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Abstract

Y
Four new salt forms of cimetidine (maleate, malonate, fumarate and sulfamate) were

prepared and characterised. The surface nature of cimetidine, cimetidine
hydrochloride monohydrate and the new salt forms were compared and investigated
using a variety of techniques.

Using a method based on the Wilhelmy plate technique an indication of the
wettability and the surface energetics of the samples was determined. The decreasing
rank order of wettability determined by both the harmonic and geometric mean
methods was:

malonate > (fumarate/sulfamate/hydrochloride) > maleate > cimetidine.

Acid-base characteristics were determined by the van Oss theory and were supported
using data from water sorption and molecular modelling techniques.

Water sorption studies showed that the most hydrophobic samples were cimetidine
and cimetidine hydrochloride monohydrate. The new salt forms showed varying
degrees of water sorption. Gravimetric and isothermal microcalorimetric techniques
were used to obtain thermodynamic parameters for the sorption processes to
demonstrate the differences between the samples.

Various modelling techniques were used to simulate and probe the solid surface.
Morphology predictions were successful for most of the samples investigated.
Molecular model images of various surfaces were viewed to explain certain aspects
of the contact angle data and some of the observed sorption behaviour. The polar
nature of the salt forms determined by contact angle measurements was explained by
the presence of favourable polar groups on the surface. The hydrophobic nature of
cimetidine and cimetindine hydrochloride monohydrate was explained by the
presence of non-polar groups on the crystal surface. The significant amount of water
sorption observed by the maleate and malonate salt forms was demonstrated by the
presence of hydrophilic channels. The disparity between the predicted and the
observed morphology results explained why the modelling for the fumarate salt was
unsuccessful.

It was concluded that molecular modelling provided a further understanding of the
surface characterisation data and also allowed greater confidence to be attached to

the explanations that were proposed.
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1.0 INTRODUCTION

1.1 Introduction to Salt formation

Salt formation provides a means of altering the physicochemical and resultant
biological characteristics of a drug without modifying its molecular structure (Gould,
1986). Many published articles have indicated the importance of selecting the most
appropriate salt form.

Salt formation is essentially an acid-base reaction and is therefore controlled by
factors influencing such reactions. The salt form is known to influence a number of
physicochemical properties of the parent drug and they should be well understood
since they will affect the processing properties and biological activity of the drug.
Miller and Holland (1960) stated that different salts of the same drug rarely differ
pharmacologically, the differences are usually based on the physical properties.
Berge et al, (1977) and Gould (1986) have also reported that certain
physicochemical properties can be manipulated by choosing the appropriate salt
form. The aims of these studies however were not to select the salt form that yielded
the most desirable characteristics. Instead, the focus of the study was to investigate
how salt formation may alter the physical properties of the drug. Particular emphasis
was given to the surface characterisation of the test compounds.

For these studies cimetidine was chosen as the model compound since it is an
established drug that has been well characterised (Bavin et al.,, 1984). The salt forms
that were derived from this base were characterised using a variety of techniques.
The samples investigated were in the powdered form and this was useful since many
pharmaceutical materials are made from powdered ingredients that are subsequently
refined or processed to produce the desired formulations. All materials act, react and
interact at surfaces, and therefore it is desirable that such interactions can be fully
understood. If such reactions can be controlled or predicted in some way then it
would prove advantageous to the behaviour of many systems especially those related
to the surface nature of the material.

Buckton (1995a) has reported on the use of various techniques in order to investigate
the surface nature of various types of materials. The main techniques will be outlined

in later sections.
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In these studies, some of the current techniques will be utilised to investigate the
surface properties of cimetidine and its salts. A further aim of this thesis was to show
that some of the techniques employed in these studies could be used as part of the

screening and development of alternative salt forms of a potential drug candidate.

1.2 Introduction to Interfacial phenomena

Interfacial interactions can influence the behaviour of many pharmaceutical
formulations. For pharmaceutical systems the most important interactions are those
that occur between the solid/solid, solid/liquid, solid/vapour, liquid/liquid and
liquid/vapour interfaces. Since most of this work is concerned with interactions at the
solid surface, only the first three interfaces will be considered although the
liquid/vapour interface is equally important since the surface tension of the test

liquids are fundamental to the study of solid surface energy.

1.3 The Liquid surface

In order to understand the principles of surface energy applied to solid systems it is
necessary to understand the nature of the liquid surface since certain similarities can
be made. A simple observation of surface energy can be seen by the formation of
droplets during rainfall or even from a leaking tap. There is a spontaneous tendency
for the drop of liquid to form a small sphere, thereby minimising its total surface
area. This tendency to form the smallest possible area is an important property
common to all liquids and results in a ‘tension’ in the liquid’s surface.

The explanation for this type of behaviour can be further understood by considering
the liquid molecules as freely moving entities. In this phase, there is enough cohesive
energy between the liquid molecules to prevent more than a few energetic molecules

to leave the surface and enter the gas phase. (Figure 1.1)
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1.5.2.1 Adhesional wetting
This occurs when there is an exchange of interaction from a solid-vapour interaction
to a solid-liquid interaction. The energy of this process is driven by the work of

adhesion, W,.

W.= Yst — (st + Ylv) 1.3

Equation 1.3 can be combined with Young’s equation to give the Young-Dupré

Equation.

Wa = v (cosO +1) 1.4

1.5.2.2 Immersional wetting
This process involves the replacement of four solid-vapour interactions with four
solid-liquid interactions. The energy associated with this process is termed the

energy of immersion W; and is given by:

W= 4Ysl - 4st L5

Combined with Young’s equation, gives:

Wi =4y}, (cos 0) 1.6

1.5.2.3 Spreading wetting

The final stage involves the replacement of the one remaining solid-vapour
interaction with one solid-liquid interaction and the creation of a new liquid-vapour
interaction. The energy for this process is driven by the work of spreading, W; and is

given by:

Ws =Yl + Yiv - Vsv 1.7
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This combined with Young’s Equation, gives:

Ws=-yv (cos 0 -1) 1.8

Thus for wetting to occur spontaneously, the work of adhesion, immersion and
spreading must all be positive. The conditions which allow for spontaneous wetting

are described by Harkins and Dahlstrom (1930), and are outlined below.

1) Adhesion: v (1 +cos6) >0 - cos©0>1,and 6 <180°
2) Immersion: 1lv (cos 6) >0 .. cos 0> 0, and 6 <90°
3) Spreading: ylv (cos 6 -1) >0 - cos0>-1,and 6 <0°

The contact angle therefore determines whether spontaneous wetting occurs or not.
Since the surface tension is always positive in value, the contact angle that is
obtained gives an indication as to the degree of wettability of a particular solid with a

known liquid.

1.5.3 The measurement of contact angle

Contact angle measurement is by far the most common technique used to
characterise the surfaces of solid systems. For powdered systems there are only a
handful of methods that have been cited. The methods can be divided into three main

subheadings as outlined below.

1.5.3.1 Liquid penetration
Most of these methods are based on the Washburn equation (Equation 1.9) which
involves the passage of a wetting liquid through a powder bed that is packed into a

column,

_ry, cos@t
2n

? 1.9
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Where / is the distance of penetration by the liquid at time ¢, r is the capillary radius
of the powder bed, y is the liquid surface tension, 7 is the liquid viscosity, and & is
the contact angle.

