produced in the presence of poloxamers. The magnetic 
stirrer was used in the agitation rate study. All other 
experimental conditions were as in section 2.1.2. For the 
supersaturation profile studies the HPLC tubing was flushed 
through thoroughly with surfactant solution to reduce the 
possibility of any adsorption of surfactant to the walls of 
the tubing. All other experimental conditions were as 
described in section 2.1.2.

4.5.2.Results and discussion 
a/ Stirring rate

Size analysis results at 480, 820 and 1260 rpm are
shown in Table 4.9. There is no difference in particle size 
at the different stirring rates. In addition, 
microscopically, there is no evidence of particle breakage 
at the fastest stirring speed presumably because the 
smaller, more compact crystals are less fragile and so less 
susceptible to breakage. These results are contrary to the 
effect of stirring rate on crystal size when 
crystallisation takes place and no poloxamer is present. 
This point is discussed further in the next section.

b/Supersaturation profile
Size analysis results for various rates of addition of 

water and for extended stirring after pipette addition are
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given in Table 4.10. and 4.11. Photomicrographs of typical 
crystals produced by the extended addition of water are 
shown on plate 10.

From these results and from the photomicrographs it 
can be seen that if water is added more slowly a wider size 
distribution is produced. Although a size increase is 
obvious in each case it is not particularly reproducible. 
This may be because even though it was attempted to 
saturate the HPLC tubing with poloxamer some poloxamer may 
still adsorb and this may occur to different extents. The 
photomicrographs on plate 10 show that the increased size 
is, not in this case due to the appearance of an increasing 
proportion of larger crystals of a platey habit. In this 
case' it is simply due to the appearance of larger crystals 
of a prismatic habit. The sizing results in Table 4.11. of 
crystals produced by prolonged stirring after water was 
added with a pipette indicate that as in chapter 3 no 
change is seen in the crystals produced. Again it can be 
concluded that the changes seen in crystals produced by the 
prolonged addition of surfactant solution are as a result 
of the changed supersaturation profile and not simply the 
increased stirring times. - These results require a 
reassessment of the conclusions reached in chapter 3 with 
regard to the processes occurring during crystallisation. 
In chapter 3 it was hypothesised that the supersaturation 
produced by the rapid addition of water was sufficient to 
produce a very few crystals which then produced a large 
number of nucleii via a secondary nucleation process. The
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Table 4.9.Effect of stirring rate (RPM) on crystal size 
i (micrometers)

RPM 90%
undersize

50%
undersize

10%
undersize

480 52.3 +/- 2.7 33.6 + /- 1.8 15.0 +/- 3.1
900 52.5 + /- 3.8 32.2 + /- 3.0 14.6 +/- 2.8
1260 54.9 + /- 2.6 33.6 + /- 2.7 15.3 + /- 2.3

Table 4.10.Effect of rate of water addition (G min 1) on
crystal size |(micrometers)

G min-1 90%
undersize

50%
undersize

10%
undersize

0-4 80.9 +/- 9.5 44.1 + /- 4.6 20.1 +/- 2.4
1.7 73.9 +/- 2.9 43.4 + /- 1.7 20.0 +/- 0.8
1.6 89.2 +/- 4.4 53.4 +/- 2.1 23.8 +/- 1.8
1.7 71.6 +/- 1.6 39.3 +/- 0.7 19.6 +/- 0.7

Table 4.11. Effect of extended residence (minutes) time on
crystal size '(micrometers)

Residence
time

90%
undersize

50%
undersize

10%
undersize

5.0 53.6 +/-2.6 32.2 +/-3.0 15.7 +/-0.3
16.5 54.2 +/-4 . 4 33.8 +/-2.8 16.5 +/-1.4
60.0 52.3 +/-1.9 30.7 +/-1.2 15.0, +/-0.8
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supersaturation produced by rapid addition of water allowed 
these crystals to grow to large crystals showing a platey 
habit. When water was added slowly high levels of 
supersaturation did not occur so crystal growth was not 
seen to such a great extent and smaller crystals of 
prismatic habit were produced. It was suggested that the 
slower growth rates produced by a lower supersaturation 
allowed the new crystal faces on the tabular crystals to 
become visible (see Figure 4.8.).

If these mechanisms occurred during the 
crystallisation of EHB in the presence of poloxamer then 
when water was added slowly, as in the discussion in the 
previous paragraph, smaller particles would be produced. 
Instead, larger particles are seen. A likely explanation 
for this result is that in the presence of surfactant, 
primary nucleation is possible to a significant extent. 
This would occur by a reduction in the surface energy per 
unit area term in equation /l. 11. A similar explanation was 
offered by Stefen (1988) in relation to his work using 
poloxamer 188 as discussed in section 1.3.

However, when poloxamer solution is added slowly the 
supersaturation is now not sufficient to allow primary 
nucleation to the same extent. Less particles are therefore 
produced onto which growth can occur and so larger 
particles are produced. Particles are still of a prismatic 
habit because poloxamer is still bound preferentially to 
faces C and D in Figure 4.8.

If primary nucleation does occur in the presence of
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poloxamers, this would also explain the results from
section 4.5.2. In this section it was noted that the 
stirring rate did not have any significant effect on 
crystal properties. In section 3.1.b. however it was seen 
that when no poloxamer is present during crystallisation, 
as the stirring rate increases then the crystal size
decreases. This was assumed to happen because secondary 
nucleation was the dominant process during crystallisation 
and, as noted in section 3.1.b. it is particularly 
sensitive to stirring rate. If poloxamers do increase the 
primary nucleation rate, as argued above, then it appears 
that secondary nucleation is a less important function when 
crystallisation takes place in the presence of surfactant. 
Although primary nucleation can be affected by stirring 
rate it is not such a critical variable to the process, and 
so crystal size would not be expected to change 
significantly as the stirring rate changed.

4.6.The effect of poloxamer on the surface characteristics 
of ethvl-p-hvdroxvbenzoate

4.6.1.Introduction
Many reports investigating the effect of altered 

crystallisation conditions on crystal properties report 
changes in dissolution rates and from these measurements
make deductions about surface properties. Chow et al.
(1985) for example suggested that the observed increases in 
dissolution rates as a result of crystallising
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acetaminophen in the presence of p-acetoxyanilide may be as 
a result of the different surface characteristics of the 
new crystal habit.

In the new crystal habit the relative importance of 
different faces is changed. It is likely that different 
faces have different polarities due to the different 
conformations of molecules at that crystal surface and if 
this is the case then a different dissolution rate could 
result as the habit changed. This simple explanation is 
complicated however, by the fact that the dissolution rate 
is affected by other factors such as altered specific 
surface area, different hydrodynamic behaviour within the 
dissolution tester due to altered shape and habit and 
changes in dislocation density. All these factors may be 
controlled by the effect of the additive on crystal 
properties and so it is difficult to ascribe an observed 
change in dissolution rate to one particular factor with 
any certainty.

It was decided therefore to make a more direct 
measurement of a crystal's surface characteristics. To do 
this it was planned principally to measure the contact 
angles of crystals produced under different crystallisation 
conditions. This has been done previously by Hansford et al 
(1980) who measured different contact angles for 
griseofulvin samples that were prepared under different 
crystallisation and grinding conditions.
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4.6.2.Experimental procedures
The experimental procedures followed are set out in 

section 2.2.6. Contact angles were determined for EHB as 
received, control type crystals and crystals produced in 
the presence of poloxamer 188 at a concentration of 0.23% 
w/w. Crystals produced using poloxamer were washed 
thoroughly with a saturated solution of EHB to attempt to 
remove any poloxamer adhering to the crystal surface which 
might affect the result. To ensure that this procedure in 
itself did not affect the measurement several of the 
control type crystal yields were also washed in saturated 
solution of EHB.

4.6.3.Results and discussion
The results, shown in Table 4.12, are the average of 

five replicates of each measurement. It can be seen from 
the results that water forms a much lower contact angle 
with crystals of EHB when they are produced in the presence 
of poloxamer than when poloxamer is not present in the 
crystallising medium. Using the student's t-test the 
results are seen to be significantly different. This shows 
that the crystal surface is different when crystals are 
produced in the presence of poloxamer and suggests that the 
newly developed faces confer a more polar nature on the 
crystals. Furthermore it can be seen that the contact angle 
for EHB as received is between the other two values.
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Table 4.12.Effect of crystal treatment on contact angle

Sample Contact angle (+/- SD)

Poloxamer 188, 0.23% w/w. 34.1 ° +/- 1.8

Control type crystallisation 40.0 ° + /- 2.9

EHB as received 36.9 ° + /- 1.2

Since both control type crystals and crystals produced 
in the presence of poloxamer are crystallised in exactly 
the same fashion they are likely to have the same defect 
density within their crystal lattices. This means that the 
observed differences in contact angles can be ascribed with 
more confidence to the development of new crystal faces 
that are developed when poloxamer is present in the 
crystallisation medium.

