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Abstract
%

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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Figure 1.1 Diagrammatic representation of the interaction between molecules at the
surface and in the bulk.

In the bulk of the liquid, the molecules are surrounded by like molecules and 

therefore the net attractive force on a molecule in any one direction is zero. However, 

at the surface of the liquid, the molecules are not completely surrounded by other like 

molecules. There is a downwards attractive force between the surface molecules and 

the molecules in the bulk, and there are the sideways attractive forces due to the 

other molecules on the surface. The outward attraction by vapour molecules is 

relatively small and thus there is net inward attractive force perpendicular to the 

surface, resulting in the contraction of the surface. This contracted surface is said to 

exist in a state of tension, and this is more commonly referred to as the surface 

tension.

1.4 The solid surface

The surface free energy of a solid can be considered in similar way to the surface 

tension of a liquid. In the solid state, however, the same intermolecular forces apply, 

but they are far greater and molecules are unable to move as freely. This results in an 

energy imbalance whereby the molecules at the surface possess extra energy than 

that in the bulk. The energy per unit area is termed as the surface free energy.

The surface free energy of a solid is affected by the vapour that is in contact with the 

surface. An absolute value for the surface free energy of a solid is given by:
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Ys=Ysv+7le 1 . 1

where. Tig is the equilibrium spreading pressure, Ys is the surface free energy in
vacuum and Ysv is the surface free energy in vapour.

1.5 The solid-liquid interface

The interactions that occur at the interface of a solid and liquid are as a result of a 

combination of liquid surface tension and solid surface free energy. The extent of

this interaction gives an indication of the wettability of the solid and is discussed

below.

1.5.1 Wetting of pharmaceutical powders

The wettability of a powder is the extent of its interaction with a liquid. Wettability 

cannot be measured directly, therefore indirect methods need to be used. A common 

approach is to consider a drop of liquid resting on a solid flat surface as shown in 

Figure 1.2

V apour

lv Liquid

Solid

sv.

Figure 1. 2 Representation of forces acting on a drop of liquid on a solid surface.
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As the droplet sits on the surface, an angle is produced between the solid and the 

liquid. This angle is termed as the contact angle (9) and is a result of an equilibrium 

between the three surface energies Ysv, Ysi and yiv. The interaction between these 

energies is given by Young’s equation (Young, 1805).

Ysv = Ysi + Yiv (cos 0) + TCe 1.2

The spreading coefficient Ttg is assumed to have negligible effect for non-volatile 

liquids, and thus is removed from Equation 1.2.

The contact angle can therefore provide information on the wettability of a 

compound. A small contact angle is indicative of a more wettable solid and vice 

versa for a large contact angle.

1.5.2 The wetting process

There are three stages involved in the wetting process (Parfitt, 1973), and these are 

shown in Figure 1.3.
1

( 1 ) to (2) Adhesional wetting

(2) to (3) Immersional wetting

(3) to (4) Spreading wetting

Figure 1.3 Three stage model for wetting process.
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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, Wg.

Wa = Ysi -  (Ysv + yiv) 1.3

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

Equation.

Wa = Y i v ( c o s 0 +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:

Wi = 4Ysi-4Ysv 1.5

Combined with Young’s equation, gives:

Wi = 4yiv (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, Ws and is 

given by:

W s  =  Ysi +  Yiv -  Ysv 1 - 7
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This combined with Young’s Equation, gives:

Ws = -yiv (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: yiv (1 + cos 0) > 0 .'. cos 0 > 1, and 0 < 180°

2) Immersion: yiv (cos 0) > 0 .’. cos 0 > 0, and 0 < 90

3) Spreading: yiv (cos 0 -1) > 0 .'. cos 0 > -1, and 0 < 0

o

\o

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 (9 t 1.9
277
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Where I is the distance of penetration by the liquid at time r is the capillary radius 

of the powder bed, y/v is the liquid surface tension, 77 is the liquid viscosity, and 6 is 

the contact angle.

For a liquid that is perfectly wetting. Equation 1.9 can be simplified since cos 0 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 

f  versus time t, from which the gradient can found and applied to Equation 1.10 to 

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

1.10
y;,i77i 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.
! Carli and Simioni (1978), have also shown that it may not always be desirable to

j raise the power of I (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 penetrating liquid is not uniform and is dependent 

on a number of factors 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 a l, (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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measurement of penetration rates. Errors in the range of 2-5% also arose by quoting 

values for the contact angle in terms of cos 0.

1.5.4 Sessile drops

This is the most cited method used for determining the contact angle of powders. It 

involves the use of a goniometer to physically measure the contact angle when a drop 

of the test liquid is placed on the surface of a specially prepared powder plate. The 

most common method used is known as the h-e method as described by Heertjes and 

Kossen, (1967). In this method the maximum height of the drop is measured when 

there is sufficiently enough liquid to allow spreading of the drop as shown below;

Vapour

Solid

Figure 1. 4 Diagram of parameters measured for sessile drop experiment. 

The contact angle is found from the following equations: 

a) For angles smaller than 90°

CosO  = 1 - w

il

3 ( , - z ( , 4 ‘ r 1.11

b) For angles greater than 90̂



Chapter 1: Introduction 38

Where,

h = maximum height of drop 

z = volume porosity of the plate

B  =  —
2r,v

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 et 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 = p Yiv cos 0 1.13

where,

p = the perimeter of the plate 

Yiv = 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:



Equilibrium mode:
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In this mode the force reading is obtained when the plate just 

comes into contact with liquid.

Detachment mode:

Dynamic 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.

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.



Chapter 1: Introduction 41

1.5.6 Dynamic contact angle analysis

A schematic diagram of the Cahn Dynamic Contact Analyser is shown below.

Thermostatted 
water jacket

Water bath

Motorised
platform

Microbaiance

Computer

Sample plate

Probe liquid

Water out 

Water in

Figure 1. 5 Schematic diagram of the Cahn Dynamic contact angle analyser.

In this method it is possible to measure the contact angle that is made when a sample 

comes into contact with a test liquid of known surface tension. The solid sample is 

prepared and the perimeter is measured prior to suspension over the test liquid. The 

test liquid, which is placed in a clean beaker, is brought into contact with the sample 

at a constant rate by way of a motorised platform. Force readings are obtained as the

plate is immersed into the liquid and as the plate is raised away from the liquid. A 
graph is obtained of force versus relative platform position. A typical buoyancy 

curve that is obtained is shown in Figure 1.6.
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(z.d.o.i.)

Analysis range 
for least square 
analysis

a

Platform position (nun)

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 dravm through C-D and extrapolated 

back to the perpendicular at point B to give the force at zero depth of immersion

( f  zd.o.i)'

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.

cos^= 1.14
PYiv
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where,

mg = Fz d.o.i-, force at zero depth of immersion 

m = mass (mg)

g = acceleration due to gravity (gm‘̂ ) 

p  = perimeter of solid compact (mm) 

yiv = surface tension of liquid (mJm'^)

Extrapolation to find Fz d.o.i. 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.



Chapter 1: Introduction 44

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 lOOmg 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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1.6 SOLID SURFACE ENERGY

The surface energy of a solid is the preferred measure of wettability for powdered 

systems (Buckton, 1992) and has been briefly discussed in Section 1.4. Since the 

surface energy is a property of the solid, it is more useful than the contact angle, 

which describes the interaction between a solid and a liquid. Surface energies cannot 

be determined directly and therefore they must be estimated by other measurements. 

As described earlier, the contact angle is consequence of an equilibrium between the 

surface energies, ysi, and //v as expressed by Young’s Equation (1805), Equation 

1.2 .

In order to obtain meaningful surface energy data it is first necessary to understand 

the various methods that have been employed by various workers who have used 

contact angle data to obtain surface energy parameters.

1.6.1 Critical surface tension for wetting, yc

The critical surface tension, yc of a solid is defined as the surface tension of a wetting 

liquid, above which spontaneous wetting for that solid does not occur, yc can be 

found by obtaining the contact angle on low energy solids using a homologous series 

of liquids with varying surface tensions (Fox and Zisman, 1950), a non-homologous 

series of liquids (Davies, 1985), aqueous surfactant solutions (Bemett and Zisman 

1959, and Liao and Zatz, 1979) or using a variety of liquid mixtures (Dann, 1970, 

and Hansford et al, 1980).