For a liquid that is perfectly wetting, Equation 1.9 can be simplified since cos 6 will
| equal one. In this experiment the contact angle can be found by using two test

| liquids, one of which is polar and the other is totally apolar and therefore perfectly
| wetting. The equations derived from these two liquids can be used to plot a graph of
I versus time ¢, from which the gradient can found and applied to Equation 1.10 to

determine the contact angle of the test liquid on the solid.

cosf = YViyTh g"adient2

. 1.10
Y gradient,

Where subscript 1 refers to the apolar, perfectly wetting liquid and subscript 2 refers
to the test liquid.

1.5.3.2 Problems inherent in liquid penetration methods
Liquid penetration methods are inherent with certain problems and are outlined

below.

1.5.3.3 Penetration failure

Many drug powders are hydrophobic in nature and therefore some test liquids will
not penetrate into the powder bed. To overcome this problem some workers have
attempted to use binary mixtures of test liquids, which by extrapolation leads to the
theoretical value for the non-penetrating liquid. However, this approach has been
criticised (Fell and Efentakis, 1978 and, Buckton and Newton, 1986b) because
differential evaporation occurs producing a vapour front, which is preferentially rich
in alcohol, ahead of the penetrating liquid. The high concentration of this alcohol
vapour will cause it to be adsorbed by the powder and thus affecting the rate of

penetration, therefore, extrapolation may be invalid.
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1.5.3.4 Criticism of theoretical model.

The Washburn equation is based on the assumption that the packed powder bed
behaves as a bundle of parallel capillaries of uniform radius. Yang et al., (1988),
argued that a linear relationship between the square of the distance of penetration and

time can be expected based on the porosity of the powder bed. »
ECarli and Simioni (1978), have also shown that it may not always be desirable to

f raise the power of / (the penetration length) by a factor of two depending on the pore

size of the powder bed.

Marmur (1992) studied the requirements on a number of capillary systems and
concluded that the contact angle was not the only factor affecting penetration.
Marmur found that the penetration of small reservoirs of porous media was also
dependent on the curvature of those reservoirs, highlighting the fact that more
experimental and theoretical investigations need to be considered.

In practice, the movement of the penétrating liquid is not uniform and is dependent
on a number of facfors and as such there is no universally accepted approach to study

this behaviour.

1.5.3.5 Choice of test liquid

The calculation of contact angle from these methods relies on the selection of a
perfectly wetting liquid. Selection of such liquids is often difficult and indeed is
critical when the contact angles being measured are small (Parsons et al., 1992). For
penetration experiments, the selection of the liquid can be found by comparing the
penetration of a number of low surface tension liquids, and if two are found to yield
the same result, then both are said to be perfectly wetting.

Sometimes the test liquid also needs to be carefully selected. Instances may occur
whereby the drug powder may be dissolved by the test liquid. Liquids like glycerol

may also be unsuitable as test liquids since measurement times are greatly increased.

1.5.3.6 Extent and sources of error
Parsons et al., (1992) have considered the extent and sources of error in contact

angles from penetration experiments. The major source of error was in the
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Where,
h = maximum height of drop
z = volume porosity of the plate
B_P&

2}/ Iv
where,

p = liquid density

g = acceleration due to gravity

Comparative work carried out by Fell and Efentakis (1979) have subsequently shown

that there is good agreement with directly measured values.

1.5.4.1 Problems associated with sessile drop methods

Listed below are the main problems that are associated with this method of analysis.

1.5.4.2 Compression of samples

The main problem with all methods using compacted samples is that the process of
compression can change the surface nature of the sample. Buckton and Newton,
(1986a), have studied the effect of the compression pressure used to prepare
compacts of barbiturate powders on the contact angle. An exponential decrease in
contact angle was observed with increasing compression pressure. A fall in contact
angle is observed until the pressure is sufficiently high to cause plastic deformation
of the surface. Further compression resulted in no further changes in the measured
contact angle. For some of the drugs studied, it may be possible that plastic
deformation at such high compression forces caused a transformation in the surface
to a more amorphous nature.

Compression can also lead to polymorphic transitions (Ibrahim ef al, 1977 and
Cruaud et al., 1981) and this will have a direct impact on the contact angle since the

polymorphs will also have different surface properties.
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1.5.4.3 Saturation of sample bed

A small drop of the test liquid may penetrate into the powder bed, resulting in an
artificially low contact angle. To avoid this, the powder bed is often pre-soaked with
a saturated solution of the powder in the test liquid prior to contact angle
measurement. This pre-treatment of the powder compact however, can cause
swelling and deformation. In some extreme cases the surface is completely deformed
with no form of structure and contact angle data derived from such surfaces are

questionable.

1.5.4.4 Operator variability

The physical measurement of the contact angle is a problem since the method is very
operator dependent. Neumann and Good (1979), described the problems associated
with operator variability and have proposed alternative methods to improve the

accuracy of contact angles as determined by sessile drops.

1.5.5 The Wilhelmy Plate Method

Wilhelmy (1863) proposed a useful method for determining contact surface tensions.
In this experiment a smooth flat plate which is suspended vertically is brought into
contact with the surface of the liquid. A force balance is used to detect the downward
force (F) that is exerted on the surface. The force is given by:

F=pywycosO 1.13

where,
p = the perimeter of the plate

Tiv = liquid surface tension

This method is versatile and has been used to measure contact angles and surface
tensions in a variety of ways. The three main modes of use for the Wilhelmy plate

method are outlined below:
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Equilibrium mode: In this mode the force reading is obtained when the plate just

comes into contact with liquid.

Detachment mode: In this method the plate is brought into contact with the liquid
so that it dips into the liquid. The liquid is then lowered away
from the plate and the force is read just before the plate
detaches from the surface of the liquid.

Dynamic mode: In this method the plate is lowered and raised into the liquid
at a set rate by way of a motorised platform seating the test
liquid. The apparatus is interfaced with a computer, which

measures all the force readings during the experiment.

The interfacing with a computer allows accurate readings to be made that are not
operator dependent. This type of method is more commonly referred to as dynamic

‘contact angle analysis and is described in more detail below.
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Figure 1. 6 Schematic output of Wilhelmy plate experiment.

0-B represents the phase when there plate is approaching the surface of the liquid and
hence no force is observed. Contact with the liquid is made at point B followed by an
inflection at C. The line C-D represents the buoyancy effect as the plate is further
immersed into the liquid. The first 5-10mm of the descending part of the buoyancy
curve is selected. The computer program is then able to perform a least squares
analysis on the results to give the best fit line drawn through C-D and extrapolated
back to the perpendicular at point B to give the force at zero depth of immersion
(Fzd.o.)-

Since the liquid surface tension is known, and the perimeter of the plate has been
measured, the contact angle can easily be determined by rearranging Equation 1.13

to give Equation 1.14.

cosf = —= 1.14

pylv
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where,
mg = F,4,.i., force at zero depth of immersion
m = mass (mg)
g = acceleration due to gravity (gm™)
p = perimeter of solid compact (mm)

7w = surface tension of liquid (me-z)

Extrapolation to find F, 4, is a more accurate method than to simply take a single
point reading. The use of dynamic contact analysis offers many advantages over the
previous methods mainly because the method has been automated and microbalances
have become extremely sensitive. Advancing and receding data can also be obtained
from such experiments thus allowing hysteresis to be studied. The samples do not
require any pre-saturation therefore minimising any deformation of the sample. Any
deformation that does occur will happen below the surface and thus only affect
receding angles.

The preparation of compacts for DCA uses much less powder than the previous
methods mentioned above. This is important especially if the sample is only

available in small quantities.

1.5.6.1 Problems associated with using the Wilhelmy plate methods

The main disadvantage of using this method is the need to use a compact which can
alter the surface of sample (Buckton and Newton, 1986a).