4.6.4.Vacuum microbalance study
The vacuum microbalance technique allows an assessment 

of a powder's wettability and could confirm and extend the 
contact angle measurements reported in the previous 
section.

4.6.4.1.Experimental procedures

The method used was that described in section 2.2.7. 

Crystals produced using poloxamer 188 at a concentration of 

0.23% w/w and at 0.04 6': w/w were studied using this system.
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4.6.4.2.Results and discussion

Although qualitatively it appeared that crystals 
produced using poloxamer had a greater water uptake it was 
not possible to produce any reproducible results. Several 
problems were encountered with the use of EHB in this 
system. The EHB samples used in this study have a very low 
surface area (see section 4.3.1.a/i) and as a result water 
uptake was barely significant and could not be reproduced. 
Another problem encountered was that under a strong vacuum 
EHB vaporised and so a steady baseline could not be 
produced. Nonetheless with a different material this system 
could be very useful to quantify changes in the nature of 
the crystal surface produced under different 
crystallisation conditions.

As mentioned previously subtle changes in a material's 
surface can have very significant effects on its behaviour. 
Such minor changes can however be difficult to measure 
(York, 1983). Techniques such as this vacuum microbalance 
could be very useful to detect these surface modifications. 
Other techniques such as measuring a powder's heat of 
immersion and assessing it using flow microcalorimetry 
could also be of value.
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Plate 1. Control type crystals .a t two different  

mag nif ic at ion s.

a) x 137.5 m a g n i f i c a t i o n

100 microns

b) x 625 m a g n i f i c a t i o n

50 microns
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P la t e  2. C r y s t a l s  p r o d u c e d  u i s i n g  the p r o p e l l e r  s t i r r e r

at s t i r r i n g  ra t e s  of a. 500 rp m and b. 800 rpm.

a) x 137.5 m a g n i f i c a t i o n

I------\
100 m i c r o n s

b) x 137.5 m a g n i f i c a t i o n

100 m i c r o n s
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Plate 3. Cr ys tal s produ ce d u sin g the pr o p el l e r stirrer 

at a stir ri ng rate of 1300 rpm.

x 137.5 m a g n i f i c a t i o n

100 microns  I----- 1
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Plate 4 C r y s t a l s  p r o d u c e d  by e x t e n d i n g  the s u p e r 

s a t u r a t i o n  pr ofile.

x 137.5 m a g n i f i c a t i o n

100  mi c r o n s  
I----- 1

x 137.5 m a g n i f i c a t i o n

100 m i c r o n s

x 625 m a g n i f i c a t i o n  

50 m ic r o n si----------- -1
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Plate 5. Cr yst al s pr od uc e d in the pres enc e of polox am er  

188 at a conc. of 0.23% W /w.

x 137.5 m a g n i f i c a t i o n

100 microns l----- \
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Plate 6 . Crystals produced in the presence of poloxamer 

188 at a conc. of 0.23% W /w

x 625 mag ni fic ati on

50 microns
I------------
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Plate 7. E le c tr o m i c r o g r a p h s  of control type crystals 

at two di ff erent ma g nif ica ti ons .
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Plate 8 Electromicrograph s of crystals produced in the

p r e s e n c e  of p o l o x a m e r  188 at a conc. of 
w0. 23%  /w at two d i f f e r e n t  m a g n i f i c a t i o n s .
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Plate 9 Crystals produced in the presence of
wa. polox am er  188 at a conc. of 0.09% /w 

and b. po loxamer 184 at a conc. of 

0.13% W /w.

a .

x 137.5 m ag n i fi cat io n  

100 microns
I----- *

b.
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Plate 10. Cryst als  pr oduced In the presence of poloxamer 
and an extended su p er sa t ur a t io n  profile.

x 137.5

100 microns
t------ 1
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Chapter 5

Investigation into the Possible Mechanism of Action of 
Poloxamers

In the previous chapter the effect of various 
poloxamers on the size, shape and surface characteristics 
of crystals of ethyl-p-hydroxybenzoate was demonstrated. In 
that chapter it was proposed that the observed changes came 
about as a result of poloxamer adsorbing to crystal faces 
and inhibiting growth rates. This hypothesis is 
investigated in this chapter as well as several other 
possible mechanisms.

5.1.Calorimetric studies of crystals

5.1.1.Differential scanning calorimetry
Differential scanning calorimetry (DSC) is a useful 

means of detecting changes in the solid state of crystals. 
Its use in this piece of work would be particularly useful 
to indicate whether the observed changes arose as a result 
the inclusion of poloxamer within the crystal lattice. It 
would also show if the altered crystallisation environment 
produced by the presence of poloxamer caused polymorphic or 
solvate formation.

5.1.1.1.inclusion of additive within the crystal lattice
Several studies have suggested that an observed change
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in crystal habit arises as a result of additive inclusion. 
Fairbrother and Grant (1979) demonstrated the presence of 
additive within the crystal lattice by means of progressive 
dissolution experiments. These experiments showed the 
presence of additive throughout the crystal lattice and 
they suggested that competition between additive and solute 
molecules fluxing towards the crystal faces will inhibit 
crystal growth at that face.

Other studies have been carried out since which used 
DSC to demonstrate the presence of additive within the 
lattice and held this responsible for changes in crystal 
form. Using DSC Chow et al (1984) showed changes in melting 
points and heats of fusion when crystallising adipic acid 
in the presence of n-alkanoic acids. By radiolabelling 
these acids, uptake into the crystal lattice was 
demonstrated. Inclusion into the crystal lattice was said 
to be responsible for the changes in heat of fusion and 
melting points and also for changes in crystal habit. In a 
similar study into the incorporation of 3-acetoxymethyl-5- 
5-diphenylhydantoin into phenytoin crystals, Chow et al 
(1991) linked a decrease in heat of fusion, as the additive 
was incorporated, with a change in crystal habit.

5.1.1.2.polymorphic or solvate change
It is well known that a polymorphic transformation can 

change most of a crystal's physicochemical properties 
including habit (Haleblian and McCrone, 1969) . Garti et al
(1982) produced different polymorphic forms of stearic acid
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by altering the solvent from which it was crystallised and 
also by adding surfactant to the crystallising medium. 
According to the crystallisation conditions employed they 
could produce three different forms of stearic acid. These 
were identified using thermal analysis and powder x-ray 
diffraction.

DSC, usually coupled with thermogravimetric analysis 
(TGA), has also been used to demonstrate the appearance of 
solvates or hydrates which may occur after changes in the 
crystallisation conditions. Changes in hydrate form can be 
seen as a change in crystal size or habit. For example 
Marshall and York (1989) produced crystals of a needle-like 
habit from a formic acid/water solvent mixture whereas 
tabular particles were seen when crystallisation took place 
from formic acid alone. Using DSC crystals of a needle-like 
habit showed two endotherms whereas crystals of a tabular 
habit showed only a melting endotherm. TGA indicated a 
discreet weight loss at the same temperature as this 
additional endotherm in the needle-like crystals and the 
authors concluded that the formation of needle like 
crystals indicated the presence of a hydrate.

5.1.2. Experimental procedure
The experimental procedures used were those described 

in section 2.2.4. An initial rapid scanning run at 10°C per 
minute over the range 40 to lSO^C followed by a slower 
heating rate study (2;C per minute) for any area of 
interest.
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5.1.3.Results and discussion

DSC analysis at 10CC per minute of some of the crystals 
produced in the early stages of this work showed a very 
gradual endothermic response at around 80°C. Subsequent 
analysis at 2°C per minute between 75 and 85°C revealed 
nothing noteworthy. Since the boiling point of propan-2-ol 
is 82.3°C and because of the gradual nature of this response 
it was assumed to be due to evaporation of surface bound 
propan-2-ol.

Crystals produced in the early stages of this work 
were not dried under vacuum whereas all later drying 
procedures employed a vacuum oven. This gradual response 
around 80°C was not seen in later work and so it was assumed 
that- the vigorous drying conditions used in later work 
removed surface bound propan-2-ol more effectively.