A linear plot of cos 0 versus surface tension is obtained that can be extrapolated to 

cos 0 = 1. The corresponding surface tension is known as the critical surface tension 

for that solid.

It was suggested that this method of extrapolation may be inaccurate especially when 

the extrapolations were long. Good (1977) noted that unnecessarily large errors of up 

to 10% were introduced in the value of yc if the lowest value of for the liquid 

series is greater than 1.25/c- Good proposed that yc should be determined by plotting 

cos 0 against yiv '̂ .

The value of yc is dependent on the choice of the liquid series that is selected purely 

as a consequence of the nature of the liquid (Dann, 1970). For this reason, it is

S> ) .



Chapter 1: Introduction 46

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:

Ysi Ysv Yiv " 2 0 (Ysv»Yiv) 1.15

where, O = the interaction parameter.

In combination with Young’s Equation, gives:

cos ^ = 20

In circumstances where a finite contact angle exists or where yi »  Ys, is 

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

cos 0 = 20

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 O 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 O values for several low energy surfaces with a predominantly non
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polar nature. Non-polar liquids such as bromonaphthalene gave O values that were 

close to unity, whereas polar liquids like water or glycerol gave O 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 O is assumed 

to be equal to unity.

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

relationship from which 0  could be estimated.

O  =  - 0 . 0 0 7 5 .  yiv +  1 1 .1 8

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 (yiv) on the surface of a completely non-polar solid 

with a known surface energy. The following methodologies and equations were used 

to calculate yi’’ and yî .

The work of adhesion (Wa®) between a solid (s) and a liquid (1) interface can be 

calculated from Equation 1.19.

W a  =  yiv +  yiv ( c o s  0 )  1 .1 9

The work of adhesion is also given by:

w /  = 2 (ys,“ + yiv‘‘)‘’’ Tio
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Where ysv̂  are obtained from a selecting a suitable solid. The ysv̂  for paraffin is 25.5 

mJm'^ and for polytetrafluroethylene, ysv̂  = 19.5 mJm'^ (Fowkes, 1964). 

yiv̂  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 =  yiv +yiv‘’ i . 2 i

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.

ys-ys‘* + yŝ  + ys' + ys" + ys®+••• 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

71 = 71 bonds

e = electrostatic forces

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

interactions (d) so that;

ysv ysv  ̂ y$v i *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:

Yi2 =  Yi +  Y2 - 2 ( yi 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:

Y12 = Yi + Y2 - 2 (Yi V ) ° '  -  2(yiW “’ 1.25

Equation 1.25 can be combined with Young’s’ Equation as before to give Equation 

1.26 (Owen and Wendt, 1969),

Yi (1 +  cos 6) =  2[(Y ,".Y2y' +  (Yi" Y 2 T '] 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 meaisurements 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:

(  d  d  \ f  P P ^

ri2 = n + r 2 - 4 y I ‘/ i
d  . d - 4 Zi 72

p  . p
I n  +/2 j I n  + n  J 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) y /.y / + C(B-A).y/ + B(C-A).y/ -  (ABC) = 0 1.28

where,

A = (yi/4).(1+ c o s  0)

6  = 71̂*

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 (Ysv̂ ^̂ ) can then be considered as the sum of these two forces since there is 

no interaction between LW and AB forces.

where,

Yŝ  ̂= Lifshitz van der Waals interactions (a combination of all the dispersive 

non-polar components)

= 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:

Y-TW  =  y.LW  +  y.LW  _  2(y.LW_ y.LW^O.5 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:

Yi(l+cos8) = 2(Yr.Yj'T' 1.31
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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 

(yŝ ) term.

The relationship is given by:

ys^ = 2(ys\ysf' 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:

Ysi
AB = 2 ( (Ys'.Ys')" '  + (Yi"-yO“ '  -  (ys'-yO" ’ -  (Y/.yi )̂" '  ) 1.33

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:

y/°" =( (Ŷ '̂ r - (r,̂ yy + 2 ( (ys%r+(y.̂ yo“’

-(Ys".YO"'-(Ys'.Yiy) 134

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

as shown below:

Y^°^(l+ cos 0) = 2 ((Yŝ -'̂ .Yi + (Yŝ yO” '  + (Y/ YiV O 1.35
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If the liquid surface energy parameters are known, the three j unknowns, Yŝ  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 and 

y" 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 ŷ  = 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 (5) is a simple ratio between the polarities of the test liquid (1) 

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

=
f -  ̂

Yi
<Yw J

0.5

1.36

\Yw )

0.5

1.37

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:

yF^ = 2(yF\yF")- \ 0.5 1.38



Chapter 1: Introduction 54

from which,

1.39

and

(YP-)*: = YF**/ 2(YF+)0: 1.40

Now is equal to 19mJ m'^, so Equation 1.35 can be expressed as:

0.5 0.5

L W + 9.5
1.41

0.5 0.5

™ (̂l + cos0) = 2 ( r s " . r / " ' f + 19 + 19
1.42

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

Equations 1.36 and 1.37 to give:

(Yf̂ )°'̂  -  Ôfŵ . (Yŵ ^’̂ 1.43

and

(yf*)̂ '̂  = ôpw’. 1.44

This can be substituted into Equation 1.42 to give:

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

as before to obtain ôgw values:



Chapter 1: Introduction 55

y - ( l  + c o s g ) = 2 ( r r 7 r r + 1 9
r c  + 3

\ ^ F W  J

+ 19

1.46

The surface energy components for formamide and water have been determined by 

van Oss et al, (1992a), and can be substituted into Equation 1.46 to the final 

equation:

(1+ c o s  0 )  = 2 ( y s ‘- * .Y f ‘-'*')“^ + 63.55(5sw*) + 15.25(6sw')LW . .  L W \0.5 1.47

This equation can be solved simultaneously if three test liquids are used. In practice 

it easier to use one non-polar liquid and two polar liquids to obtain similar equations. 

All the test liquids must be well characterised in terms of their surface energy 

components in order to calculate the solid surface energy parameters.

Equations for different test liquids are shown below.

Test Liquid , Equation

Water

Formamide

Bromonaphthalene

Yw™^ ( 1 + cos 0) = 2 (Ys‘-*.Yw‘-'“)‘”  + 51 (5sw") + 51 (5sw‘) 

Yf™’’ (1+ cos 6) = 2 (Ys‘-*.Yf‘'" ) “ ’ + 63.55(8s w *) + I5.25(8sw ') 

Y b ™ ^ 1 + c o s9 )  = 2 (y s ‘- * Y b " T ’

Table 1.1 Equations used for different test liquids.

1.7.9 Negative polarity values

It must be remembered that the square of a negative number is always a positive 

number. Good and van Oss (1992) have discussed possible reasons for this anomaly 

in more detail. They found that negative polarity values were almost exclusively 

obtained for advancing contact angles and in the calculations of the yŝ  terms. 

Negative polarity values are physically allowable provided ys^  < ys^^ and the 

simplest explanation for this kind of response would be due to experimental error 

especially for water contact angle measurements on hydrophilic solids.
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Another possible reason may be due to the fact that the equilibrium spreading 

pressure (Tie) 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.

Yŝ  = 2[(y,Y*.(Ys-)"'] 1.48

A negative square root term results in a negative Ys 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:

Ys l  = / ( Y s v , Yl v )  1.49

Equation 1.49 can be combined with Young’s Equation to obtain the two unknowns, 

Ysl and Ysv 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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dysv — SsvdT - Fsv dp 1.50

dysL = SsLdT - Fsbdp 1.51

dyLv — SLvdT - Flv dp 1.52

where,

Ssv, SsL and S l v  represent the three interfacial entropies 

Fsv, PsL and Flv 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 = ysv (T, p) 1.53

ysL = ysL (T, p) 1.54

yLv = yLv (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:

\ - 0 m 5 (ysvrLv)

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 (yc), (Fox and Zisman, 1950), and the Good 

and Girifalco Equation (1957). The equation of state is given by:

Yc = % (1+ cos 0)  ̂Ylv 1.57

From which Yc can be calculated from the contact angle measurement using a liquid 

of known surface tension. Yc converges to ysv when the interaction parameter (O) is 

taken as one and Tie 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 AGimm from the 

surface tension of the probe liquid and contact angle data (Schroder, 1984) using 

Equation 1.58.