Consideration must also be given to the storage conditions of the prepared plates
(Buckton, 1993). Vapour adsorption onto the plate before measurement can
drastically affect the contact angle. It is therefore recommended that the plates are
stored in dessicators at 0%RH prior to testing.

Surface roughness is also a problem with this type of method. The effect of surface
roughness has been studied by Sheridan et al., (1994). Surface roughness influences
the value of p, the measured perimeter of the plate and the greater the surface

roughness the greater the contact angle.
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1.5.7 Powdered glass slide: An alternative to the compact plates

This is a relatively new technique that was first developed by Shanker et al., (1994).
It is a simple, convenient, rapid and material saving method that provides good
reproducible results. It is a modification of the Wilhelmy plate technique that utilises
a glass slide (dimensions: 20mm x 20mm). The glass slide is sprayed on both sides
with an adhesive (3M Spray Mount Adhesive), and allowed to stand for a one
minute. The powder is then lightly brushed onto the both sides of the plate and any
excess powder is carefully removed. Prior to measurement the perimeter of the glass
slide is accurately measured using a micrometer. The coated slide is then suspended
over the test liquid inside the Cahn Contact Angle Analyser. The contact angle
measurement is obtained in the same manner as described in Section 1.5.6.

A more detailed account is given in Chapter 4.

The main advantage of this method is that the problems associated with compression
forces used to prepare the compacts are eliminated. The method is also material
saving in that it only requires about 100mg of sample compared to a few grams with
other methods. Comparative studies (Shanker et al, 1994) also found that this
approach was more accurate than other extrapolation methods used to determine
contact angles for non-wetting solvents.

The investigations showed that the measurement of wettability by this method is
influenced by powder porosity. However, factors such as the nature of the powder,
particle size and morphology, and solvent viscosity were found not to affect the

contact angle measurement.
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recommended that this approach is most suited for systems using non-polar liquids

on non-polar solids.

1.6.2 The Good and Girifalco interaction parameter

Girifalco and Good, (1957) were able to derive a relationship between the surface
free energy of a liquid and a solid based on the attractive constants described by
Berthelot (1898). The equation is given by:

Ys1 = Ysv + Yiv - 2(1)('st-'Ylv)0.S 1.15

where, @ = the interaction parameter.

In combination with Young’s Equation, gives:

0.5
cos9=2¢(-”—’J -1-Z 1.16
Vi Y

In circumstances where a finite contact angle exists or where y; >> v, 7. is

considered negligible (Fox and Zisman, 1952) Equation 1.16 is simplified to:

0.5
cos 9=2¢(&) -1 1.17
Y

Thus the ys can be found if the contact angle, liquid surface tension and interaction
parameter are known. The interaction parameter is close to unity when the adhesive
and cohesive forces between each phase are similar. An imbalance in the forces
within each phase will cause a deviation from unity. Good and Girifalco, (1957)
found that @ has a value of approximately 1.0 for the water/alcohol interface, but a
value of approximately 0.7 for the water/aromatic hydrocarbon interface. Becher

(1977) obtained @ values for several low energy surfaces with a predominantly non-
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polar nature. Non-polar liquids such as bromonaphthalene gave ®© values that were
close to unity, whereas polar liquids like water or glycerol gave @ values less than
unity. This implies that the solid surface energy, ys is best determined from contact
angle measurements using a liquid that is predominantly non-polar and @ is assumed
to be equal to unity.

In circumstances where @ is unknown, Driedger (1965) derived an empirical

relationship from which @ could be estimated.

® =-0.0075. 7y + 1 1.18

1.7 The use of contact angles to determine surface energies.
Before attempting to obtain surface energy data for the test solids, it is first necessary
to obtain the surface energy parameters of the test liquids that will be used to

determine all of the surface energy parameters.

1.7.1 Determination of the polar and dispersive components of the test liquids
Zagrofi and Yalkowsky, (1974) calculated this by measuring the contact made by a
liquid of known surface tension (y,y) on the surface of a completely non-polar solid
with a known surface energy. The following methodologies and equations were used
to calculate v, and y,°.

The work of adhesion (W,%) between a solid (s) and a liquid (I) interface can be
calculated from Equation 1.19.

Wa' =y + 7 (cos 6) 1.19

The work of adhesion is also given by:

Wa = 201" + 1)’ 1.20
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Where ysvd are obtained from a selecting a suitable solid. The ys° for paraffin is 25.5
mJm? and for polytetrafluroethylene, y5,* = 19.5 mJm™ (Fowkes, 1964).
y1,,d can then be obtained by substitution of Equation 1.19 into 1.20. The polar

component for the liquid is obtained from the simple relationship shown below:

Yiv= 'Ylvd + Ylvp 1.21

Now that the liquid components have been determined, it is possible to obtain the
surface components for the solid. The most recent theories that have been used to
determine surface energy of solids can be classified by two main approaches as

described below.

1.7.2 The geometric and harmonic mean equations
Fowkes (1963) suggested that the surface tension of a liquid could be regarded as the

sum of all the different components as shown in Equation 1.22.

Yo =7y Fys F St 1.22

where,
d = dispersive forces, either van der Waals or London forces
h = hydrogen bonds
p = dipole-dipole interactions
i =induced dipole-dipole interactions
7 =7 bonds

e = electrostatic forces

The contributions of the components can be grouped into polar (p) and dispersive

interactions (d) so that;

Yov = Yo + Ysvd 1.23
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1.7.3 The Fowkes geometric mean approach

| Based on the assumption that when interfacial tension occurs, it does so only due to
interaction between similar forces. Fowkes (1964), derived a relationship to calculate
the dispersive component of surface energy. Teflon and saturated hydrocarbons were
used since the interaction only involved dispersion forces. The interaction between
the two phases (1) and (2), can be represented by the geometric mean of the

dispersive forces of each phase, this is given by:

Y2="71 + 72 21 H°° 1.24

This equations only holds for completely dispersive materials, however the polar
components can also be determined by using the combined geometric mean approach

(Fowkes 1964, Kaeble, 1969), which is known as Fowkes’ geometric mean equation:

T2=71 + 72 21 12H*° - 211Py ") 1.25

Equation 1.25 can be combined with Young’s’ Equation as before to give Equation
1.26 (Owen and Wendt, 1969).

11 (1 +cos 8) =2[ (11 129" + (1P 1.7)*] 1.26

In this Equation, there are two unknowns, the solid’s (subscript 2) polar and
dispersive components. They can be determined by obtaining two simultaneous
equations derived from the contact angle measurements preferably using one polar

liquid and one non-polar liquid.
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1.7.4 Wu’s harmonic mean approach

The geometric mean approach to determine the polar and dispersive components is
generally accepted, however Wu (1971, 1973) suggested that the harmonic mean
approach was more appropriate for low energy systems such as water, organic
liquids, polymers and organic pigments. The interfacial tension between two phases

is given by:

nlr n' "
= + _4 1 /2 __4 1 72
Yu=nthr (}’,d"'}’zd) (J’lp"'}’zp]

1.27

Zagrofi and Tam (1976), have considered the interaction between a solid (s) and

liquid (1) by combining Equation 1.27 with Young’s Equation to give:

(B+C-A) 1y’ + CB-A).ys! + B(C-A).y - (ABC)=0 1.28

where,
A =(y/4).(1+ cos 0)
B= y;d
C=yf

To determine the polar and dispersive components of the surface energy, it is
necessary to obtain contact angle data using one polar liquid (usually water) and one
non-polar liquid (usually diiodomethane or 1-bromonaphthalene). Two equations are
obtained for each liquid which, can be solved simultaneously using an iterative
computer program.