Scans of all crystals produced when a vacuum oven was 
used for the drying procedure showed only one sharp melting 
endotherm when scanning between 50 and 130°C at 10°C per 
minute. No differences were seen between crystals produced 
using any of the poloxamers (188, 184 and 182) at various
concentrations (0.23 to 0.046% w/w), control type crystals 
and the EHB as received. Values are presented in Table 5.1. 
showing melting points, heats of fusion and purities of 
crystals produced using poloxamer 188 at three different 
concentrat ions and of control type crystals. In Figure 5.1. 
a scan of crystals produced in the presence of poloxamer 
188 at a concentration of 0.23 iw/w is presented. Values 
for purity and heats of fusion were obtained by scanning at
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Table 5.1. Table showing effect of poloxamer 188 
j concentration on heat of fusion, % purity and. 

melting point.

concentration Heat of 
fusion 
(kj mol-1)

% Purity Melting
point

(°C)

Poloxamer
188

0.2 3%w/w

25. 9 99. 61 114.28

Poloxamer
188

0.0 9%w/w

26.0 99.61 114.45

Poloxamer
188

0.04 6%w/w

26.1 99. 62 114.26

Control
crystals

25. 9 99.40 114.21



60.00 
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80.00 
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100.00 
110.00 

120.00 
130.00 

140.00

Temperature (C)

Figure 5.1.DSC trace of crystals produced in the presence 
of poloxamer 188 at a concentration of 0.23 %w/w.
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01 M-
-vl CD
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2°C per minute between 100 and 120°C and are the average of 
at least three replicates. The melting point values 
presented were obtained by heating at 10°C and again are an 
average of three replicates.

It is assumed from these results that because there 
are no significant changes in the melting point, heat of 
fusion or percentage purity when any of the poloxamers are 
present during crystallisation, poloxamer is not occluded 
into the crystal lattice to any significant extent. The 
changes in crystal size and habit described in chapter 4 
are therefore not due to poloxamer being integrated into 
the crystal.

Furthermore, although DSC does not categorically 
detect a solid state transition, because no response other 
than a melting endotherm was seen throughout the DSC 
studies it seems unlikely that a solvate or polymorph has 
formed. In addition a literature survey discovered no 
previous reports of polymorphism in EHB. A solid state 
transition can not therefore be held responsible for the 
size and shape changes seen using poloxamer.

It must be remembered however that integration of an 
additive fully into the lattice is not necessary to inhibit 
crystal growth. Adsorption onto crystal faces at sites of 
attraction without integration to the crystal lattice can 
just as effectively hinder growth at that face. Berkovitch- 
Yellin et al (1985) showed that the inclusion of an 
additive within a crystal lattice is dependent on the 
changes in bond strength between the additive and
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crystallising molecules. The lesser the change in bond 
strength then the greater is the integration of the 
additive. This paper also showed however, that a pronounced 
effect on crystal habit was produced by additives that were 
not incorporated into the lattice to a significant extent.

In the work by Chow et al (1991) discussed in the 
introduction to this section, 3-acetoxymethyl-5- 
diphenylhyydantoin is a potential prodrug of phenytoin. 
This structural similarities would be likely to promote 
integration of the additive molecule whereas the inclusion 
of such large molecules as the poloxamers would be less 
likely. Similarly the integration of relatively small n- 
alkanoic ’"acid molecules (Chow et al, 1984) would be simpler 
than'the integration of the larger poloxamer molecules.

5.1.2.Solution calorimetry
Solution calorimetry has been used in a number of 

studies to investigate crystal form. It has been used to 
calculate a disruption index to indicate the disruption 
caused by the inclusion of additives within a crystal 
lattice (Grant and York, 1986). In this study, differences 
in the enthalpy of solution ( H sl:n) were seen in crystals 
produced in different concentrations of additive. It is 
noted in this paper that solution calorimetry has a 
significant advantage over DSC in that it measures 
reactions occurring at ambient (although still controlled) 
temperatures. In this way any responses that are measured 
are "real" responses and are not affected, as in the case
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of DSC, operating at raised temperatures.
A study by Preston et al (1991) used solution 

calorimetry to demonstrate solid state changes occurring in 
cephalexin powder after various lengths of prolonged 
milling. The authors showed that as milling time increased, 
heat of solution decreased and changed from being an 
endothermic to an exothermic response. This study showed 
the particular benefit of this technique in that no 
differences were detected between samples using powder x- 
ray diffraction. Solution calorimetry, therefore, has the 
potential to detect subtle changes in physicochemical form. 
The importance of such minor changes are stressed by York
(1983) as these changes in form can have significant 
consequences for a powder's subsequent behaviour.

5.1.2.1.Experimental procedures
The experimental procedure and the calculation of H sltn 

were described in section 2.2.5. The calorimeter and 
procedure were verified by measuring the heat of solution 
of potassium chloride. Experimental values were within the 
range of published literature values. Heats of solution of 
the following three samples were measured: i) control type 
crystals, ii) crystals produced using poloxamer 188 at a 
concentration of 0.23% w/w and iii) of these same crystals 
washed thoroughly by a saturated solution of EHB. 
Occasionally vials did not break cleanly when the hammer 
was released (see Figure 2.3) and in such cases a very slow 
response was seen. The traces produced in these cases were
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ignored because their appearance was dominated by the slow 
and irregular release of powder from the ampoule.

5.1.2.2.Results and discussion
When the ampoules were broken and the powder released 

an endothermic response was seen indicating heat is 
required to effect solution. The results shown in Table
5.2. are an average of five replicates. It can be seen that 
control type crystals show greater values of H sltn than 
crystals produced in the presence of poloxamer. Crystals 
produced in the presence of poloxamer that have been washed 
however, have values similar to control type crystals. 
Using the student's t-test it was seen that values of type 
i) and type iii) crystals were significantly different from 
values for type ii) crystals.

Various studies have shown an increased dissolution 
rate of crystals produced in the presence of surfactant 
indicating a more favoured process for such crystals 
(eg.Chiou et al, 1976) . One explanation often suggested in 
these situations is that as surfactant molecules are built 
into the crystal lattice crystal defects are produced. This 
is said to increase the thermodynamic instability within 
the crystal lattice and so increases the dissolution rate. 
If in this case the inclusion of poloxamer molecules within 
the crystal lattice (thereby producing crystal defects) 
produced thermodynamic instability a lower H sltn would be 
seen for crystals produced in the presence of poloxamer. 
From the results it can be seen that this is the case for
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Table 5.2. Table of results from solution calorimetry 
studies.

Sample
description

Heat of solution 
(J g"1)

i

; Sample i
i
i
i

142.3 +/- 6.9

. Sample ii 156.6 + /- 8.7

Sample i

157.8 +/- 9.4

Sample i: Crystals produced in the presence of 0.23% w/w 
Poloxamer 188.

Sample ii: Control type crystals.
Sample iii: Sample i crystals washed thoroughly with a 

saturated EHB solution.
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sample ii) but not sample iii). Since samples ii) and iii) 
were produced under the same conditions the defect density 
in each set of crystals is likely to be the same. (It is 
unlikely that washing the crystals will change the defect 
density within the crystal lattice). Furthermore the DSC 
studies described in section 5.1.3. showed no evidence of 
crystal lattice disruption as a result of crystallising in 
the presence of poloxamer. Therefore the reduced H sltn in 
sample ii) can not be ascribed to an increased defect 
density within the crystal lattice.

Another explanation offered by Chiou et al (1976) for 
the increased dissolution rate of crystals produced in the 
presence of surfactants also has relevance to this 
particular situation. They suggested that surfactant 
molecules adhered to crystal surfaces after 
crystallisation. Their presence increased the ease with 
which crystals are wetted and in this way the dissolution 
rate became greater.

The figure calculated for H slcn is a composite figure 
arising from the sum of various physicochemical processes, 
one of which is the heat of wetting. Using similar 
reasoning to Chiou et al (1976) , because of the presence of 
surface adhering surfactant molecules, the heat of wetting 
is reduced and so the overall heat of solution will be 
lowered. Presumably the reduced H s>r seen with sample ii) 
is not seen with sample iii) because the washing process 
removes surface adhering poloxamer.

Alternatively when crystals of sample ii) dissolve the
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surfactant molecules adhering to crystal surfaces will also 
pass into solution. It could be that once in solution they 
interact with solvent or solute molecules in such a way as 
to cause a reduction in the enthalpy of solution. In this 
way a lower H sitn would also result.

Type i) and type iii) crystals produce the same heat 
of solution in water. When crystals are produced in the 
presence of poloxamer new crystal faces are formed and, as 
shown by measurements of contact angle, these are seen to 
confer a different polarity on the crystal. Because of this 
it might be expected that type iii) crystals would show 
differences in H sltn.

This anomaly can also be discussed in terms of the 
composite form of the measured H sltn. In other words there 
may in fact be enthalpic differences between the 
solute/solvent interactions of type i) and type iii) 
crystals but they are hidden by other enthalpic processes 
occurring during the dissolution process. The breakup of 
the crystal lattice is likely, for example, to be a more 
significant enthalpic event than the wetting process, and 
it could mask small differences in heats of wetting.