AGimm = -Ylv COS0 1 . 5 8

The next step is to determine the enthalpy of immersion AHimm- 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(1). 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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Figure 1. 7 Bnmaeur’s classification of adsorption isotherms.
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1.9.2.4 Freudlich Isotherm
This isotherm w£is derived from a mathematical model that fitted the following linear 

relationship:

In V  = In a’ + 1/n’ In P 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 (Ni) and rate constants Kg and Kd for adsorption and 

desorption respectively. The next layer will also have a certain number of binding 

sites (N2) and rate constant Kg’ and Kd’. The following layer (number = n) will again 

also have a certain number of binding sites (N„) but the rate constants will remain 
I Kg’ and Kd’ 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 = c’z’/(l-z’){l -( l-c ’)z’} 1.61

Where, c’ is a constant and z’ is the relative gas pressure given by: P/Po
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Other isotherms have also been developed which are even more reliable and can be 

applied to situations that are more complex. The GAB isotherm, named by van der 

Berg (1981) (developed independently by Guggenheim (1966), Anderson (1946) and 

De Boer, 1968) considered splitting the adsorption into three thermodynamic states 

as outlined below;

State 1 : Interactions at the monolayer between adsorbate and adsorbent

molecules.

State 2: Interactions at an intermediate layer between adsorbent and bound

adsorbate molecules.

State 3: Interactions at the condensed layer between adsorbate and adsorbate

molecules.

As mentioned earlier, most pharmaceuticals tend to show type II sorption 

characteristics whereby the sorption of vapour occurs in several ways as shown in 

Figure 1.8.

Adsorbed
water
(monolayer
formation)

Adsorbed water 
(multilayer formation and 
condensation)

Absorbed water

Figure 1. 8  Water vapour sorption.

Figure 1.8 shows how water sorption consists of water that is initially adsorbed on 

the surface via monolayer formation. Additional sorption of water can then lead to 

condensation of water molecules to form multilayers or it can be taken up by the 

powder particles whereby the water is referred to as being absorbed.
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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 Casandema 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 isocbore, the value for the enthalpy of adsorption can be obtained. The 

van’t Hoff isocbore 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 a l, (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, pis, the molecular weight, M  of the solid and is related to the surface energy, 

Y, by Equation 1.62.

1.62
Ps

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, 5, 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.
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where,

ôp represents the polar component,

Sh represents the hydrogen-bonding component, 

and Sd 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).

Y  =  0 .0715C W  + 0 .6 3 2 ^ f)-L 1.64
#3

where,

and Vm = molecular weight/density {p)

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, and superdelocalisability index, ESI. Sheridan (1994) later conducted 

studies on an additional molecular orbital index, the total electron density, Eq̂ . 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 structure 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 (0 1 0 ) and (0 Î 0 ) 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.
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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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2.0 MATERIALS AND METHODS FOR SAMPLE 

CHARACTERISATION
2.1 Cimetidine

Cimetidine is a histamine | H2-receptor antagonist that is used in the treatment of 

gastric and duodenal ulceration. It is used here as a model drug since it has been well 

characterised and its physicochemical properties have been established (Bavin et al., 

1984).

2.1.1 Chemical name and structure

N-cyano-N’-methyl-N” -(2-([(5-methyl-lH-imidazol-4-yl)-methyl]thio}ethyl)
guanidine.

Empirical formula: CiqHiôNôS

Molecular weight: 252.35

Structure:

NHCH3

HN .  NH

2.1.2 Physicochemical properties of cimetidine

Cimetidine is white crystalline solid that has little or no odour and has a melting 

range between 140-143.5°C.

Aqueous solutions of cimetidine are usually colourless to a very pale straw colour 

and a saturated solution of the free base has a pH of approximately 9.0. The apparent 

pKa of cimetidine is 7.11 ± 0.04 at 25°C measured potentiometrically in O.IN 

aqueous KCl. In water, the pKa of the imidazole ring nitrogen (-NH-) is 6.80. The 

nitrogen atom on the side chain to which the cyano (-C=N) group is attached is 

essentially neutral and has a pKa = -0.4 (Durant et al, 1977).
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2.1.3 Polymorphism of cimetidine

Cimetidine has been reported to exist in four polymorphic forms (Projic-Kojic et al, 

1979) however, other workers (Shibata et al, 1983 and Hadicke e/ al, 1978) suggest 

that one of these forms is a monohydrate of cimetidine (Polymorph C)

Polymorph A forms monoclinic crystals (space group P2i/c) and was the form used 

during these studies. Polymorphs B and C are also monoclinic crystal forms (space 

groups P2i/n and Cc respectively). Polymorph D is referred to hereafter as Polymorph 

Z (due to its physical conformation) and is also monoclinic (space group P2i/n).

The structure of polymorph A has been studied by Hadicke et al (1978). The 

cimetidine molecule is intermolecularly hydrogen bonded by an N...H-N bond 

between the imidazole and guanidine residues to form a stable ten-membered ring 

system. Two cimetidine molecules are attached to each other in a head to tail 

arrangement via intermolecular bonds of the cyanoguanidine group forming a 

twelve-membered ring. These pairs of molecules are hydrogen bonded between the 

imidazole and cyano residues resulting in waved layer of cimetidine molecules 

(Figure 2.1)

V

c . /

Figure 2. 1 Cimetidine packing diagram viewed along the c-axis.
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Cimetidine hydrochloride monohydrate was also studied and this compound was also 

monoclinic (space group P2i). 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 Cl' ion is further hydrogen bonded to the N 

atom of the neighbouring guanidine group which results in a 2 0 -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 this 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 CH3COOH BDH 99.8%min

Adipic (CHzCHzCOOH): Fisons 99 %min

L - Ascorbic CôHgOô Fisons >99.7%

Benzoic CôHsCOOH Fisons >99.5%

Boric H3BO3 BDH 99.8%min

Cinnamic CôHsCHiCH.COOH Fisons 99 %min

Citric H0C(C00H)(CH2C00H)2.H20' Fisons 99.8%

Fumaric CH(COOH):CH(COOH) Fisons 99 %min

Glutaric CH2(CH2.C0 0 H)2 Fisons 99 %min

Glycolic (hydroxyacetic) HOCH2.COOH Fisons 99 %min

D L - Lactic CH3.CHOH.COOH Fisons 8 8  %min

Laurie CH3(CH2)io.COOH Fisons 98-101%

Maleic CH(COOH):CH(COOH) Fisons 99.5%min

D L - Malic acid CH2(C00H).CH(0H).C00H Fisons 99 %min

Malonic CH2.(C00H)2 Fisons 99.5%min

Metaphosphoric HPO4 (40%) NaP0 3  (60%) BDH

Myristic CH3(CH2)i2 .COOH Fisons 99.5%min

Naphthalene-2-sulphonic C9HgS0 3 Na Fisons 99 %min

acid, sodium salt

(+)-Pantothenoic acid. (C9Hi6N0 s)2Ca Fisons 99 %min

calcium salt

Phthalic C6H4(C00H)2 Fisons 99 %min

Pyruvic CH3 .CO.COOH Fisons 99 %min

Saccharin C7H5 O3NS Fisons 98 %min

Table 2.1 Conjugate acids used for salt preparation.
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Acid Formula Supplier Purity

Salicylic HO.C6H4 .COOH Fisons 99.5%min

Stearic CH3(CH2)i6.COOH Fisons 99 %min

Succinic (CHzCOOH)] Fisons 99.5%min

Sulfamic NH2SO3H Fisons 99%min

5-Sulfosalicylic C6H3 (0 H)(C0 0 H).S0 3 .2 H2 0 Fisons 99%min

1 -Hexane sulphonic CH3(CH2)5S0 3 Na BDH 99 %min

acid, sodium salt

1 -Octane sulphonic acid, CH3(CH2)?S0 3 Na BDH 98%min

sodium salt

1 -Heptane sulphonic CH3(CH2)6S0 3 Na.H2 0 BDH 98%min

acid, sodium salt

(+)-Tartaric acid H00C(CH0H)2C00H Fisons 99 %min

T oluene-4-sulphonic CH3C6H4SO3H Fisons 99 %min

acid

Table 2.1(cont.) Conjugate acids used for salt preparation. 