It has been criticised that the additive component theory for the geometric and
harmonic mean equations may not be entirely accurate (Moy and Neumann, 1990).
However, many workers have continued to use the geometric and harmonic mean

approach to characterise interfacial phenomena.
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1.7.5 Extensions to geometric and harmonic mean approach (van Oss Theory)

The approaches that have been discussed so far are based on the concept of additive
surface energy components. van Oss et al., (1987) developed an extension to this
theory and have considered the use of Lifshitz van der Waals forces (LW) and Lewis
acid-base forces (AB) instead of dispersive and polar components. The total surface
energy (Ysv ') can then be considered as the sum of these two forces since there is

no interaction between LW and AB forces.

e i 1.29

where,
vs" = Lifshitz van der Waals interactions (a combination of all the dispersive
non-polar components)

vs*B = Acid-base interactions (polar components)

1.7.6 Apolar or LW interactions
van Oss et al., (1987) proposed that LW interactions arose due to three types of
electrodynamic interactions; Keesom, Debye and London forces. The interfacial

tension between two phases i and j, due to LW interactions can be given by:

YULW = ,YiLW + ,YjLW _ 2(YiLw- ,YjLW)O.S 1.30

This equation can represent the total interfacial tension if either i or j is completely
apolar in nature. Equation 1.30 is then the same as the equation proposed by Fowkes

(Equation 1.24) and so it can be combined with Young’s Equation to give:

15 (1 + cos 0) = 263" 3™ 131
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If the contact angle of a non-polar liquid on a solid is found, then Equation 1.31 can
be used to determine the non-polar component of surface energy for the solid (see

later Sections).

1.7.7 Polar or acid-base interactions
The treatment for polar interactions is more complex because the Lewis acid-base
term (ys") is further subdivided into an electron donor (ys) and an electron acceptor

(vs') term.

The relationship is given by:

s = 2(y v 1.32

The acid-base contribution to the interfacial energy of interaction between a solid (s)
and a liquid (1) is described by considering the relative magnitude of combinations of

attractive and repulsive forces:

Y2 =2 (s ) + )™ = (s - D) 133

The total interfacial tension can then be found by the sum of Equation 1.32 (where i

and j represent solid and liquid phases respectively) and Equation 1.33, to give:

,YslTOT — ( (,YSLW)O.S _ (,Yl LW)0,5)2 + 2 ( (,YS+.,YS-)O.5 + (,Yl+.,Yl-)0.5

=" = D) 1.34

In a similar manner as before, this equation can be combined with Young’s Equation

as shown below:

¥ OT(1+ cos 0) =2 (™Yo ™M) + (") + (D)) 1.35
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If the liquid surface energy parameters are known, the threei unknowns, ¥, 5" and
Ys can be calculated using one non-polar liquid and two polar liquids. The
calculation of the acid-base parameters is limited by the fact that true values of y* and
Yy are not obtainable. In practice a standard is used relative to which acid-base
parameters are quoted; this standard is water, where it is assumed that y" =y =25 mJ

m. This value is taken from the polar component of surface energy of water being
51.0 mJ m™.

1.7.8 Polarity Ratios
The polarity ratio (8) is a simple ratio between the polarities of the test liquid (1)

compared to that of water (w) and is given by:

1.36

+ 05
+ Y
5 =| 1
(%]

These polarity ratios can be used to simplify Equation 1.35. To illustrate this, one can
consider the contact angle by Formamide (F) on a solid (S) whose solid surface

parameters are unknown.

Equation 1.32 can be rewritten as:

Ye2 = 20y y) 1.38
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from which,

(YF+)0.5 — ,YFAB/ 2(,YF-)0.5 1.39
and

@e)* =%/ 205" 1.40

Now 7B is equal to 19mJ m™, so Equation 1.35 can be expressed as:

K N0
TOT ww LwpPs V4 V4
Ve (1+cos€)=2l:(;/s Ir )°+9.5(;S—+] +9.5(L_] ] L4l

F Ve

X B\
7. 1+ cos0) = 20y y, M PP w19 Lo | w19 Lo
F YE 1.42

The polarity of Formamide with respect to water can now be obtained from

Equations 1.36 and 1.37 to give:

oe)*° = 8w (ywH*? 1.43
and
@F)* = 8rw’. (w)"’ 1.44

This can be substituted into Equation 1.42 to give:

FWw Vv w

Lps _yps
yFT"T(1+cos9)=2(7;’”.7;”}"5+19[5 Ls 1 _5]+19[6 /s ) 5}
mw Vw 1.45

Equations 1.43 and 1.44 are universal and can be applied to water (w) and a solid (s)

as before to obtain &y values:
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Another possible reason may be due to the fact that the equilibrium spreading
pressure (Te) has been ignored in the overall calculation of surface energy. It may
also be possible that these negative polarity values are empirically valid in which
case the consequences of such treatment needs to be examined. When one of the
square root terms is negative then Equation 1.32 must be expressed in an operational

form as shown in Equation 1.48.

¥ B = 2[(1sH*. (1)) 1.48

A negative square root term results in a negative y;"> value, i.e. a reduction in the
acid-base surface energy value. Good (1993) suggested that this could be accounted
for by an array of surface dipoles with more ‘positive ends’ protruding outwards than

‘negative ends’.

1.8 Equations of state

1.8.1 Neumann’s equation of state

Most workers have used the methods described above as a means of characterising
the solid surface energy of materials. Ward and Neumann, (1974) have proposed an
alternative method whereby the interfacial free energy can be described by an

equation of state in the form of:

YsL = f(Ysvs YLV) 1.49

Equation 1.49 can be combined with Young’s Equation to obtain the two unknowns,
vsL and ysy by measuring the contact angle of a liquid with known surface tension on
the test solid.

Basic thermodynamic principles were used in an attempt to prove the validity of the
equation of state relationship by Neumann et al., (1974). Based on the Gibbs-Duhem

equations for a three phase interfacial system, the following equations are obtained:
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d’st = SsvdT - rsv du 1.50

d’YSL = SSLdT - FSLdp, 1.51

dYLV = SLvdT - FLV d}l 1.52
where,

Ssv, Ss. and Sy represent the three interfacial entropies
I'sv, I'sy and 'Ly represent the interfacial excess concentrations
T = absolute temperature

p = chemical potential of the liquid phase

From Equations 1.50-1.52 it can be seen that there is an implicit relationship that

expresses the surface energy as function of both T and p such that:

ysv =7sv (T, p) 1.53
ys. =7sL (T, p) 1.54
Tv =1 (T, p) 1.55

Each of the above three equations can be expressed as a linear combination of the
other two since all the equations exist in terms of two variables, T and p. This

implies the existence of Equation 1.49 and therefore proving the relationship.

Subsequently the following equation was developed for low energy systems:

B (ysyo.s _ yu,o.s)z

T 1-0.015(rg 7, ) 1.56

Vst

A suitable program (Taylor, 1984) has been developed that can be used to solve

Equation 1.56 to obtain the surface energy parameters of the solid.
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1.8.2 Wu’s equation of state

An equation of state was also proposed by Wu (1979), using the relationships
derived for the critical surface tension (y.), (Fox and Zisman, 1950), and the Good
and Girifalco Equation (1957). The equation of state is given by:

Yo = Y4 (1+ cos 8)* 1y 1.57

From which vy, can be calculated from the contact angle measurement using a liquid
of known surface tension. Y. converges to ysy when the interaction parameter (®) is

taken as one and 7. is negligible.
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1.9 ALTERNATIVE METHODS EMPLOYED FOR THE ASSESSMENT
OF SURFACE PROPERTIES

The problems associated with using the methods described above to measure
wettability have already been mentioned. Some of the alternative methods are briefly

discussed below.