This study shows that after washing type ii) crystals 
with a saturated solution of EHB no differences in enthalpy 
of solution between the resulting crystals (type ii) and 
type i) crystals were seen. This implies surface adsorption 
of poloxamer during crystallisation to produce the changes 
seen in crystal form. That is, poloxamer molecules are 
adsorbed onto specific newly formed faces of EHB crystals
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and in this way inhibit integration of EHB molecules and so 
reduce the growth rate at that face. As discussed 
previously because of the large size of poloxamer molecules 
they can not be integrated to the crystal lattice 
(Berkovitch-Yellin, 1985) and in this way no changes were 
seen using DSC. Furthermore, these results indicate that 
the washing process effectively removes any adsorbed 
surfactant molecules. This means that the contact angle 
results of type iii) crystals reported in section 4.6. are 
not seen because of adsorbed surfactant molecules but are 
instead a genuine effect of the newly developed crystal 
faces.

5.2.Investigation into bulk solution properties

5.2.1.Viscosity
As mentioned in section 4.1.2. El-Bary et al (1990) 

noted that the presence of surfactant in the 
crystallisation medium will change the viscosity of the 
solution and that this could change the nature of crystals 
produced. Furthermore, the viscosity of the crystallisation 
medium is mentioned in many crystallisation textbooks as an 
important variable in the crystallisation process. Viscous 
solutions will hinder the diffusion of solute molecules to 
crystal surfaces and so reduce growth rates (Reynolds, 
1963). Buckley (1951) also suggests that viscous solutions 
can produce abnormal crystal forms and habits.
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5 .2.1.1.Experimental details

| Dynamic viscosities were measured at 30°C (the 
crystallisation temperature) using method I from the 
British Pharmacopoeia (1988, volume 2). This method uses a 
U-tube apparatus immersed in a Townsend and Mercer 
viscometer water bath which controls temperature to within 
+ /- 0.01°C. It involves measuring the time' taken for a 
particular volume of the liquid under consideration to pass 
through a capillary tube of particular length and diameter. 
An appropriate U-tube is chosen according to the 
approximate viscosity of the solution being measured. In 
this case a type B U-tube was used: this tube has a
capillary of internal diameter of 0.71mm and length 87 +/- 
4mm and the time taken for 5mls of solution to pass through 
this capillary is measured.

Calculation of viscosity in pascal secs from triplicate 
measurements of time is done using the following 
relationship;

1] =Kpt /5 . 1.
where, I] is thej dynamic viscosity , p is the solution 
density, t is the time for the solution to pass through the 
capillary and K is a constant dependent on the U-tube. 
Densities were measured using density bottles at 30°C. To 
eliminate K from the relationship the time for the passage 
of distilled water is determined. Because its density and 
viscosity are known from published values the | dynamic ' 
viscosity of the solution can be determined from the 
following relationship;
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I]=I]wPt / Pwt* /5 . 2 .
where I]w is the dynamic viscosity of water at 30°C/ pw is 
the density of water at 30°C and tw is the time for water to 
pass through the capillary tube. Viscosities of poloxamers 
188 and 182 were determined at three different
concentrations.

5.2.1.2.Results and discussion
The results are shown in Table 5.3. and it can be seen 

that solutions of poloxamer 188 have a greater viscosity 
than solutions of poloxamer 182. In addition, viscosity is 
clearly concentration dependent in the case of 188. Such a 
dependency is less evident in the case of 182. Of the 
poloxamer 182 solutions studied a significant effect on 
crystal appearance was seen only at a concentration of
0.23% w/w. If viscosity were to be the decisive factor in
determining the nature of the crystals produced in the
presence of surfactant then it would be expected that the 
viscosity of a solution of 182 at a concentration of 0.23 
%w/w would therefore be significantly greater than lower 
concentrations. This is not the case and so it can be 
assumed that the viscosity of the different surfactant 
solutions is not crucial in producing the altered crystals 
seen in the presence of poloxamer.

Furthermore from a consideration of crystallisation 
theory and the crystallisation events taking place in this 
crystallisation procedure this is a sensible conclusion. As 
discussed in Chapter 1 crystal growth is considered to be
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Table 5.3. Viscosity of various poloxamer solutions

Solution Viscosity 
(Pa s xlO"3)

Poloxamer 188,
0.23% w/w 

*

1.558

Poloxamer 188, 
0.15% w/w

1.537

Poloxamer 188, 
0.09% w/w

1.520

Poloxamer 182, 
0.2-3% w/w

1.514

Poloxamer 182, 
0.15% w/v̂

1.511

Poloxamer 182, 
0.09% w/w

1.510
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a two step process of diffusion of solute molecules to 
crystal surfaces and their subsequent integration into the 
crystal lattice. It was noted that above a certain stirring 
rate diffusional resistance to growth is eliminated and no 
further increase in growth rate would be seen if the 
stirring rate was increased further. In the crystallisation 
process used in this work stirring is rapid and from the 
results discussed in 3.1.b. it can be assumed that there is 
no diffusional resistance to growth. In conditions of such 
rapid stirring and therefore minimal diffusional 
resistance, growth processes are likely to be insensitive 
to changes in viscosity.

5.2.2.Supersaturation
It is well known that surfactants can increase a 

solute's solubility. If the presence of poloxamers 
increased the solubility of EHB then the supersaturation 
achieved during the crystallisation process would be 
reduced. In Chapter 1 the importance of supersaturation in 
controlling the different crystallisation processes (eg. 
nucleation rates, growth rates) was emphasised. Furthermore 
during the course of this work changes in the 
supersaturation profiles operating during crystallisation 
have affected the crystals produced. It is obviously 
important, therefore, to consider whether the changes in 
crystal form arise simply because poloxamers change the 
solubility of EHB and therefore the supersaturation
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operating during crystallisation.

No studies seem to have been carried out into the 
specific affect of poloxamers on the solubility of EHB. 
However, Collett and Tobin (1979) showed that poloxamers 
increased the solubility of a series of para- substituted 
acetanilides. This study showed that the measured change in 
solubility was dependent on both the nature of the 
poloxamer and the solubilisate. The solubility of a series 
of p-hydroxybenzoate esters has also been shown to increase 
in the presence of polyoxyethylene surfactants (Goodhart 
and Martin, 1962). It seems likely therefore that the 
solubility of EHB will be changed in the presence of 
surfactants.

5.2.2.1.estimation of solubility
It was not possible to make a direct measurement of 

solubility because whilst stirring a propan-2-ol / water 
solution of poloxamer with excess EHB a milky white, turbid 
solution formed which could not be filtered easily. An 
appearance similar to this was seen when surfactant 
solution was added to the crystallisation medium during 
crystallisation.

The cloud point of surfactant solutions is the 
temperature at which desolvation occurs and the surfactant 
"clouds" out of solution. The cloudy appearance seen in 
this particular situation does not seem to be related to 
this phenomenon as it was only seen when poloxamer and EHB 
were present in solution together. This point is discussed
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further in the next section.
To overcome this difficulty an estimation of 

solubility was made from the yields retrieved during 
crystallisation. This can be seen to be a reasonable 
approach by comparing the yield retrieved during a control 
type crystallisation and the measured solubility of EHB at 
a propan-2-ol mole fraction of 0.04.

As shown in Figure 2.1. the solubility of propan-2- 
ol/water solvent mixture at a mole fraction of 0.04 is 
0.427% w/w and so, during a crystallisation procedure the 
theoretical yield should be 338.4mg. As can be seen from 
Table 5.4. the average yield of a control type
crystallisation is 316.lmg. It is a reasonable assumption 
therefore, that this discrepancy (6.6% of the theoretical 
yield) is simply due to losses during filtering and
collecting. By using this 6.6% loss figure the theoretical 
yields can be calculated as shown below;

Yield + 0.066x(theoretical yield) = Theoretical yield 
ie. Theoretical yield = Yield / 0.934 /5.3.

From the theoretical yields (displayed in Table 5.4.) 
solubilities can be calculated easily as can values for 
relative supersaturation. These are displayed in Table 5.5. 
This method of calculating solubilities assumes, of course 
that equilibrium has been reached when filtering takes 
place. Again this seems a reasonable assumption because
during extended residence time studies (see section 4.3.)
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no increase in yields were noted after prolonged stirring.

5.2.2.2.Results and discussion
From Table 5.4. it can be seen that 182 has the 

greatest affect on solubility particularly at the highest 
concentration. All three poloxamers at all concentrations, 
however, do seem to increase the solubility. In section
3.2.2. control type crystals were seen to be smaller when 
conditions of lower supersaturation applied. In this case 
also, as the supersaturation decreases crystals become 
smaller. However if this explained the changes seen in 
crystal size and shape when crystallising in the presence 
of poloxamer crystals produced in the presence of poloxamer 
182 should produce the smallest crystals. This is not the 
case and so it seems that although poloxamers obviously 
affect the solubility of EHB and therefore the 
supersaturation applying during crystallisation this is not 
the dominant effect that changes the crystal size and 
shape.