2.2.1 Solvents used for salt preparation and characterisation

Solvent Grade Supplier

Methanol HPLC grade BDH

Acetonitrile HPLC grade BDH

Ammonium Hydroxide AnalaR BDH
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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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Drug + Acid + Solvent

Dissolve

Solid < —Reflux reaction
Solution

V iscous liquid

V iscous liquid

V iscous liquid

Characterise Viscous liquid

Cool at 4°C

Concentrate

Rotary Evaporation

Leave to stand at 
ambient conditions

Dissolve in Methanol 
and add non-solvent

Figure 2. 2 General scheme to show synthesis of salt forms.

Equimolar quantities of the free base and acid were added to approximately 20ml of 

methanol and stirred gently until all the contents had dissolved. The solution was 

then refluxed for approximately 20-30 minutes at 70°C with gentle stirring at regular 

intervals to prevent any crystallisation of the product along the rim of the reaction 

vessel. The solution was allowed to cool to about 50°C before being transferred into 

a glass petri dish. A glass rod was used to scratch the dish to induce the 

crystallisation, after which the dish was covered and placed in a fume cupboard for 

24-48 hours.

For some reactant combinations which showed no crystallisation using the method 

above, the hot solution was evaporated using a rotary evaporator at 40°C. This 

method produced a viscous residue for some of the samples. Crystallisation of this 

product was effected by cooling the product to room temperature, and then placing it 

in a refrigerator at 4°C for 24 hours or more, if necessary.
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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 1 0  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.

2.4 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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literature have ranged from 30 minutes to up to two weeks. We have used 24 hours 

for our study as this appears to be adequate for determining the aqueous equilibrium 

solubility since no change in concentration was detected even after 3 days.

An additional concern relates to the temperature used for solubility determinations. 

Unless otherwise stated, we have used 25°C because this is an accepted standard 

reporting temperature. It also minimises potential degradation effects that may occur 

at elevated temperatures.

2.4.1 Calibration Curve for cimetidine base

It was necessary to determine a calibration curve for cimetidine to ensure that 

subsequent readings were reliable and that they were within the dynamic range of the 

instrument being used. All of the readings taken must also lie within the linear 

portion of the curve obtained.

2.4.1.1 Preparation of standard solutions (in duplicate):

Approximately SOOmg of cimetidine reference standard (purity 99.4%) (SKF 92334) 

was accurately weighed into a 100ml volumetric flask. The standard was then 

dissolved and made up to volume using distilled water. This solution was used as the 

stock solution (5 mg/ml).

2.4.1.2 Preparation of Sample solutions (in duplicate):

Diluted solutions of the stock were prepared according to the following 

concentrations:

Solution 1 4 ' ' '̂5 6 7

Concentration

(Hgml')

Blank 1.25 2.50 4.00 5.00 6.25 12.50
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2.4.1.3 UV absorbance measurement (in duplicate)

The diluted solutions were analysed by UV spectrophotometry at 218nm (Xmax) 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 0.45pm 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 .

4 1
Solubility (mg ml ') = s X std X dilution factor

\  ̂ s td  > 11 0 0  j
2 .1

Where,

As = Absorbance of sample 

Astd = Absorbance of standard 

Wstd = 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.

The calculation of equilibrium solubility (mg.ml'*) using the HPLC assay method is 

given by Equation 2.2.

Area of sample peak
Area o f standard peak

Weight o f standard
Volume o f standard

(  Purity of S t andard\ 5  ̂ ,
I -------------— ------------- IX X Aliquot dilution factor

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 0.5nil/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 Iml/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.



Chapter 2: Materials and Methods 85

2.S.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 lOmg of SKF 92058 (Metiamide) was accurately weighed into a 

2 0 0 ml 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 1 0 0 ml 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 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 2 2 0 nm. 
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 pi 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 (Ws), present in the sample was calculated using the 

following equations:

R.xW.
Amount o f cimetidine (mg) =

Where,

Rs = Peak ratio of cimetidine to internal standard.

Wref = Weight of cimetidine reference standard.

Rref = Peak response of cimetidine reference standard.
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Then, the percentage recovery was determined using Equation 2.4,

K  jc 100 Percentage recovery (%) = -
W 2.4

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 Avithin 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.
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nX = 2d sin^

The reader is referred to later sections for further explanation of these terms.

2.6.3 Crystal systems

There are seven conventional unit cells but only three such crystal systems account 

for 95% of all organic structures and they are summarised in Table 2.2 (Atkins, 

1982). Each unit cell has three reference axes termed x, y and z. These reference axes 

are by convention right handed, the unit cell edges parallel to x, y and z are 

respectively a, b and c and the interaxial angles a, p  and y.

System Unit cell

Triclinic a ^  b ^  c, P ^  y ̂  90°

Monoclinic a ^ b ^ c ,  a= y = 90°,p ^  90°

Orthorhombic a ^  b^c ,  a = p= y= 90°

Table 2. 2 Unit cell system and parameters.

2.6.4 Miller Indices

In order to understand the various crystallographic terms in later sections, an 

example will be used to help understand the basic concepts as related to 

crystallography. Figure 2.3 shows a schematic view of a crystal built up from two 

dimensional unit cells. The angles between the faces of the crystal are related to the 

dimensions of a and b. In Figure 2.3, there are four sets of planes that have been 

selected, and it is clear that they can be distinguished by the distances along the axes 

where the planes intersect them. A convenient labelling scheme would be to denote 

each plane by the distances along the two axes, to the points of intersection. The four 

planes can then be denoted respectively, (la, \b)\ (3a, 2b)\ (-la, \b)\ and (ooa, 16). If 

it is also agreed to always quote distances along the unit cell axes in terms of the 

length of the cell in that direction, then these planes can be denoted (1, 1); (3, 2);
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( - 1 ,  1 ) ;  and (o o , 1 ) .  If now the lattice is viewed as a three dimensional rectangular 

array where the unit cell is of length c in the z direction (into the page), all the planes 

intersect z at o o c , and therefore the full labels of the planes would be ( 1 ,  1 , o o ), ( 3 ,  2 ,  

o o ), (-1, 1, o o ), and (o o , 1, o o). However, it is inconvenient to quote oo and one way to 

avoid it is to use the reciprocal of the indices. The Miller indices are the reciprocals 

of the indices quoted above with fractions being cleared. For example, the plane ( 1 ,  

1 , oo) turns into ( 1 1 0 )  under the Miller system. Similarly the plane ( 3 ,  2 ,  oo) becomes 

( '/3 , Vi, 0 )  or when we clear the fractions, ( 2 3 0 )  and the ( - 1 ,  1 , oo) plane would be

the (Î10) plane under the Miller system. (It is convention to use bars over the 

numbers to denote negative indices). In this system, multiplying by the common 

denominator clears the fractions. For example, the common denominator for (Vs, 16, 

0) is 6, therefore these Miller indices become (%, %,0) which is equivalent to (230). 

(The commas are neglected when the Miller indices are presented in their final 

form).
It should also be noted that the smaller the number, h, in the Miller index {hkl), the 

closer the plane is to the origin in the ‘a ’ direction. The same applies to the numbers 

k and I in the Miller index, in which case the plane is closer to the origin in the ‘b’ 

and ‘c’ directions, respectively. Another point for clarification is that a plane for 

which h is zero indicates that the plane lies at the origin in the ‘ût’ direction. Similarly 

a plane where k is zero indicates a plane lying at the origin in the ‘6 ’ and where / is 

zero indicates a plane lying at the origin in the ‘c ’ direction. Figure 2.4 shows some 

planes and indices to help visualise some of the notations expressed above. The 

crystal structure locates atoms relative to the unit cell and knowledge of the Miller 

indices of the crystal faces allows one to visualise the atoms in the crystal.
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a

} - . , (1,1)

(3,2)

( 1 , 1 )

Figure 2. 3 A schematic view of a crystal built from two-dimensional unit cells with 
axial lengths a and b in the plane of the page and length c going into the page.

( 110)

(010) ( 1 1 1 )

Figure 2. 4 Schematic representation of some planes and their indices.
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2.6.5 Structure determination

2.6.5.1 X-ray diffraction

X-rays are produced by the bombardment of a metal with high-energy electrons. X- 

rays can be scattered by objects in a similar way that visible light is scattered. The 

diffraction pattern that is produced by x-rays was first investigated by Bragg (1933), 

who suggested that the diffracted beam behaved as if they were reflected by the 

planes of the crystal lattice. Figure 2.5 shows the passage of x-rays through the 

crystal lattice.