1.9.1 Immersion Thermodynamics

It is possible to determine the Gibb’s free energy of immersion AGjym from the
surface tension of the probe liquid and contact angle data (Schroder, 1984) using
Equation 1.58.

AGimm = -Y1v c0s0 1.58

The next step is to determine the enthalpy of immersion AHijmm. This is usually
carried out by measuring the enthalpy change as an equilibrated powder filled
ampoule is broken over a spike and thus allowing the powder to be immersed by the
probe liquid.

It is then possible to determine the entropy of immersion using Equation 1.59.

AGimm = AHimm ~TASimm 1.59

This approach has been successfully performed by Hollenbeck et al., 1978; Hansford
et al., 1980 and Storey, 1985 using powders such as microcrystalline cellulose which
readily disperse in water. This method is found to be useful for powders that are
hydrophilic. However, most pharmaceutical powders are hydrophobic in nature and
it has been suggested that the heat of immersion may not be entirely accurate since
these powders do not readily disperse in liquids such as water (Buckton, 1995a).

Therefore alternative methods are required for such powders.
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1.9.2 Sorption microcalorimetry and gravimetric approaches

In recognition of the problems associated with using hydrophobic powders, Buckton
and Beezer, (1988) reported alternative methods to assess the wettability of
pharmaceutical powders. The studies involved a combination of microcalorimetric
and gravimetric sorption studies and will be discussed in more detail in later
chapters. The term sorption here refers to the combination of adsorption (by the
surface) and absorption (by the bulk) of vapour. There are many processes that occur
at the solid/vapour interface but the most important are the water/solid interactions
since they are of a particular pharmaceutical interest.

When considering solid/water vapour interactions, the most important component of
this interaction occurs when the water first binds to the solid. Vapour wetting then
occurs when the water essentially ‘condenses’ on to the first few layers of water

molecules.

1.9.2.1 Adsorption
Adsorption is the presence of a greater concentration of a material at the surface than

is present in the bulk. Adsorption can be of two main types: physisorption and
chemisorption. Physisorption occurs due to physical bonding involving weak bonds
(i.e. hydrogen bonding) and hence is a reversible process. Chemisorption occurs due
to chemical bonding involving strong bonds which are mainly irreversible.
Physisorption usually involves a single layer of coverage of adsorbate molecules
followed by multilayer adsorption. For pharmaceutical systems, the most common
type of adsorption is physisorption.

Adsorption isotherms reveal information about the nature of the powder/vapour
interactions. For these studies, sorption isotherms were constructed from the
knowledge of the total heat of sorption (from microcalorimetric studies) and the
amount of vapour sorbed per gram of powder (from gravimetric adsorption studies)

as a function of the relative humidity or vapour pressure.
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1.9.2.2 The Langmuir Isotherm
One of the earliest isotherms developed was by Langmuir (1918) and is shown in

/’ Figure 1.7(I). The isotherm relates to an idealised model of monolayer adsorption,
whereby there is rapid adsorption at low gas pressures, which reaches a plateau well
below Po (the saturated vapour pressure at that temperature). In this example, the
‘clean’ surface consists of available adsorption sites and as the vapour pressure
increases, the adsorption sites become rapidly occupied. As the number of adsorption
sites become less available, the amount of gas adsorption becomes progressively less
until a plateau is reached. Monolayer coverage is established when all the adsorption
sites have been occupied. Any further increase in gas pressure results in no further
increase in adsorption. For this idealised model for adsorption, it is assumed that all

the adsorption sites are identical and equally accessible so that adsorbed molecules

on adjacent neighbouring sites do not influence them.

1.9.2.3 The Classification of Adsorption Isotherms
The classification of adsorption isotherms has come about as a result of using

mathematical models that fit experimental data. Such models make it possible to
define the adsorption process numerically and thus understand the nature of the

adsorption process.

Type I isotherms are also commonly known as the Langmuir type isotherm and

refers to monolayer adsorption as described earlier.

Type II isotherms show the initial profile of the type I isotherm where there is
monolayer coverage. However, beyond this monolayer, further increases in the
vapour pressure causes further adsorption known as multilayer coverage and this can
be regarded as analogous to condensation. This multilayer occurs due to strong
interactions between adsorbate molecules and can theoretically extend to several
layers. In practice, for most materials showing type II adsorption, coverage will only
extend to two or three layers of adsorbate molecules. Type II isotherms are most

common for pharmaceutical powders.
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Type III isotherms are uncommon and occur when there is unfavourable adsorption.
There is an initial reluctance for adsorption because the interactions between the
adsorbate molecules are greater than the interactions between adsorbate and
adsorbent molecules. Adsorption only occurs when there is sufficient pressure of
adsorbate on the surface. Once this barrier to adsorption is overcome, subsequent
adsorption becomes favourable resulting in a sharp increase in adsorption for limited

further increase in pressure.

Type IV isotherms are similar to type II isotherms except that the adsorbate
molecules on the multilayer condenses into the capillaries of microporous materials.
Adsorption then follows beyond the monolayer and stops when the capillaries have
been filled.

Type V isotherms are a combination of type III and type IV isotherms whereby the
initial rapid increase in adsorption is followed by a further limited increase as the

adsorbate fills into the capillaries of the porous material.
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Volume adsorbed

Vapour pressure Vapour pressure

1111 IV

Volume adsorbed

Vapour pressure Vapour pressure

Volume adsorbed
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Figure 1. 7 Brunaeur’s classification of adsorption isotherms.
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1.9.2.4 Freudlich Isotherm
This isotherm was derived from a mathematical model that fitted the following linear

relationship:

Inv=lna+1/nInP 1.60

where, v is the volume of gas adsorbed

P is the gas pressure

a’ and n’ are constants

In contrast to the Langmuir isotherm, which assumes that the enthalpy of adsorption
remains constant with the degree of surface coverage, the Freudlich isotherm allows
for an exponential variation in enthalpy. The Freudlich isotherm, however, assumes
that adsorption progresses beyond monolayer coverage and is therefore more

applicable to most pharmaceutical systems.

1.9.2.5 Brunauer, Emmett and Teller (B.E.T.) Isotherm (1938)
The BET isotherm is an extension of the type II isotherm and the BET equation goes

beyond the assumptions made by type II isotherms.

The equation takes into account the affinity of the adsorption sites for the adsorbate
molecules at the monolayer and beyond. So, for the monolayer there will be a certain
number of binding sites (N;) and rate constants K, and K4 for adsorption and
desorption respectively. The next layer will also have a certain number of binding
sites (N2) and rate constant K,” and K4’. The following layer (number = n) will again
also have a certain number of binding sites (N;) but the rate constants will remain
f K.’ and K4’ since the adsorption of molecules beyond the monolayer is considered to
analogous to condensation.