A reduced supersaturation (as a result of extending 
the addition time of poloxamer solution) when crystallising 
in the presence of poloxamer 188 was also seen in section
4.3. to produce slightly larger crystals. It was 
hypothesised in that section that the presence of poloxamer 
could increase primary nucleation but that in conditions of 
reduced supersaturation this effect would be less obvious. 
Poloxamer 182, at a concentration of 0.23% w/w, because of 
its very significant effect on solubility has a far greater
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Table 5.4.Table of yield (milligrams) against 
poloxamer concentrations.

various

Concentra 
tion (% 
w/w)

Poloxamer 
188 yield

Poloxamer 
184 yield

Poloxamer 
182 yield

0.23 267.3 177.3 129.6

0.15 285.9 /210.9 214 .1

0.13 281.6 255.0 262.3

0.09 318.0 295.6 273. 6

0.046 319.1 314.2 299.8

Table 5.5.Table showing estimated solubilities (% w/w, 
Ceq)against poloxamer type and concentration (%w/w). 
relative supersaturations (o).

Poloxa
mer

Poloxamer
188

Poloxamer
184

Poloxamer
182

Cone. 
(%w/w)

ceq 0 ceq 0 Ceq 0

0.23 .52 0.79 0. 66 0.39 0.73 0.2

0.09 .46 1.02 0.49 0.88 0.52 .76

0.046 .45 1 . 02 0.46 0. 99 0.48 0.9

and
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effect on the effective supersaturation during 
crystallisation than 188 and 184. This could explain why 
even at the highest concentration of poloxamer 182 a 
similar effect on size reduction as seen with poloxamer 188 
and 184 is not seen.

5.2.3.Complexation and micellar formation
The increased solubility caused by surfactants is 

often related to micellar formation. Various attempts have 
been made to determine poloxamers' critical micellar 
concentrations (CMC) but the values determined are not 
necessarily in close agreement (Schmolka, 1977). 
Furthermore most of these studies are carried out in an 
aqueous environment. The applicability of such studies to 
this situation is doubtful.

Complex formation, not necessarily associated with 
micellar formation, between surfactant molecules and solute 
molecules has also been noted in the past. This is of 
particular importance to p-hydroxybenzoate esters in their 
use as preservatives as any reduction of their free 
concentration will reduce their preservative efficacy 
(Patel and Kostenbauder, 1958). Patel and Kostenbauder 
(1958) associated this complexation with an increase in 
solubility. Marcus et al (1956) described an interaction 
between various phenolic compounds and poloxamers which in 
some circumstances is seen as a cloudy precipitate which 
gradually settles. Goodhart and Martin (1962) also noted 
that a cloudy solution is often seen in the presence of
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surfactants and solute.

Although no attempt was made to determine the CMC of 
the various poloxamers in this propan-2-ol/water solvent 
mixture it seems more probable that the increased 
solubility is seen as a result of molecular association 
between poloxamer and EHB molecules. This could also 
explain the observed cloudiness of solution on addition of 
poloxamer solution and the difficulty of filtering 
solutions when attempting to derive the equilibrium 
solubility of EHB in propan-2-ol/water surfactant 
solutions. As noted previously this cloudiness was only 
seen in the presence of both EHB and poloxamer; that is it 
was not seen when poloxamer or EHB was present alone with 
the solvent mixture.

Another possible explanation for the increased 
solubility of EHB in the presence of poloxamers could be 
the formation of an "emulsion like" system caused by the 
splitting of the solvent mixture. If propan-2-ol and water 
dissociate in the presence of poloxamers it is likely that 
EHB would partition into the propan-2-ol phase and an 
increase in solubility would result. Poloxamer 182 has the 
lowest HLB value and so it would be likely that it would 
show the greatest affinity for the more non-polar propan-2- 
ol solvent. As a result it would be more likely to cause 
the solvents to dissociate and would therefore have the 
greatest effect on the solubility of EHB.

A further investigation into these phenomena would be 
interesting to explain the events occurring during this
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particular situation and also more generally.

5.2.4.High sensitivity differential scanning calorimetry

DSC has been used successfully to investigate 
poloxamer solid state changes and changes in high 
concentration poloxamer solutions. High sensitivity 
differential scanning calorimetry (HSDSC) is a technique 
that allows the behaviour of polymers in very dilute 
solutions to be studied. It has been used to show that in 
dilute aqueous solution, poloxamers undergo a phase 
transition at a unique and reproducible temperature 
(Mitchard et al, 1990). It is thought that dehydration of 
the .polyoxypropylene core followed by a conformational 
change occurs at these phase transition temperatures 
(Beezer et al, 1991). It was decided to investigate the 
conformational state of the poloxamers to see whether this 
could affect the nature of the crystals produced using 
poloxamer. The conformational nature of the poloxamers 
under consideration could have an effect on several 
processes previously discussed in this work. For example it 
could affect their ability to interact effectively at the 
crystal interface (see 4.3.). Any possible complexation 
between poloxamers and EHB or solvents (as discussed in the 
previous section) would also be affected by the poloxamers' 
conformat ion.
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5.2.4.1.Experimental details
Solutions were heated at 60 degrees per hour in a 

Microcal MC-2 micrcalorimeter from 10 to 70°C. Propan-2- 
ol/water solvent mixture was used as the blank. Initially 
poloxamer 188 and 182 at a concentration of 0.09% w/w were 
tested. If the conformational nature of the poloxamer was 
significant in controlling the effect of the poloxamer on 
the crystals produced, then poloxamer molecules in these 
two solutions should show a different conformational nature 
at 30°C.
5.2.4.2.Results and discussion

No thermal event was monitored over the temperature 
studied. The phase transition temperature of poloxamers 188 
and 184 at a concentration of 5-7mg cm-3 in aqueous solution 
are 57.3 and 40.9°C respectively. It seems therefore that 
the previously reported behaviour of poloxamers in dilute 
aqueous solution is not seen in a solvent mixture of the 
kind used here. Other workers have investigated 
conformational changes in concentrated poloxamer solutions 
(15-30%) and have also associated these conformational 
changes with dehydration (Lenaerts et al, 1987). The fact 
that no conformational change was seen in these studies 
could suggest that the POP portion of the poloxamer 
molecule is not in fact associated with water molecules. 
This point is discussed further in section 5.3.4.

It seems possible therefore that although no 
conformational change, in dilute poloxamer solutions was 
seen using HSDSC that the different poloxamers at the
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different concentrations used in this work may be hydrated 
to a greater or lesser degree. This will in effect alter 
the overall polarity of the solvent mixture. Many examples 
have been used throughout this work demonstrating the 
effect of the solvent on growth rates and therefore crystal 
shape and size. The possibility that the polarity of the 
solvent environment is changed by the presence of poloxamer 
and in turn effects the crystals produced is considered 
further in the next section.

5.2.5.The solvent environment
In section 3.2. when water was added in an extended 

fashion, thereby changing the supersaturation profile, 
crystals of a reduced size and altered habit were produced. 
It was assumed that these alterations in crystal form were 
seen as a result of changes in the supersaturation profile. 
Alternatively however, it could be suggested that because 
crystals first appear before all the water has been added 
they are growing in a less aqueous environment and this is 
responsible for their different appearance. Because of this 
possibility and because poloxamers may adsorb water into 
their internal structures to different extents it was 
decided to investigate the effect of altering the aqueous 
environment in which the crystallisation process was 
carried out.
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5.2.5.1.Experimental details
To reduce the aqueous content of the solvent mixture 

present during crystallisation a higher initial mole 
fraction of propan-2-ol was used to dissolve EHB. Three 
different initial mole fractions of propan-2-ol in the 
solvent mixture were used: 0.07, 0.078 and 0.082. The same 
amount of water was still added to affect crystallisation 
(ie.20g). By increasing the initial mole fraction of 
propan-2-ol but still adding the same amount of water 
during crystallisation the supersaturation applying during 
crystallisation will of course be reduced. This in itself 
is likely to affect the crystals produced during 
crystallisation. In order to overcome this difficulty the 
solubility data at different mole fractions (see Figure
2.1.) were used to calculate an appropriate increase in the 
amount of EHB dissolved to ensure that the same relative 
supersaturation applied. In the case of 0.078 and 0.082 
propan-2-ol mole fraction the solubilities had to be 
estimated by extrapolating the solubility curve in Figure
2 .1.

5.2.5.2.Results and discussion
No changes in shape or size were seen in the crystals 

produced in a less, polar solvent environment. From these 
experiments therefore, it appears that the changes seen in 
crystal form using poloxamer are not caused by any change 
in aqueous environment as a result of the presence of 
poloxamers. Similarly, the changes in crystal shape and
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size produced by the extended addition of water are 
unlikely to be seen as a result of the altered aqueous 
environment. However, an extension of HSDSC and other 
studies to consider the behaviour of poloxamers in dilute 
non-aqueous solutions may indicate any solvent/poloxamer 
interaction. This would be of interest to this particular 
study and once again more generally and is discussed at 
greater length in section 5.3.4.