O O O OOO

Figure 2. 5 Schematic diagram showing x-rays diffracted by angle 0 from a crystal 
lattice whose planes are separated by distance d.

If the diffracted radiation is considered as a wave, then the two x-rays A and B can 

interfere constructively only if their path lengths differ by one wavelength (A,).

The Bragg Equation (Equation 2.5) states that an integral number of wavelengths 

must equal twice the product of the distance {d) between planes and the sine of the 

angle of incidence. Therefore, if a single crystal is exposed to a beam of 

monochromatic x-rays, constructive interference will only be observed at certain 

values of 0. This is achieved by rotating the beam around the crystal. The Bragg 

Equation is used to determine the spacing d, where a reflection is observed. The high 

order reflections observed from other planes with a spacing d, can then be treated as 

if they were due to the first order reflections from planes with spacing d/n. Therefore, 

each plane can be labelled using the Miller indices Qikl) and a spacing d(hki) can be 

associated with the reflection. A similar indexing of all of the reflections in the other 

layers is performed and this is repeated by rotating the crystal along all three axes a.
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b, and c. By simple geometry it is therefore possible to determine the unit cell 

dimensions. The Bragg Equation is limited in that it does not allow the intensity of 

the diffracted beam to be determined. The reflections that are observed are in fact 

due to electrons and so the intensity of a particular {hkî) reflection will be depend on 

how closely the electrons are concentrated on the planes of that particular set. By 

comparing the relative concentrations on a large number of different sets of planes, it 

is possible to deduce the positions, in the unit cell, of the 'spots' of electron density 

which constitute atoms. From the electron density map of the atoms it is possible to 

determine the complete structure.

2.6.5.2 Experimental measurements

The unit cell dimensions and the diffraction intensities need to be determined for any 

structure determination. Prior to measurements, it is desirable to have a good quality 

crystal to work with as this will determine the accuracy of the structure. Once a 

suitable crystal has been chosen, it is prepared for mounting onto the head of the 

goniometer.

The unit cell dimensions are determined by x-ray photographing the crystal using 

either a Weissenberg or a precession camera. An image of a pattern of spots is 

obtained which is used to determine the unit cell parameters. This is performed over 

three different orientations of the crystal so that all the unit cell parameters can be 

determined.

The crystal is then transferred to an automated diffractometer, which is interfaced 

with a computer to measure the intensity of the diffracted radiation as the angle of 

incidence is altered.

2.6.5.3 Symmetry and space groups

During structure determination a number of reflections are taken, however there will 

be situations where the reflections observed are due to the same atom(s) in an 

identical environment but is displaced in space by elements of symmetry. In a three- 

dimensional case it is important to consider the translational symmetry as well as the 

local symmetry.
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The symmetry of the diffraction pattern can also be used to determine the space 

group of the system. A space group is the combination of all of the symmetry 

operator groups used to define identical objects in space. For all of the seven unit cell 

systems there are 230 possible space groups to define the relationship between 

identical objects within the unit cell. Therefore if the space group is known, various 

symmetry operators may also be defined that help to simplify the analysis of the 

diffraction pattern.

2.6.5 4 Determination of final structure

There is a problem concerning the conversion of the measured intensities into a 

structure for the crystal. This is termed the phase problem. A three-dimensional 

Fourier summation is performed to solve this problem. The summation is 

mathematically expressed as:

p{x,y,z) = — F{hkl ) exp[- 2m{hx + ky + /z)j

where,

p  = electron density at point %, y, and z 

V= unit cell volume 

h,kj = Miller indices 

F(hkl) = structure factor

The structure factor is dependent on the intensity and the phase of the diffracted 

radiation. The intensity can be easily measured but the phases can not, therefore 

alternative methods are required to determine the non-measurable quantity. Various 

complex methods have been developed but the most common method for 

determining structure is by Direct Methods.

The Direct Method is a predictive tool that is used to derive relationships among the 

phases of different reflections and provide a probability that the phase determined is 

correct. A computer is used to process several electron density maps until the best fit 

structure is obtained.
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A process known as the least-squares minimisation, which compares the differences 

between the calculated and observed intensities, further refines the structure that is 

obtained. The refinement involves the variation of atomic positions and temperature 

factors, which are processed by a high-speed computer.

Once all the atomic positions are known, it is possible to obtain a diagram of the 

molecules within the unit cell. Various computer programs can then be utilised to 

investigate the structure of the molecules in more detail.

2.6.6 Standard procedures used

Lattice parameters were determined on an Enraf Nonius FAST diffractometer. 

Intensity data was collected on the diffractometer using the MADNES data collection 

program. Images were collected at several different diffractometer angular settings 

using appropriate increments in omega. The images were processed with profile 

analysis and were corrected for Lorentz and polarisation effects. Equivalent 

reflections were averaged.

The structure was solved by direct methods using the SHELXS program and full- 

matrix refinement was performed using the SHELXL93 program. Non-hydrogen 

atom positions were refined anisotropically. The positional and isotropic 

displacement parameters for the hydrogen atoms attached to the heteroatoms were 

also refined. Other hydrogen atoms were included in idealised positions riding on the 

atom to which they were attached with isotropic displacement factors assigned as a 

constant (1.2) times the Ueq of the attached atom. Values of the neutral atom 

scattering factors and imaginary dispersion correction were taken from the 

International Tables for x-ray Crystallography (1973).
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2.7 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

When a particular material is heated, thermal transitions (either a physical or a 

chemical change in the material) can occur. Such transitions are accompanied by a 

heat change resulting in either the emission or absorption of heat. In DSC, the sample 

and reference are maintained at exactly the same temperature and the heat flow 

required to keep the temperature equal is measured. The difference in heat flow that 

is supplied to the heaters of the reference and the sample is equivalent to the amount 

heat that is evolved or absorbed during the transition.

The DSC plots of the differential rate of heating (mW) against temperature yield 

transition peaks whose areas are directly proportional to the heat change of the 

thermal event and integration of those peaks yields the heat of reaction (Js'^g). 

Typical transitions that can be measured using this method include phase 

transformations, decomposition reactions, desolvation processes and structural 

conversions.

2.7.1 Methodology

There are two types of methods that are used for DSC measurements and they are 

commonly known as power-compensation DSC and heat-flux DSC. The Perkin 

Elmer DSC-7 calorimeter that was used for the studies uses the power-compensation 

mode of operation. In this mode, individual heating elements are used to keep both 

the sample and reference materials at the same temperature. Platinum resistance 

thermometers and heaters are distributed over the full area of the furnace to provide 

accurate monitoring of the temperature and energy. The sample and reference micro- 

fumaces are mounted in cavities of a purpose built aluminium block, which acts as 

the 'heat sink'. To allow good thermal transfer, the heat sink is kept at a constant 

temperature well below the temperature range of the experiment.

2.7.2 NuII-balance DSC principle

The null-balance principle of maintaining equivalent temperatures for both the 

sample and reference materials is achieved using two control mechanisms.

The average temperature control mechanism ensures that the two micro-fumaces are 

maintained at the same temperature by providing power to both furnaces in
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accordance to the selected program temperature and heating rate over the chosen 

temperature range.

The differential temperature control mechanism works by measuring the temperature 

differential between the sample and reference furnaces. The control mechanism is 

initiated when a temperature difference is detected. This is achieved by automatically 

adjusting the power accordingly until both the furnaces are at the same temperature 

again, resulting in a 'thermal null'. The amount of energy used by this power- 

compensation is directly proportional to the energy change of the system.

2.7.3 Sample measurement

Approximately 5mg of sample was placed inside Perkin Elmer aluminium pans using 

an AD-4 Perkin Elmer Autobalance. For all of the samples, it was essential that good 

contact was made with the bottom of the pan. The pans were non-hermetically sealed 

and placed in the sample side of the DSC. An empty, non-hermetically sealed 

aluminium pan was used as the reference. The pans were sealed non-hermetically so 

that any volatile gases that were produced over the temperature range were expelled 

as nitrogen purge gas flows at a rate of 20-30 cc/min through the system.