The derivation for the BET isotherm gives the standard BET equation:

V/Vmon = €°Z2/(1-27){1 (1-¢’)z’} 1.61

Where, ¢’ is a constant and z’ is the relative gas pressure given by: P/P,
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1.9.3 Combined gravimetric and microcalorimetric techniques

The study of vapour phase wetting by means of gravimetric adsorption has been
studied by Buckton et al., (1986), using a vacuum microbalance and the potential
uses of such techniques have been reviewed by Casanderna and Vasofsky (1979).
Buckton et al, (1986) evaluated the wettability of four barbiturate powders by
determining the equilibrium water uptake at different temperatures. By using the
van’t Hoff isochore, the value for the enthalpy of adsorption can be obtained. The
van’t Hoff isochore relates to equilibrium thermodynamics, and ultimately defines
the difference between the starting state, and the equilibrium state of a process. The
reader is referred to the reference for an explanation of the theory of this approach.
The findings were that the thermodynamic parameters obtained gave an indication of
the rank order of the wettability of these powders, which were in agreement with
contact angle data determined by the liquid penetration technique. However this
approach has certain disadvantages in that the vacuum created can cause the
vaporisation of low molecular weight compounds. Vacuum treatment may affect the
surface of the powder and practical difficulties arise in maintaining the vacuum in the
system.

More recently, the use of microcalorimetric studies in combination with gravimetric
techniques has shown to be far more useful than gravimetric methods alone. Buckton
and Beezer (1988) used this approach to compare the thermodynamic parameters
from the gravimetric studies undertaken previously and proposed mechanisms for the
adsorption process that were observed. However, the use of this technique was still
limited by the same problems that were observed earlier. The single point isotherm
that was obtained provided little information about the overall adsorption process.
Sheridan et al., (1995a) have investigated the development of a system whereby
multipoint isotherms could be obtained. In these studies a flow cell was specially
constructed which enabled the powder to be exposed to a range of relative
humidities. This technique proved to be valuable in obtaining accurate and highly

sensitive data about the sorption characteristics of hydrophobic powders.

The advance of both gravimetric and calorimetric techniques over the last five years

has led to the development of extremely sensitive microbalances and
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microcalorimeters. In these studies the use of the Dynamic Vapour Sorption
Analyser together with the Relative Humidity Perfusion Cell were used to determine

the sorption characteristics of the test compounds.

1.9.4 Predictive techniques/ based on molecular structures

Other approaches to investigate the surface properties of drugs mainly stem from a
knowledge of the molecular structure. It is possible to obtain surface free energies of
a solid by determining the parachor values of the compound (Quayle, 1953). The
parachor value, P’ is a physical constant that is determined from a knowledge of the

density, p;, the molecular weight, M of the solid and is related to the surface energy,

¥, by Equation 1.62.

1.62

The parachor values for a wide range of atomic and molecular structures has been
tabulated (Quayle, 1953). This method, however, proved inaccurate since the
calculation involves determining the surface energy term from the fourth power of
the materials density and the parachor value. Errors in either of these would therefore

be reflected in the error for the surface energy value.

Information concerning the intermolecular forces within a material can be obtained
by considering the solubility parameter, 6, developed by Hansen (1967). The
solubility parameter is a function of the lattice energy strength and can be split into
constituent parts in a similar manner to that proposed for surface energies by Fowkes

as indicated by Equation 1.63.

§=[62+57+5 1.63
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where,
0, represents the polar component,
o, represents the hydrogen-bonding component,

and & represents the dispersive component.

The values obtained for these individual components have been tabulated for a
variety of molecules and fragments by Hansen (1967). These tables have been used
to determine the surface energy using the following relationship (Equation 1.64),

1
! 1
y=0.0715V2(62 +0.63257)— 1.64

N3

where,

5, =62 +6}

and V= molecular weight/density (o)

The surface energies that are calculated by this method are usually in reasonable
agreement with values obtained from contact angle measurements. However, errors
in this calculation arise from the measurements of the true density, p and the errors

associated with contact angle measurements.

Storey (1986) investigated the relationship between various thermodynamic
parameters of aqueous immersion and two molecular orbital indices, frontier electron
density, X5 and superdelocalisability index, XSI. Sheridan (1994) later conducted
studies on an additional molecular orbital index, the total electron density, 2q,. A
relationship was elucidated between the superdelocalisability index and the contact
angle obtained with water on a series of alkyl-benzoates and large molecular weight
drugs (HMG-CoA reductase inhibitors). Although these methods proved to be useful
in predicting the wetting characteristics of a series of alkyl-benzoates, it was not

appropriate for the methyl derivative and one of the larger molecular weight
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molecules. This, therefore, highlighted the limits of such theoretical approaches. One
important factor that was not considered in this approach was the packing
arrangement of the molecules. The calculations that were made, were performed by
considering the molecules in isolation and assigning the molecular indices based on
the molecular structure. For example, hydrogen bond calculations were made based
on the functional groups likely to exhibit possible hydrogen bonding. When
predictions about the solid state properties are undertaken, it is important to obtain a
model that most closely reflects the properties of the molecule in reality and such
_approaches are generally termed simulation methods. By considering the molecule in
isolation, factors such as hydrogen bonding to neighbouring molecules, and the
overlap of certain molecular orbitals due to their arrangement within the crystal
lattice have to be ignored. This clearly, is not an ideal situation but the results
obtained were encouraging and computational methods have now been developed

whereby such effects can be included into the overall calculation of these indices.

Recently, Anwar and Khoshkboo (1996), have used a molecular simulation
‘technique for investigating the solid / liquid interface. The studies were an initial
attempt to relate the molecular and crystal éﬁucture to the observed wettability of
solids. The method was based on the atom-atom potential method (Kitaigorodsky
and Pertsin, 1987) for calculating the interfacial energy of any given crystal surface
against a given solvent (water). This particular approach concentrated on specific

crystal faces of a series of N-alkyl-D-glucamides. The simulation revealed the

hydrophilic and hydrophobic nature of the respective (010) and (010)faces of these

compounds. The terms quoted in the brackets refer to the Miller index system for
defining crystallographic planes as described in Section 2.6.4. The distribution of
water molecules at these faces was consistent with the nature of these surfaces but
the calculated interfacial energies were found to be consistently higher than the
experimental values. The disparity between the results were thought to be due to a
number of factors such the effect of impurities on the surface, crystal defects,
adsorption of water vapour under ambient conditions and the absence of relaxation

effects of the crystal molecules during the simulation.



Chapter 1: Introduction 70

The model used was very simplistic and it was appreciated that the logical extension
of this model for powdered systems would be to consider all of the crystalline faces
and a factor that represents the overall morphological importance of any particular

face.

The studies that are presented in this thesis have considered the effects of crystal
structure and the importance of the predominant morphological crystalline faces, in

an attempt to explain the surface behaviour of the compound investigated.

1.10 AIMS AND OBJECTIVES

As mentioned previously, the main aim of this work was to investigate several
methods of assessing the surface properties of a model drug, cimetidine, and its salt
forms. In particular, structural and computational techniques will be used to gain a
further insight into the likely causes of some of the experimental results that were
observed.

The following methods were used to obtain information about the surface

characteristics of the compounds investigated.

1. Determination of contact angle measurements using the modified Wilhelmy
powdered plate technique and consequently the solid surface free energies and
percentage polarity values. These studies will be used to provide a initial
indication of the relative hydrophilic/hydrophobic nature of the surfaces of the
compounds being investigated.

2. Accurate and sensitive microcalorimetric and gravimetric techniques will be used
to obtain sorption isotherms to show the extent of the water vapour interaction
and whether they can be related to the surface energies obtained by contact angle
measurements.