5.3.Interfacial studies
In recent years many reports have appeared in the 

pharmaceutical literature investigating the physical nature 
of surfaces and interfaces and reporting mathematical 
processes that allow surfaces and their physical 
interactions to be described quantitatively. The nature of 
surfaces and interfacial phenomena is of obvious relevance 
to various pharmaceutical procedures such as the suspending 
of solids in liquids, granulation operations and coating.

However it has also been noted by Zografi and Tam 
(1976) that the physical state of solid surfaces and 
interfacial phenomena will affect nucleation and crystal 
growth. Indeed most studies into the fundamental nature of 
crystallisation, particularly crystal growth, consider the 
process at the microscopic surface level. In this section 
the mathematical expressions developed to describe various 
pharmaceutical processes are applied to the crystallisation 
process. Furthermore recent studies into the
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crystallisation processes occurring at crystal/solution 
interfaces have developed terms to describe the growth 
process. Their use is also explored in this section.

5.3.1.The crystal interface
In a discussion of crystal growth theory Benema and 

Gilmer (1973) stressed the importance of the crystal / 
fluid interface as it is at this level that the crystal 
growth process is controlled. This was one of the first 
works to discuss surface entropy theory (see section
1.2.3.b.) in relation to crystal growth from solution. 
During this work Benema and Gilmer (1973) used a Tempkin 
multilayer model to describe the energy processes involved 
in the roughening of a reference surface (Tempkin, 1964) . 
It must be remembered that growth is energetically favoured 
at a surface of high molecular roughness. A schematic 
diagram is shown in Figure 5.2. showing this multilayer 
model and the roughening process under discussion. In this 
model the growth units were imagined to be tetragonal 
blocks which could form four horizontal bonds and two 
vertical bonds. The interface consists of a succession of 
layers made up of different fractions of solid or 
corresponding fluid units.

The free energy change for this roughening 
transformation ( G rough) is:

G  rough=  G  f_s + G  surf / 5 . 4 .

G f_s is the free energy change associated with the 
replacement of solid with fluid blocks at the interface on
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Figure 5.2. Schematic diagram of interfacial roughening.
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roughening and is a bulk phenomena. In the discussion 
presented by Gilmer and Benema (1973) it was shown to be 
related to the supersaturation.

G surf is the change in free energy as a result of
changes in interfacial bond energy ( E surf) and configuration
entropy (T S surf) :

le. G surf— E surf “ T S surf /5 . 5 .
By using the multilayer model (Figure 5.1.) an accounting 
of the bonds broken and formed on roughening can be 
undertaken and an expression to describe the average energy 
gain (e) on forming one solid/fluid bond is:

e = 1/2 (ess+eff) - esf /5.6.
Where ess, eff, csf are the absolute bond values between 
solid/solid blocks, fluid/fluid blocks and solid/fluid 
blocks respectively. On roughening, a tetragonal block can 
of course form 4 bonds so the energy gained is 4e and an 
expression for E surf for the total roughening caused by 
numerous blocks is:

E surf = 4e M /5.7.
M is a constant related to the number of blocks involved in 
the roughening process.

Further development of these free energy terms 
produced a term that would indicate the stability of the 
roughened surface. This term is known as the surface 
entropy factor ( a ) and it can be used to predict the growth 
mechanism and rate at a particular surface. An expression 
for a is shown below:

a = 4e/kT /5.8.
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Where k is the Boltzmann constant and T is the temperature. 
It was shown that if a was greater than a particular value 
the crystal/fluid interface was smooth and growth would 
generally occur at dislocations (BCF theory) or by a 
process of surface nucleation (see section 1.3.). Lower 
values of a indicated a rougher surface at which growth 
would be continuous (see 1.3.). As can be seen from 
equation /5.6. a greater solvent/fluid interaction reduces 
e which in turn produces a lower value of a indicating 
faster growth following a continuous model.

It is not possible to use equation /5.8. directly as 
the specific nature of the fluid and solid blocks is not 
known. Because of this various methods have been developed 
to estimate values of a. When Gilmer and Benema (1973) 
assumed complete wetting (ie. esf=eff) they showed that;

«= / < H sUn/kT) /5. 9.
Where J is a crystallographic factor related to the bonding 
within a particular crystal face and H slCn is the heat of 
solution. Bourne and Davey (1976) used two other methods to 
estimate a value for a. In both cases however estimates of 
surface properties had to be made from non-surface 
measurements. These were based, once more, on heats of 
solution measurements in one case and by measuring the 
metastable zone widths in the other. The use of heats of 
solution presented problems when it presented as an 
exothermic reaction. Another method of calculating a -  

factors used a figure for surface free energy which was 
calculated from an expression for homogenous nucleation.
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This, therefore required very careful experimentation to 
derive a figure which would allow a to be calculated.

5.3.2.Direct measurement of surface properties and 
interfacial phenomena 

In the above discussion it was noted that to produce 
values for a it was necessary to estimate surface behaviour 
from measurements of properties not directly associated 
with the crystal surface. A discussion is presented here of 
various methods and mathematical manipulations to enable 
more direct measurement of surface phenomena. The values 
developed here are not directly applicable to surface 
entropy theory but there are close similarities in the 
terms being discussed.

The work of adhesion (Wa12) at the interphase between 
phase 1 and 2 was defined by Adamson (1967) as:

W a12= T i + Y 2 - Y i 2  / 5 . 1 0 .

Where y l f is the surface free energy of phase 1, y2 is the 
surface free energy of phase 2 and Y12 is interfacial
tension between the two phases. As can be seen this 
expression is very similar to that used to determine a 
value for e in equation /5.6. It was decided to calculate 
a value for the work of adhesion between EHB and various 
solvent mixtures that were used in the crystallisation 
procedures. It was hoped that this figure could indicate 
the nature of growth expected in the crystallisation 
procedures in the same way as the a factor has been used as 
discussed in the previous section.
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The interfacial tension can be calculated using 
procedures based on the work of Fowkes (1964) . He first 
suggested that the interfacial free energy, which can not 
be measured directly, could be estimated from the surface 
free energies at the interface and the energies of 
interaction across the interface. Wu (1971) presented an 
equation to describe this phenomenon;

y  12 =  Yi + Y 2 ~ 20d - 20p /5.11.
Where 0d and 0P are the non-polar and polar interactions 
across the interface respectively. If equation /5.11. is 
inserted into /5.10. then;

Wa12=20d+20p /5.12.
Fowkes (1964) further postulated that the surface energy at
a surface could be split into polar and non-polar 
components

ie. y = Yd + Yp /5.13.
He also suggested that these surface components could be

used to estimate the polar and non-polar interactions at an 
interface by taking the geometric mean of the individual 
polar and non-polar components of each surface energy. 
Subsequently Wu (1971) suggested that the harmonic mean of 
the different components produced a better result. The 
harmonic mean was used throughout this work. If a 
solid/liquid interface is considered expressions for these 
interactions can therefore be written as;

0 d =  2 Y sdYid / (Ysd + Yid) / 5 . 1 4 .

0 P =  2 y spY ip / (Ysp + Yip) / 5 . 1 5 .
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Therefore if these components can be calculated then Wa12 (or 
Wasl if a solid/liquid interface is being considered) is 
accessible.

For the liquid phase this is possible by again using 
the expression for the work of adhesion (equation /5.10.) 
and Young's equation which shows the relation between the 
solid surface energy (ys), the liquid surface energy (y x) , 
the interfacial tension and the contact angle between the 
two phases.It is shown below;

Ys~Ysi=YiCOS0 /5.16.
By combining this equation with equation /5.10. it is 
possible to define the work of adhesion completely in terms 
of the surface tension of the liquid under question and its 
contact angle with the solid being studied;

ie. Wasl = Yi + Yicos0 /5.17.
By measuring the contact angle between a non-polar 

solid of known surface energy (Parafilm in this case) and 
our liquid of interest and measuring the surface tension of 
this liquid a value of the work of adhesion from equation 
/5.17. can be calculated. This value can now be substituted 
into equation /5.13. and because the polar component (0P) is 
not present when using a completely non-polar phase such as 
Parafilm the dispersion component of the liquid's surface 
energy (Yid) can he calculated. From this the polar 
component of the surface tension can be calculated by 
simple subtraction of the non-polar component from the 
measured value of surface tension. In this way the 
individual components of the liquid's surface energy are
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known.
The polar and non-polar components of solid surface 

energy can be calculated by inserting equation /5.11. into 
Young's equation. By doing this Zografi and Tam (1976) 
produced the following relationship:

(b+c-a) YsdYsP + c(b-a)Ysd + b(c-a)Ysp “ abc = 0 /5.18.
Where a is (Y1/4) (l+cos0) , b is Yid anci c is Yip*
In this equation there are only two variables that cannot 
be measured; ie the polar and non-polar components of the 
solid surface energy (ysp and Ysd) • BY measuring the contact 
angles of the solid of interest (EHB) against two liquids 
of known polar and non-polar components and analysing the 
two sets of results using an iterative computer programme 
best' fit values for the polar and non-polar components of 
the solid surface energy can be calculated. In this case 
water and methylene iodide were used. All values in 
equations /5.14. and /5.15. are now known and so /5.12. can 
now be solved.