A scan rate of 10°C/minute between the temperature range of 25°C and 220°C was 

normally used unless otherwise stated.

2.7.4 Calibration

The calibration of the DSC-7 for temperature and energy was accomplished by 

running a high-purity reference standard with known temperature and energy 

transitions. Very high-purity (>99.9%) metals are normally used to calibrate the 

DSC-7. Typical standards include Indium (transition point = 156.60°C, transition 

energy = 28.45 J/g) and Zinc (transition point = 419.47°C, transition energy = 108.37 

J/g). Calibration programs were then run to automatically calibrate the DSC. 

Calibration checks were performed each week or if the operating conditions were 

altered.
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2.7.5 Data handling

The DSC-7 comes equipped with the Pyris Manager data analysis software. This 

software application was used to characterise the various thermal events that 

occurred during each run.

2.8 THERMOGRAVIMETRIC ANALYSIS (TGA)

TGA was used to study the amount and rate of change in mass as a ftmction of 

temperature and time. TGA is most commonly used to study desolvation and 

decomposition processes. It is a powerful adjunct to DSC analysis since it allows the 

thermal events to be more accurately assigned than v^th either technique alone.

2.8.1 Instrumentation

The TGA 2950 Thermogravimetric Analyser (TA Instruments) was used in these 

studies and the main component of the instrument is the precision microbalance. This 

balance uses the null position principle to maintain a constant position within the 

furnace. The position was carefully controlled by way of an optical control 

mechanism that produced a current whenever there was a change in mass causing a 

deviation from the null position. The amount of current required to readdress this 

fine balance should be directly proportional to the change in mass and the signal was 

recorded as a weight signal via the computer software. Taring of the sample pans 

were performed before each measurement by way of a tare pan that hangs on the 

opposite side of the microbalance.

Samples were heated in an automated furnace that was programmed to work up to 

1000°C or between 100°C -200°C above the working temperature and to provide 

variable heating rates. The furnace was allowed to cool between runs by the flow of 

compressed air through the furnace.

Nitrogen purge gas was the preferred gas to use due to its inert nature. Any volatile 

gases produced during the reaction were driven off by the flow of nitrogen gas 

through the purge inlet and the balance inlet at flow rates of 60cc/minute and 

40cc/minute respectively.
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2.8.2 Sample measurement

Approximately 5mg of sample was carefully weighed on to an empty pan (Perkin- 

Elmer Aluminium pans) and placed in the sample carriage on the motorised platform. 

The pans are left open so that there was no build up of any volatile gases during the 

heating process. The samples were normally scanned between 25°C and 220°C at a 

scan rate of lÔ ’C/minute unless otherwise stated. The thermogravimetric analyser 

comes equipped with data analysis software that was used to obtain a combined plot 

of weight (%) and derivative weight (%/min) as a function of temperature. A 

diagram of the TGA instrument used is shown in Figure 2.6.

Microbalance

Furnace

Figure 2. 6  Diagram of a thermogravimetric analyser.

2.8.3 Calibration

Weight calibrations were normally performed each month while temperature 

calibrations were usually performed whenever the working conditions have been 

changed. One gram and lOOmg standards were used for the weight calibration and 

Indium standards were used for temperature calibrations.
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2.9 SURFACE AREA ANALYSIS

The adsorption of inert gases onto materials is the most commonly used method for 

determining surface area. The BET method, based on theories devised by Brunauer, 

Emmett and Teller (1938) is used for such determinations.

2.9.1 Method

The Quantasorb BET Surface Area analyser was used to determine the surface area 

of the test solids that were chosen for further characterisation. The surface area can 

be determined by measuring the volume of nitrogen gas that was adsorbed onto the 

surface of the solid. Prior to performing any sorption analysis the solid surfaces must 

freed of contaminants like water and oils. The Quantasorb comes equipped with a 

degassing station that was used to remove such contaminants. Approximately 20-30 

mg of sample was placed into the appropriate sample cells and housed within thermal 

jacket at 40°C while degassing was taking place. The dry mass was then accurately 

measured before surface area analysis was performed. Nitrogen gas was passed over 

the sample using Helium as carrier gas. As the sample was immersed in liquid 

nitrogen, the gaseous nitrogen condensed onto the solid surface causing a fall in the 

combined pressure which was measured. The sample was then brought back to room 

temperature by immersing the sample in a water bath. This caused evaporation of the 

adsorbed nitrogen producing an increase in the combined pressure, which was also 

measured. Calibration injections of known volumes of nitrogen were then introduced 

into the system via a one-way valve to reproduce the increase in combined pressure 

observed during the desorption phase of the experiment. The values that were 

obtained form the peak integrator were used in the BET calculation of the solids' 

specific surface area.

2.9.2 Multipoint determination of surface area

To provide a more accurate determination of surface area it was necessary to perform 

a multipoint analysis. Multipoint analysis required the experiment to repeated at 

three or more different nitrogen and helium concentrations. The gas concentrations 

that were used are given in Table 2.3. The results that are obtained were then 

analysed using the Quant2PC computer program to calculate the solid specific
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surface area. The equipment used for surface area measurement is shown in Figure 
2.7.

Sample cell

Thermal jacket

Figure 2. 7 Quantasorb measurement module.

Multipoint Helium (partial pressure) Nitrogen (partial pressure)

Point 1 18 2

Point 2 16 4

Point 3 14 6

Table 2. 3 Gas concentrations used for BET analysis

2.9.3 Calculation of specific surface area

The specific surface area was calculated using Equation 2.7.

S = 1 -

V Po j W [ RT 2.7
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where,

S  = specific surface area (m^g'*)

p  ' = partial pressure of adsorbate

Po = saturated pressure of adsorbate

As = signal area

Ac = area of calibration

Vc = volume of calibration

W = weight of sample

Acs -  cross-sectional area of the adsorbate molecule

Pa = ambient pressure

R = gas constant

T = temperature (K)

All measurements were repeated three times to obtain reproducible results.

2.10 Elemental Analysis

Duplicate carbon, hydrogen, and nitrogen values (%w/w) were determined by 

standard procedures using a Carlo ERBA 1108 CHN Elemental analyser. The found 

values (in duplicate) were compared with calculated values to confirm that the 

correct salt form had been formed.

2.11 Mass Spectroscopy

Mass spectroscopy was carried out using a VG-ZAB-SE double focussing mass 

spectrometer operating at an SkV accelerating voltage, and using a VG 11/250 data 

acquisition system. An lonTech gun was used to produce a beam of Xenon atoms of 

SkeV of energy to bombard 2pl samples dissolved in methanol. Matrix used was m- 

nitrobenzoic acid.

2.12 Hot-stage microscopy

An Olympus BX5system microscope equipped with a Mettler FP5 hot-stage was 

used to characterise the various thermal events. The heating rate was adjusted to 

l°C/min when the sample reaches 10°C - 20°C below any anticipated thermal event.
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2.13 Infrared spectroscopy

Samples were prepared as potassium chloride discs and run on an FT-IR Perkin 

Elmer 1725X spectrometer. Scans were performed between 4000cm-1 and 400cm-1 

and data was analysed using the Infrared Data Manager software.

Reproducible data was difficult to obtain for the sulfamate and fumarate samples 

using KBr discs since they formed unsuitable discs for analysis. In such cases, the 

samples were prepared in Nujol mull as an alternative method of analysis.

2.14 Scanning electron microscopy

A dry sample of the powder was adhered to SEM stubs and then gold plated by 

standard procedures in an EMITECH K550 sputter coater for 2 minutes at 25mA. 

The samples were then viewed under a PHILIPS XL20 Scanning electron 

microscope.
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3.0 SALT FORM CHARACTERISATION: RESULTS AND 

DISCUSSION
3.1 Preparation of salt forms

The various salt forms were prepared as described in Section 2.2 and the results are 

presented in Table 3.1. Some of the samples that were not crystalline in appearance 

were further analysed for crystallinity by viewing the sample under a microscope 

using polarised light.
'Reactant

_____ % Qualitŷ  of product. (% Yield)
    :

Acetic acid

Adipic acid

Ascorbic acid

Benzoic acid 

Boric acid

Cinnamic acid

Citric acid

Fumaric acid 

Glutaric acid

Glycolic acid 

Lactic acid

Laurie acid

Maleic acid 

Malonic acid

Clear viscous liquid produced. Product did not crystallise 

using a variety of methods.