3. A variety of computational techniques will be used to probe the molecular
surface of the compounds and an attempt will be made to explain some of the

sorption characteristics that were observed.
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Cimetidine hydrochloride monohydrate was also studied and this compound was also
monoclinic (space group P2;). Both N atoms of the imidazole ring are protonated and
hydrogen bonded to a Cl" ion and an N atom of the cyano group of an adjacent
cimetidine molecule, respectively. The CI” ion is further hydrogen bonded to the N
atom of the neighbouring guanidine group which results in a 20-membered ring
system consisting of two cimetidine molecules and two Cl” ions related by a centre of
symmetry, respectively. The structure and packing arrangement of tlﬁs compound is
further described in Chapter 5.
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2.2 Materials used for salt preparation
Micronised samples of cimetidine and cimetidine hydrochloride monohydrate base
were kindly supplied by SmithKline Beecham Pharmaceuticals, Harlow. The

following conjugate acids were used for salt preparation:

Acid Formula Supplier  Purity

Acetic acid CH;COOH BDH 99.8%min
Adipic (CH,CH,COOH), Fisons 99 %min
L- Ascorbic CeHzOg Fisons >99.7%
Benzoic C¢HsCOOH Fisons >99.5%
Boric H3;BO; BDH 99.8%min
Cinnamic Ce¢HsCH:CH.COOH - Fisons 99 %min
Citric HOC(COOH)(CH,COOH),.H,O Fisons 99.8%
Fumaric CH(COOH):CH(COOH) Fisons 99 %min
Glutaric CH,(CH,.COOH), Fisons 99 %min
Glycolic (hydroxyaceticy HOCH,.COOH Fisons 99 %min
pL- Lactic CH;.CHOH.COOH Fisons 88 %min
Lauric CH3(CHa)10.COOH Fisons 98-101%
Maleic CH(COOH):CH(COOH) Fisons 99.5%min
pL- Malic acid CH,(COOH).CH(OH).COOH Fisons 99 %min
Malonic CH,.(COOH), Fisons 99.5%min
Metaphosphoric HPO4 (40%) NaPOj3 (60%) BDH

Myristic CHj3(CH;);,.COOH Fisons 99.5%min
Naphthalene-2-sulphonic CyHgSO3;Na Fisons 99 %min
acid, sodium salt

(+)-Pantothehoic acid, (CoH;¢NOs),Ca Fisons 99 %min
calcium salt

Phthalic CsH4(COOH), Fisons 99 %min
Pyruvic CH;3.CO.COOH Fisons 99 %min
Saccharin C;sH505NS Fisons 98 %min

Table 2. 1 Conjugate acids used for salt preparation.
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2.3 METHODS

2.3.1 PREPARATION OF SALT FORMS

The basic reaction that was employed in these studies was a simple acid-base
reaction. The base, cimetidine, was reacted with the conjugate acid in order to obtain

the appropriate salt form.

2.3.2 Choice of solvent

Methanol was chosen for a number of reasons. All of the reactants were soluble in
methanol and therefore the reaction could proceed almost immediately. The
crystallisation process was fairly rapid, in most cases within 24 hours. The most
important factor however, was that crystallisation from methanol produced good

quality crystals and high yields with most of the acids used.

2.3.3 Preliminary experiments

To find out which salts could be prepared it was first necessary to carry out small
scale experiments using equimolar quantities of the free base (1 gram) and the
conjugate acid. A general scheme that can be used to follow the synthesis is shown in

Figure 2.2. below.
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For some of the viscous residues that did not crystallise using the methods described
above it was necessary to try and produce the crystals by a precipitation reaction.
This process involved reducing the solubility of the product in methanol by the
addition of another solvent in which the product is insoluble. The product was
dissolved in methanol, and ethyl acetate was used to obtain a mixed solvent system
in which the product would be less soluble and therefore precipitate out. The ethyl
acetate was added in a drop wise fashion until precipitation just begins. The flask
was then scratched with a glass rod and allowed to stand at room temperature for 24
hours. If this was unsuccessful, the sample was placed in an oven at 37°C for a

further 24 hours to allow more of the solvent mixture to evaporate.

2.3.4 Scale-up procedure

From the salts that were prepared, it was desirable to choose only those preparations
that formed crystals relatively easily and with a good yield. The initial method
involving refluxing and crystallisation in a fume cupboard was the preferred method
of preparation since this yielded good quality crystals for structure determination.
For further characterisation, the samples were produced again on a larger scale. The
scale-up method involved the reaction of 10 grams of the base (cimetidine ) with an
equimolar quantity of acid as described above. The crystallisation process was
allowed to proceed using a large flat glass dish that was left to stand in a fume
cupboard for 24 hours. Some products that required further drying were placed in an
oven at 37°C for approximately 10 hours prior to collection and further

characterisation.

24 DETERMINATION OF EQUILIBRIUM SOLUBILITY

There is no single accepted method for determining the equilibrium solubility.
However, most current methodologies are based on the concepts of phase solubility
as described by Higuchi and Connors (1965). The experiment used for these studies
has been discussed below. A point worthy of noting is the time to reach equilibrium
conditions. This equilibration time can be influenced by various factors such as,
particle size, crystallinity, polymorphic conversions etc., and can vary among the

compounds and vehicles being tested. Sampling time intervals reported in the
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2.4.1.3 UV absorbance measurement (in duplicate)

The diluted solutions were analysed by UV spectrophotometry at 218nm (Amax) using
a ZEISS-Specord S-5 diode-array spectrophotometer equipped with a ZEISS APN-
40 Autosampler.

A plot of concentration against absorbance was obtained and an equation for the

straight line was obtained.

2.4.2 Solubility studies

An excess amount of drug (salt form) was placed into plastic coned test tubes.
Approximately 3-4ml of distilled deionised water was added into the test tubes and
agitated to obtain a saturated solution. The test tubes were then stoppered and sealed
with parafilm tape to prevent any leaks. The solutions were then allowed to
equilibrate by rotating the sealed test tubes in a water bath maintained at 25+ 0.5°C,
for 24 hours.

When the equilibration was complete, the test tubes were removed and then
centrifuged at 3000 rpm for 10 minutes to allow any solid material to sediment to the
base of the tubes. The saturated solution was then filtered through 0.45pum Millipore
filters prior to pH measurement. The first small volume of filtrate was discarded so
that any subsequent adsorption onto the filter was minimised. Aliquots of the
saturated solution were diluted appropriately and analysed by UV
spectrophotometry. Any solid-solid phase transition that may have occurred after the
equilibration stage was checked by examining the solid residue using differential

scanning calorimetry.
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2.4.2.1 Determination of aqueous equilibrium solubility by UV assay
Assuming linearity of response, the aqueous equilibrium solubility for the samples

can be calculated using equation 2.1.

Solubility (mgml™) = 4 x(h) x dilution factor x1000
A, 100

2.1

Where,
A = Absorbance of sample
Agqq = Absorbance of standard
Wi = Weight of standard

2.4.2.2 Determination of aqueous equilibrium solubility by using a High-
Pressure Liquid Chromatography (HPLC) assay

Some salt solutions (phthalate, naphthalene-2-sulphonate, and pentothanate) showed
uncharacteristic UV spectra due to an absorbing chromophore that interfered with the
absorbance peak of cimetidine at 218nm (an example of this can be seen in Section
3, Figure 3.4). For such cases an alternative HPLC assay method was used to
determine the aqueous solubility in which aliquots of the sample were taken and
diluted appropriately for analysis using the HPLC method as described in Section
'2.5.

Thé calculation of equilibrium solubility (mg.ml™) using the HPLC assay method is
given by Equation 2.2.