A second possibility exists to describe the 
crystallisation process using these expressions when the 
work of cohesion is introduced. The work of cohesion (Wcohes) 
of a particular phase is defined mathematically as two 
times the surface energy and it can be used to define the 
likelihood of one phase spreading over another in terms of 
a spreading coefficient as;

Spreading coefficient=Wadhes-Wcohes /5.19 
In this situation the spreading of the liquid phase over
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crystal surfaces was measured to asses the likelihood of 
crystal growth. The surface energy was taken as the surface 
tension of the liquid.

5.3.3.Results
5.3.3.a.estimation of a using heats of solution

In section 5.1.2. heats of solution of various types 
of crystals were calculated. Using equation /5.9. these 
values were used to estimate a value for a and the results 
are shown in Table 5.6. To produce a dimensionless figure 
for a the value produced by equation /5.10. was divided by 
Avagadro's constant. The crystallographic factor (J) 
discussed in the previous section was defined by Benema and 
Gilmer (1973) as the ratio of the number of nearest
neighbours in the surface to the number of nearest
neighbours in the bulk. Typical values are 1/2 for a
particular face of HMT crystal under study by Bourne and
Davey (1976). No crystallographic studies were carried out 
on EHB and so the values displayed in Table 5.6. would be 
lower but they are within normal literature values.
Furthermore because no crystallographic data was available, 
the values in Table 5.6. are not specific for a particular 
face and so can only be used in this work as a general 
indication of the relative growth rates of crystals
produced in the presence of Poloxamer 188 at a
concentration of 0.23%w/w and in a control propan-2- 
ol/water solvent mixture.
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5. 3. 3 .b.Calculation of Wasl

The work of adhesion of various liquid mixtures onto 
EHB was calculated as discussed in the previous section and 
the results are shown in Table 5.8. Results for spreading 
coefficients are also shown in Table 5.8. The values of the 
surface energies and the polar and non-polar components of 
surface energies, used to calculate the work of adhesion 
are shown in Table 5.7.

The values of surface tensions of the liquids under 
consideration show that they are lower when poloxamers are 
present. It seems however that overall the effect of the 
presence of propan-2-ol has the most significant effect on 
surface tension. The results for the components of the 
surface tensions of the different liquids studied, are less 
clear. It would have been expected that poloxamer 182 which 
has a very low hydrophillic content would show a very large 
dispersion component in its overall surface tension but as 
seen in Table 5.7. this is not the case. A possible 
explanation is that the large hydrophobic portion of the 
molecule causes it to associate to a large extent with 
propan-2-ol in the solution bulk. In this way the 
dispersion component will be less evident in the surface 
energy.
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Table 5.6. a factors for two different crystallisation 
media

Nature of liquid a-factor

Propan-2- 
ol/water 
(0.04 mole 
fraction)

10.4

Poloxamer 188, 
0.23 %w/w

9.4

Table 5.7.Surface energies and components of surface 
energies of solid and liquid phases (1 mN m"1 ) .

Phase Surface
energy

Non-polar
component

Polar
component

0.23% w/w solutic 
of Polox. 188 
in propanol/ 
water.

n 34.8 21.3 13.5

I 0 .09% w/w solutic 
of Polox. 188 
in propanol/
water.

>n 35.2 18.2 16.9

0.09% w/w solutic 
of Polox. 182 
in propanol/
water.

>n 34.7 19.9 14.8

Propanol/
water

36.3 17.1 19.2

EHB 65.8 37.52 28.3
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Table 5.8.Work of adhesion, and spreading coefficients of 
various liquids on ethyl-p-hydroxybenzoate

Nature of 
liquid

Work of 
adhesion 
(dynes cm"1)

Spreading
coefficient

Propan-2-
ol/water

92.40 19.81

0.09% w/w solution 
,of Polox. 188 
|in propanol/
(water.

91.66 21.24

0.23% w/w solution 
of Polox. 188 
in propanol/ 
water.

90.94 21.36

0.09% w/w solution 
of Polox. 182 
in propanol/ 
water.

90.82 21.40
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5.3.4.Discussion

A lower a value, according to surface entropy theory 
suggests a faster growth rate and so from the results it 
appears that control type crystals should show a lower 
growth rate and therefore produce smaller crystals. As 
discussed in chapter 4. this is not the case.

The work of adhesion can be defined as the change in 
energy when a liquid phase replaces the vapour phase at a 
solid surface. A higher value therefore indicates a greater 
interaction between the liquid and solid surface. Relating 
this to the process of crystal growth it would be expected 
that the greater the interaction between the solution and 
crystal face then the solute molecules in the solution 
would be more able to integrate into the crystal lattice. 
A higher value would therefore indicate higher growth 
rates. In the same way a higher spreading coefficient 
indicates greater interaction between solvent and crystals 
and therefore higher growth rates. This adopts the same 
reasoning followed in surface entropy theory.

As can be seen from the results for work of adhesion 
in Table 5.8. this logic does indeed suggest that crystals 
grown without the presence of poloxamer should grow most 
quickly. However the results also suggest that crystals 
produced in the presence of poloxamer 182 at a 
concentration of 0.09 %w/w should be the smallest. Once 
again this prediction of final crystal size does not accord 
with the experimental results presented in chapter 4.

The results for spreading coefficients indicate a
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different rank order of which crystals should grow most 
quickly. These results suggest that crystals grown in the 
presence of poloxamer 188 at a concentration of 0.23 %w/w 
should grow more quickly than crystals grown without the 
presence of poloxamer. Again these predictions are not in 
agreement with experimental results.

Two possible explanations can be suggested to explain 
these sets of anomalous results. Firstly, the preceding 
derivation of factors to describe the growth rate as a 
means of indicating the effectiveness of different 
poloxamer solutions presupposes that the poloxamers change 
crystal size and shape by interfering with the growth 
process. Although this seems the likely effect (see 4.3.1. 
and B.l.2.2.) a possible effect on nucleation rate has also 
been suggested in section 4.5.2.b. and the mathematical 
factors described above indicate nothing about the 
nucleation rate. Furthermore in section 4.1. a large 
variety of other possible mechanisms to explain the effect 
of additives were discussed.

Secondly, these methods of describing the crystal 
growth process do so under the assumption that as the 
interaction between the solution and the crystal face 
increases then the solute molecules within the solution can 
integrate more easily into the crystal lattice. No 
consideration is given to the possibility that the liquid 
at the crystal interface may inhibit the approach of 
molecules to crystal growth sites. In other words surface 
tensions of solutions, contact angles of solutions on
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solids and a-factors will indicate the behaviour of 
poloxamer solutions at the solid surface but they do not 
indicate the likelihood of interference with growth caused 
by the physical presence of poloxamer or solvent molecules 
at crystal surfaces.

This problem of surface entropy theory was noted by 
Davey, Mullin and Whiting (1982) in relation to the 
physical adsorption of solvent molecules at crystal 
surfaces causing the predictions made by surface entropy 
theory to be disproved. This possibility is likely to be 
particularly relevant in this study in which apart from the 
presence of solvent molecules at the crystal interface a 
further component, the poloxamer molecules, are present and 
could also inhibit crystal growth.

In the following discussion a model is presented in 
which a greater interaction between liquid and solid (as 
indicated by works of adhesion and spreading coefficients) 
instead of indicating a greater likelihood for crystal 
growth, suggests growth is more difficult. This assumption 
is directly contrary to surface entropy theory and the 
discussion of the significance of works of adhesion and 
spreading coefficients above. However it seems valid to 
make it because the additional presence of poloxamer within 
the system makes growth inhibition particularly likely.

It is also assumed in this discussion that although 
the results in Table 5.8. indicate that there may be slight
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differences in the ease with which the different liquids 
wet EHB (as indicated by differences in spreading 
coefficients and works of adhesion) they will all in 
effect, wet the solid significantly. This also seems a 
valid assumption because if the differences in values of 
work of adhesion and spreading coefficients were important 
they would indicate the behaviour of solvents in the same 
way. In fact their usage produced two completely different 
rank orders of crystal growth. If it is accepted therefore 
that all solutions can develop a close association with 
crystal faces then all poloxamer molecules will be able to 
bond to crystal faces according to the affinity of each 
poloxamer for crystal surfaces.

It is necessary to consider the section - of the 
poloxamer molecule binding to the crystal. It can be seen 
from the sizing results discussed in 4.4.2., that it is 
poloxamers of greater hydrophilicity, ie. having a larger 
POE portion, that are most effective in reducing crystal 
growth. This could indicate either, that the larger 
hydrophillic portion allows the molecule to bind more 
effectively, or binding occurs via the POP portion of the 
molecule and the POE section sterically inhibits further 
crystal growth.