Clear viscous liquid produced. Product did not crystallise 

using a variety of methods.

Cream coloured residue formed but was non-crystalline. 

(81%)

Very few crystals observed within a viscous film of liquid. 

White precipitate formed within 2 hours. On further standing 

non-crystalline spherulites observed. (35%)

Clear viscous liquid produced. Product did not crystallise 

using a variety of methods.

Yellow coloured viscous liquid formed. Product did not 

crystallise using a variety of methods.

Good quality crystals formed. (92%)

Clear viscous liquid produced. Product did not crystallise 

using a variety of methods.

A few spherulites formed. (21%)

Yellow coloured viscous liquid formed. Product did not 

crystallise using a variety of methods.

Clear viscous liquid produced. Product did not crystallise 

using a variety of methods.

Good quality crystals formed. (92%)

Good quality crystals formed. (93%)

Table 3. 1 Summary of salt preparation results
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Reactant Quality o|product* ^  ̂ ^

Metaphosphonc White precipitate formed. Crystal of two different habits are

acid formed. Poor crystal quality and low yields. (16%)

Myristic acid A waxy textured, buff coloured residue obtained. (37%)

Naphthalene-2- Buff coloured crystals obtained after drying for 72 hours.

sulphonic acid (76%)

Orthophosphoric Product is deliquescent at room temperature and conditions.

acid (<10%)

Palmitic acid A waxy white residue formed on top of a clear viscous layer. 

No crystals observed. (42%)

Pentothenoic acid White crystalline material is observed within 10 minutes of 

standing. (92%)

Phthalic acid White crystalline material formed immediately on standing. 

(87%)

Saccharin Clear viscous liquid formed containing a few small crystals. 

(9%)

Salicylic acid Very small crystals observed within a clear viscous layer 

(even after 3 days). (14%)

Stearic acid Good yield of crystals formed. (90%)

Succinic acid Clear viscous liquid produced. Product did not crystallise 

using a variety of methods.

Sulfamic acid Very good crystal formed suitable for structure 

determination. (91%)

Hexane-2-sulphonic Flakes of crystals formed after drying. (85%)

acid

Heptane-2-sulphonic Flakes of crystals formed after 48 hours. (89%)

acid

Octane-2-sulphonic Flakes of crystals formed after drying. (91%)

acid

Table 3.1 (cont.) Summary of salt preparation results
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Napthalene-2- Buff coloured crystalline residue formed after 24 hours.

sulphonic acid (78%)

T oluene-4-sulphonic A few aggregated flakes of crystals observed. (24%)

acid

5-Sulfosalicylic acid Clear viscous liquid obtained. Few needle-like crystals 

formed after 2 weeks. (11%)

Tartaric acid Clear viscous liquid produced. Product did not crystallise 

using a variety of methods.

Table 3.1 (cont.) Summary of salt preparation results

Based on the results that were obtained and the relative ease of preparation, the 

following salts were chosen for scale-up purposes. The salts that were chosen 

provided a good mix of salt forms, which may show varying physicochemical 

properties. They can be classified according to the following general groups of acid 

derivatives.

Short chain carboxylates Long chain

carboxylates
....... -

Aromatic acid 

derivatives

Maleate

Malonate

Fumarate

Sulfamate(Sulphonic acid 

derivative)

Stearate

Palmitate

Pentothenate (Vitamin 

derivative)

Napthalene-2-sulphonate

Phthalate

Hexane-2-sulphonate

Heptane-2-sulphonate

Octane-2-sulphonate

Table 3. 2 Grouping for salts selected for scale-up purposes.

It must also be remembered that the purposes of these sets of studies was also to 

obtain suitable salt forms that could be used for further evaluation especially in 

relation to surface characterisation.
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3.2 Determination of base equivalence factor

The base equivalence factor was used to determine the accuracy for each of the salts 

(versus the theoretical base equivalence factor) and was calculated using Equation 

3.1. The chromatograms that were obtained showed that no other peaks except those 

for the sample and the internal standard were observed. This showed that the 

recovery data could be used as an indication of the purity of the products produced.

Accuracy (%) = Base Equivalence Factor (Found) x 100
Base Equivalence Factor (Theory) 3.1

The results of the recovery data are presented in Table 3.3.

Sample Base Equivalence Factor Recovery

Found (%) Theory (%) (%)

Maleate 66.5 68.5 97.0

Malonate 69.2 70.8 97.7

Phthalate 57.9 60.3 96.1

Palmitate 48.0 49.6 96.9

Sulfamate 69.8 72.2 96.7

Hexane-2-sulphonate 54.6 57.3 95.4

Heptane-2-sulphonate 51.7 55.5 93.2

Octane-2-sulphonate 50.5 53.8 93.7

Napthalene-2-sulphonate 49.6 54.8 90.6

Pentothenate 34.8 34.6 100.5

Stearate 45.1 47.0 95.9

Fumarate 65.1 68.5 95.1

Table 3. 3 Percentage recoveries for salt investigated.

The results showed good percentage accuracies for all except the sulphonic acid 

salts, which gave accuracies of less than 95%. Accuracies greater than 95% indicated 

that the correct salt forms were obtained with the correct stoichiometry. A typical 

chromatogram can be seen in Figure 3.1 below.
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E l u t i o n  Time

AH4-17
GC12B0

1 6 : 3 7 : 5 5  1 6 J a n l 9 9 6

I n s t r u m e n t :  8
I n j e c t  t i m e :  2 0 : 3 7 : 4 9  1 5 J a n l 9 9 6

V i a l :  0

Figure 3.1 Typical chromatogram showing peaks for cimetidin'e and internal
reference standard.

3.3 Determination of aqueous equilibrium solubility by UV assay

The aqueous equilibrium solubility is determined for the salts above as described in 

Section 2.4.2.2. The solubility data is given below.

3.4 Calibration curve for cimetidine

The calibration curve for cimetidine can be seen in Figure 3.2.

y = 0.0843x-0.0013 
= 0.998O)

0.6 □  Mean

■ Predicted 
Mean 

—  Linear (Mean)0.2

- 0.2

Concentration (mg/ml)

Figure 3. 2 Calibration curve for cimetidine.
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A straight line through the origin showed the linear relationship between the 

absorbance and the concentration of the sample. Since linearity had been 

demonstrated, and the fact that all the UV readings were within the linear portion of 

the curve, it was possible to determine the solubility using the equation of the straight 

line. The demonstration of linearity means that Equation 3.1 could also be used to 

determine the solubility.

The results of the aqueous equilibrium solubility and the pH of the saturated 

solutions are presented in Table 3.4.

Sample Solubility 

(mg ml**)

pH of 

saturated 

solutions

Cimetidine 4.5 ± 1.2 9.0

Hydrochloride monohydrate 160.1 ±2.3 2.3

Maleate 105.6 ±3.5 4.1

Malonate 278.8 ± 5.2 3.9

Phthalate * 4.4

Palmitate 5.8 ±2.9 8 . 6

Hexane-2-sulphonate 5.1 ±3.1 8 . 8

Heptane-2-sulphonate 5.9 ±2.5 8.9

Octane-2-sulphonate 7.9 ±1.8 9.1

Napthalene-2-sulphonate * 9.3

Pentothenate * 8 . 2

Stearate 6.2 ± 4.2 8.4

Sulfamate >300 3.5

Fumarate 32.6±3.4 3.6

Table 3. 4 Aqueous equilibrium solubility determination using UV assay. 
* = Uncharacteristic UV spectra

The ZEISS spectrophotometer was able to produce a profile of the UV spectra from 

which any uncharacteristic peaks could be identified. Unreliable results were 

obtained for the three salts identified above. It maybe possible that the salt forming
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moiety also contained absorbing chromophores, which may have been overlapping or 

interfering with the cimetidine peak. A typical UV spectrum that was obtained for 

cimetidine can be seen in Figure 3.3. The uncharacteristic spectra that were obtained 

for the salt forms indicated in Table 3.4 can be seen in Figure 3.4. A more suitable 

method for determining the solubility of these salts was to use an appropriate HPLC 

assay.
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Figure 3. 3 Typical UV spectrum for cimetidine.
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Figure 3. 4 UV spectra for samples showing uncharacteristic UV spectra.
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3.5 Determination of aqueous equilibrium solubility by HPLC assay

Appropriate aliquotes of the saturated solutions were diluted and assayed using the 

HPLC method described in Section 2.4.2.2. The results are presented in Table 3.5.