5
x — x Aliquot dilution factor

( Area of sample peak ] X ( Weight of standard) X (Purity of standard)
100

Area of standard peak Volume of standard 100
2.2
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2.5 DETERMINATION OF BASE EQUIVALENCE FACTORS (BEF)

The amount of base that was present in each of the samples provided information
about the stoichiometry of the salt form. For these studies, a standard high-pressure
liquid chromatography (HPLC) assay for cimetidine was used. Found values were
compared with calculated values and are presented in Section 3.2. This method was
useful because the recovery data that was obtained also gives an indication of the
purity of the products produced. Any known impurities in the product reduce BEF

values and would have also been detected in the chromatograph obtained.

2.5.1 High-Pressure Liquid Chromatography assay

HPLC was used to separate the components of the solution mixture. Separation was
effected by the stationary phase which, interacts with the eluting mobile phase
containing the dissolved sample. If the mobile phase used is polar and the stationary
phase is hydrophobic, then this is known as reverse phase chromatography. This was
the approach used for this work.

2.5.2 HPLC system setup
The following procedures were performed prior to sample measurement to ensure the

accuracy of the experiment.

2.5.2.1 Mobile phase preparation

The mobile phase was prepared as required by the analytical method described in
Section 2.5.3.1. Filtration was recommended for all solutions used in the assay to
prevent any blockage of the column and apparatus equipment and tubing. All HPLC
grade reagents were pre-filtered.

It was essential to degas the mobile phase prior to use since this would prevent the
formation of any air locks in the pumping system and bubbles in the detector cells.
Degassing was normally achieved by helium sparging or sonication. Care was to be
taken not to over degas as this can result in the removal of more volatile components
from the mobile phase. For this reason, the mobile phase was sonicated for 10

minutes prior to use since ammonia was the more volatile component and it was the
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concentration of ammonia that determined the degree of separation that was

observed.

2.5.2.2 Connection of the mobile phase

The previous eluent on the instrument must be removed before connection to a new
mobile phase. This was effected by using a wash solution (50:50, methanol: water
solution) and pumping it through the instrument at 0.5ml/min for about 30 minutes or
until no further change was observed on the zeroed UV reading.

A new glass reservoir and a new batch of mobile phase should be used each week.
This was to prevent any dust settlement, selective evaporation of solvent and to

prevent any microbial growth in the aqueous mixture.

2.5.2.3 Connection of the column

When connecting the HPLC column, the inlet tubing from the pump must be made
free of air by pumping some wash solution through the tubing. The column was
connected with the wash solution flowing through at 0.5ml/min until a zero UV
reading was maintained for several minutes.

After completing the wash sequence, the mobile phase was connected and pumped
through the column at 1ml/min until equilibrium was achieved (zero UV reading).
The mobile phase was allowed to flow from the detector into a waste collector. The

waste container was regularly checked and emptied when necessary.

2.5.2.4 System suitability test

Before performing any assays, it was first necessary to perform a systems suitability
test. This test was performed so that the reliability in the injection volume of the
analyte could be obtained. For this purpose, 5 replicate injections of the standard
solution were taken prior to assaying. To satisfy the requirements of the test, the
reading must not show a standard deviation of more than 1.5%. In all cases, the

standard deviation was always < 1.5% for the reported data.
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2.5.2.5 Setup for data acquisition

The pre-diluted solutions of the samples were placed on the automated sample holder
ready for data collection. The experimental conditions were fed into control unit of
the HPLC system and the experiment was initiated so that data could be acquired

automatically.

2.5.3 Preparation of analytical solutions

2.5.3.1 Mobile Phase

The mobile phase was prepared using the following ratios of components:
Acetonitrile (850): Methanol (100): Water (20): Ammonia (5)

The solution was then thoroughly mixed and degassed as described earlier.

2.5.3.2 Internal standard solution
Approximately 10mg of SKF 92058 (Metiamide) was accurately weighed into a

200ml volumetric flask and dissolved and made to volume using methanol.

2.5.3.3 Standard solution

Approximately 50mg of cimetidine reference standard was accurately weighed into a
100ml volumetric flask. The reference was dissolved and made up to volume with
methanol (HPLC grade). Five ml of this solution and 5ml of the internal standard

solution were diluted to 100ml with the mobile phase.

2.5.3.4 Sample solution
Approximately 50mg of the sample was accurately weighed into a 100ml volumetric

flask and diluted as described in the preparation of the standard solution.
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2.5.4 Chromatography

A suitable column was used and setup with the following conditions:

Instrument  Waters 6000 or equivalent

Column Zorbax Sil ®*Fo" or equivalent, 250mm, 4.6mm internal diameter
Flow rate 1.5ml/min

Temperature Ambient

Detector UV photometer at 228nm

Mobile phase As-above

A wavelength detection setting at 228 nm, rather than 218nm, for this method was
used because acetonitrile shows significant absorbance at values lower than 220nm.
At 228nm, the absorbance due to cimetidine is sufficiently distant from the noise
caused by acetonitrile. Therefore, the sensitivity required for absorbance due to
cimetidine is still maintained.

The system was setup so that 10 pl aliquots of sample and reference were injected
onto the column. Duplicate injections of the sample solutions, bracketed at regular
intervals with a reference standard were performed. The peaks should elute as
Metiamide at 5 minutes and cimetidine at 6 minutes. The amount of cimetidine in
each sample was determined using the mean peak response of the reference standard,

before and after the sample solution of interest.

2.5.5 Calculation of cimetidine content
The amount of cimetidine (W), present in the sample was calculated using the

following equations:

R xW,,

R, 23

Amount of cimetidine (mg) =

Where,
R = Peak ratio of cimetidine to internal standard.
W:er = Weight of cimetidine reference standard.

Rrer = Peak response of cimetidine reference standard.
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Then, the percentage recovery was determined using Equation 2.4.
w. x 100
0/ — __§
Percentage recovery (%) - 24

Where,
W = Weight of sample (mg)
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2.6 CRYSTAL STRUCTURE DETERMINATION

2.6.1 Introduction to X-ray crystallography

X-ray crystallography is a powerful tool that is used for many crystalline systems.
The complete structure of the solid can be determined and details about the hydrogen
bonding system can also be investigated. Since it is possible to see how the
molecules arrange themselves within the crystal lattice, it provides a significant step
towards the understanding of many solid-state reactions of drugs.

X-ray crystallography can be considered analogous to light microscopy except that
the image obtained is due to the electrons of the solid rather than the bulk solid itself.
In similar way that microscopic images are focussed using a lens, the
crystallographic atomic image is determined by Fourier synthesis (usually on a

computer) of the diffraction pattern.

2.6.2 Crystals

Crystals are made up of a regular arrangement of repeated three-dimensional
structural units. In a perfect crystal, the arrangement of atoms or molecules in these
units can be completely described by the unit cell. It is convenient to view the unit
cell as single molecule or a group of molecules, and the crystal as a three-
dimensional array of these unit cells. Such an array is termed the crystal lattice.

The ordering within a crystalline solid can be used experimentally to show how the
crystal behaves as a diffraction grating when x-rays are passed through it. X- rays
have wavelengths that are comparable to the interatomic distances within the crystals
and interference with electrons within the crystal causes a diffraction pattern to be
observed. If the crystal lattice did not have a spacing which, was in the same order of
magnitude as the wavelength of the x-rays, then simple reflection and scattering of
the x-rays would occur. However, the reflection that is observed is not fact that
simple and is the result of interference. Interference occurs as a result of both
destructive and constructive interference. Constructive interference occurs whenever
the phase of the beams scattered from successive layers of the crystal is shifted by an
integral multiple of wavelengths. This is the fundamental theory for Bragg’s

Diffraction Law as shown in Equation 2.5.























































































































































































































































































































































































































































































































































































































































































































































































































































