Crystals produced in the presence of poloxamer show a
lower contact angle with water than control type crystals
(see section 4.6) which indicates that the crystal faces
that have become dominant in the presence of poloxamer are

\more hydrophillic. As discussed throughout the thesis it is
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the slowest growing faces which become dominant in crystal 
habit. In this model these slow growing faces would be 
those to which poloxamers molecules have adhered. From the 
above, it seems that poloxamers bind to hydrophillic faces, 
and so the implication is that bonding will be via the POE 
portion of the poloxamer.

If it is accepted that it is the POE portion of the 
molecule that binds to crystal faces the behaviour of the 
POP section of the molecule must be considered. It has been 
suggested that in an aqueous environment poloxamer 
molecules adopt a mono or multi-molecular configuration in 
which the POP portion is internalised to limit its exposure 
to water (eg. Brown et al, 1991) . A phase change has been 
noted in a number of studies at a particular temperature 
where the poloxamer dehydrates and adopts a new 
configuration (Beezer et al, 1991). In section 5.2.4.2. no 
poloxamer phase transformation was seen in the HSDSC 
studies undertaken on the propan-2-ol / water system and so 
it seems likely that in this mixed solvent system the POP 
chain is not self-associated as a micellar core and could 
in fact be associated with propan-2-ol.

This possibility seems more probable when the results 
in section 5.3.3.b. are considered. In this section a lower 
than expected non-polar component of the surface energy of 
a poloxamer 182 solution was measured. This finding was 
related to the POP portion of the molecule associating with 
the propan-2-ol in the solvent mixture.

From these two pieces of evidence it seems likely that
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in this system the POP section of poloxamer molecules is 
saturated with propan-2-ol. Once bonding occurs therefore, 
via the POE chain (or chains) , it would seem likely that 
the propan-2-ol saturated, POP portion of the poloxamer 
molecule will project into the solution and inhibit the 
approach of solute molecules. According to this model, 
poloxamers of low hydrophilicity are, as a result, less 
effective at altering crystal growth rates because they can 
not bind effectively at crystal faces. The behaviour of 
poloxamer 182 for example, which only consists of 20% POE, 
is likely to be dominated by the much larger, propan-2-ol 
saturated POP portion of the molecule.

This model of course implies that EHB is a 
sufficiently polar compound to bind with the POE chains of 
poloxamer molecules. The polar component of surface energy 
of EHB as seen in Table 5.7. is 28.26 mN m"1 compared to a 
non-polar component of 37.52. These figures do not indicate 
a particularly polar material but it must be remembered 
that the poloxamer molecules bind to a specific face of the 
EHB crystal and it has been demonstrated, by the contact 
angle results, that these faces are of a more polar nature.

This discussion of interfacial phenomena indicates 
that this system is not suitable for interpretation using 
surface entropy theory. It has shown, however, that the 
expressions used in pharmaceutical work to discuss surface 
phenomena can be applied to crystallisation to indicate the 
nature of the processes that occur. In this case they
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helped to propose a model for the nature of crystal growth 
in the presence of poloxamer. However in a less complex 
system, such expressions could complement a discussion of 
the growth processes in terms of surface entropy theory.
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Chapter 6
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Chapter 6

6.1.Summary of Work Undertaken

The most apparent changes in the properties of EHB
crystals produced by changing the crystallisation/

;conditions' were a decrease in particle size and a change in
\r~habit from platey to acicular. A change in surface nature 

was also indicated by contact angle measurements. In this 
section a summary of the changes in the crystallisation 
processes that may have occurred to produce these results 
is given.

Stirring rate studies showed that particle size 
decreased as stirring rate increased. Because the 
supersaturations under which these experiments were carried 
out were low, it is unlikely that any significant primary 
nucleation would occur. It was therefore concluded that the 
effect of increasing the agitation intensity was to 
increase the secondary nucleation rate which would result 
in a lowered average particle size. When the rate at which 
water was added to the crystallisation vessel was 
decreased, producing a prolonged and reduced 
supersaturation then smaller crystals were formed. It seems 
that in this situation secondary nucleation still occurred 
to the same extent (because of rapid stirring) but because 
supersaturation is much reduced, crystal growth does not 
occur to the same extent.

The effect of the poloxamer series of surfactants on
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crystal properties was particularly pronounced but their 
precise mechanism of action was less easy to distinguish. 
Differential scanning calorimetry showed that no poloxamer 
was occluded into the crystal lattice and that no polymorph 
or solvate was formed. Solution calorimetry, however showed 
that poloxamer was retained on crystal faces. It seems 
therefore that poloxamer molecules are adsorbed at crystal 
faces where they inhibit the integration of molecules into 
the crystal lattice and so reduce growth rates and final 
crystal size. The change in crystal habit from platey to 
acicular is likely to arise because poloxamers adsorb 
selectively to particular faces according to their affinity 
for the different crystal faces. In this way the growth 
rate of these faces will be more affected than others and 
a change in crystal habit will result. The change in the 
relative importance of particular faces is reflected in the 
changed contact angles of crystals of different habit.

From a study into the behaviour of poloxamer solutions 
at EHB surfaces, a model was proposed to explain the way in 
which the poloxamers are adsorbed. This model suggested 
that adsorption is via the POE portion of the molecule and 
that the approach of solute molecules is hindered by the 
projection of the POP portion into the solution. The model 
proposes that poloxamers of lower hydrophillicity are less 
effective at altering crystal form because their smaller 
POE chain means they can bind less effectively at crystal 
faces.

A study into the effect of changing the
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supersaturation profile suggested that poloxamers could 
however exert their effect by an effect on nucleation 
rates. It has been noted previously that surfactants may 
increase homogenous nucleation rates by reducing the 
surface energy term in equation 1.13 (Stefen, 1988). When 
water is added instantly therefore, the combination of a 
surge of supersaturation and the presence of poloxamer may 
allow primary nucleation to occur to a significant degree. 
When the supersaturation profile was extended in the 
presence of poloxamer, in this case larger particles were 
produced. This suggests that when water is added more 
gradually, the supersaturation generated is now not 
sufficient to produce primary nucleation and so larger 
particles result. This in turn suggests that poloxamers do 
indeed exert their effect, at least partly, by increasing 
primary nucleation.

6.2.Further work
In the preceding discussion the major mechanism of 

action of poloxamers on EHB crystals was shown to be still 
unclear. It would be useful to attempt to study the 
components of the crystallisation of EHB both in and 
without the presence of poloxamer. Various procedures have 
been used to study crystal growth and nucleation 
separately. Mohanty et al (1988) for example devised an 
apparatus that operates at high supersaturations and limits 
crystal growth to allow primary nucleation to be studied.
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Beckmann and Boistelle (1985), in their study into the 
effect of surfactants on crystal growth rates used a single 
crystal suspended in a flow cell. In this way their study 
was limited to crystal growth rates. In this way it would 
be clearer whether crystal growth or nucleation is most 
affected by the presence of poloxamer.

The model proposed for the mechanism of action of 
poloxamers indicated that they bind to crystal faces by 
their POE chains. Crystal growth rates were then reduced 
because the POP chain projected into the solution. This 
mechanism suggested that this chain was saturated with 
propan-2-ol. HSDSC studies indicated that the usual 
behaviour of poloxamers in aqueous solutions is not 
followed and so it would be useful to study the behaviour 
of non-aqueous poloxamer solutions in further detail.

In section 5.3. an attempt was made to investigate the 
crystallisation process by studying the processes taking 
place at the crystal / solution interface. The surface 
entropy factor (a) , as used in various discussions of 
crystal growth theory (eg. Bourne and Davey, 1976), was 
calculated, as were various expressions developed in the 
pharmaceutical' literature to describe the behaviour of 
liquids at interfaces. These attempts were made more 
difficult by the complexity of the system under study. It 
would be interesting to study a simpler crystallisation 
process to investigate whether the expressions used in the 
pharmaceutical literature to describe interfacial phenomena 
are applicable to crystallisation and whether they add to
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an understanding of surface entropy theory.

6.3.Conclusion
In the introduction to this thesis the importance of 

a powder's physicochemical nature was stressed in relation 
to its further processing and eventual clinical behaviour. 
Many examples demonstrating the importance of physical 
form, particle size and shape and surface nature were 
given. In this work using a model substance (ethyl-p- 
hydroxybenzoate) it has been shown that it is quite 
possible to manipulate these powder properties via the 
crystallisation process. By controlling the stirring rate, 
the pattern of development of supersaturation and by 
crystallising in the presence of an additive the crystal 
size, shape and surface nature were altered. These are 
fundamental powder properties and so it is likely that the 
powder's subsequent behaviour will be significantly 
affected.
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