Sm ple
Phthalate 6.60 ± 1.3

Napthalene-2-sulphonate 10.34 ±2.4

Pentothenate 2.52 ± 1.7

Table 3. 5 Solubility of salts by HPLC assay.

It can be seen from the results that in general, the dicarboxylic acid salt forms, 

maleate, malonate, and fumarate gave higher solubility values than any of the other 

salts. The phthalate was the only other dicarboxylate studied but it showed a lower 

solubility, and this was thought to be due to the relatively non-polar benzene ring.

It can also be seen that the solubility of the alkyl-sulphonates are almost equivalent 

and the increase in the alkyl chain does not make a significant difference in the 

solubility.

Very high solubilities were observed for the hydrochloride and sulfamate samples. 

The solubility of these compounds was mainly attributable to the effect the 

counterions have on the pH of the solutions. The favourable acidic conditions, 

resulted in the complete ionisation of the salt and an increased solubility was 

therefore observed. The very high solubility of the sulfamate salt was also thought to 

be due to favourable hydrogen bonding interactions with water, which may have 

been sufficient to disrupt the crystal lattice. Many soluble ‘polar’ salts also have a 

tendency to show hygroscopicity, presumably due to similar favourable hydrogen 

bonding with available atmospheric moisture. Such behaviour was thought to be 

responsible for the frequent increased hygroscopicity observed for the 

dihydrochloride salt forms over other monohydrochloride salt forms (Boatman and 

Johnson, 1981). However, the hygroscopicity of polar salt form will also be 

dependent on nature of the surfaces and will vary with crystal habit. Investigations 

into moisture sorption studies and molecular modelling will help to understand the 

nature of such processes.
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The solubilities of the alkyl carboxylic acid salts, palmitate and stearate were also 

relatively low. This was thought to be mainly due to the presence of non-polar alkyl 

groups. The pantothenate salt form showed an even lower solubility than cimetidine. 

This macromolecule consisted of many hydrophobic groups, which may have been 

responsible for the low solubility observed for this compound.

3.6 Mass spectroscopy

This technique was used as an adjunct to the findings of the HPLC base equivalence 

factor determination. The mass spectra were obtained for both the cationic and ionic 

species and the result are presented in Table 3.6.

Sample Cation (M+1) Anion (M-1)
Hydrochloride 253 36
Maleate 253 115
Malonate 253 103
Sulfamate 253 96
Fumarate 253 115
Phthalate 253 165
Palmitic 253 256
Hexane-2-
sulphonate 253 165

Heptane-2-
sulphonate 253 179

Octane-2-
sulphonate 253 193

Naphthalene-2-
sulphonate 253 207

Pentothenate 253 218
Stearate 253 283

Table 3. 6 Summary of mass spectrometry results.

The results of the mass spectrometry were in agreement with expected results and 

therefore provide further confirmation for the stoichiometry of the salt forms.
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3.7 Salt selection and further characterisation

The salt forms chosen for further characterisation were based on the results of the 

preliminary experiments described above. The resources available for structure 

determination were limited and therefore limited the choice of compounds to only 

four salt forms. Therefore, the short chain carboxylates (maleate, malonate and 

fumarate) and the sulphonic acid derivative (sulfamate) salt forms were selected 

since they showed varying solubilities in water and formed good quality crystals for 

structure determination. Based on the polar nature of these compounds, it was also 

thought that these compounds would be interesting in relation to the study of their 

wetting behaviour. The subsequent determination of structure would help to elucidate 

the nature of such wetting behaviour and therefore advance our knowledge in this 

particular area.

Ideally for salt selection purposes, all the salt forms should be well characterised 

before they are selected for further development and further characterisation. The 

purposes of this study was to select only those compounds that would yield good 

crystallographic data since all future work was dependent on these particular sets of 

data.

3.8 Fourier-transform infrared spectroscopy

Infrared spectroscopy was used as a technique to obtain information about the 

chemical make-up the compound without necessarily knowing the full structure of 

the compound. The amount of absorption and the frequency at which this occurs is a 

characteristic of a particular molecular species. For these studies, FTIR was used as a 

tool to complement the information obtained by single crystal x-ray diffraction. 

Potassium bromide discs containing about 3-5 mg of sample were prepared and 

analysed using standard procedures. As mentioned earlier the fumarate and sulfamate 

salt forms did not form suitable coherent discs for analysis and therefore analysis of 

these samples was performed using the Nujol mull method. All samples were 

scanned between 4000-400cm‘*.

The main spectral peaks and their assignments are presented in Tables 3.7 and 3.8 

and the spectra are shown in Figures 3.5-3.10. The most evident features of the



Chapter 3: Salt formation and characterisation 115

spectra obtained were the presence of hydrogen bonding, the protonation of the 

imidazole nitrogen and the strong carboxylate absorption bands for the acidic 

moieties.

Sample
. *

[NHi^stretching Hydrogen bonding 
(0-H stretchirfg)

COO*
(O-HdefomWion)

Cimetidine Absent Absent Absent
Hydrochloride 2775,2748,2648 3500-3000 Absent
Maleate 2769,2669 Broad at 3307, 

3005
1601 (1352)

Malonate 2768, 2662 Broad at 3334, 
3023

1578 (1415)

Sulfamate Overlap with Nujol Overlap with Nujol SO] stretching at 
1377 and several 
bands at 1200-1120 
cm*'

Fumarate Overlap with Nujol Overlap with Nujol 1574

Table 3. 7 Main spectral absorption peaks and their assignments.

Sample N-H stretching >C=C<, >C=N- 
aromatic

Cyano guanidine, 
C=N stretch

Cimetidine 3225,3143 1587 1623,2178
Hydrochloride 3412,3274 1610, 1570 1591,2167
Maleate Small peak at 3102, 

others are due to 
OH stretching

1570 1650,2174

Malonate Small peak at 3123, 
others are due to 
OH stretching

Masked by COO 
peak

1648,2185

Sulfamate Small peak at 3296 1572 1650,2154
Fumarate Small peak at 3256 1574 1645,2181

Table 3. 8 Main spectral absorption peaks and their assignments.
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Figure 3. 5 IR spectra for cimetidine base.
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Figure 3. 6 IR spectra for cimetidine hydrochloride monohydrate.
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Figure 3. 7 IR spectra for cimetidine maleate.
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Figure 3. 8 IR spectra for cimetidine malonate.
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Figure 3 .10  IR spectra for cimetidine fumarate.
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The assignments that were given to cimetidine allowed comparisons to be made with 

the other salt forms. The salt formation of cimetidine occurs as a result of an ionic 

interaction, and the most likely place for such an interaction would be on the 

imidazole moiety to form the group. Typical absorption peaks for the NH]"̂

stretch gave rise to several bands at around 2800-2000 cm'  ̂ and NH2  ̂deformation at 

1620-1560 cm'*. This was observed for the hydrochloride, maleate and malonate 

salts but absorption due to Nujol for the fumarate and sulfamate salts caused some of 

the peaks to be masked.

Extensive hydrogen bonding due to 0-H groups can be characterised by a broad band 

at about 3330 cm'*. When hydrogen bonding is less extensive, sharper and less 

intensive 0-H peaks can be observed. This was more evident in the maleate and 

malonate than the base or the hydrochloride salt therefore, suggesting that the 0-H 

groups of the carboxylic acids were involved in some type of hydrogen bonding. In 

contrast the cimetidine and hydrochloride samples showed peaks around the same 

region but these were most likely to be due to N-H stretching, which also showed 

absorption at that frequency. Any hydrogen bonding that was present in the fumarate 

and sulfamate samples had been masked by the presence of absorption due to the 

Nujol base.

Although not shown in Table 3.7, the absorption due to the presence of the 

carboxylic acids can be observed. This can be characterised by the coupled C-0 

stretching and -0-H deformation bands at 1440-1390 cm * and 1320-1212 cm *. The 

COO' groups of the carboxylate salt forms showed strong characteristic absorption 

peaks at 1610-1550 cm * coupled with absorption at 1430-1300cm * corresponding to 

0-H deformation. Similarly, the SO2 stretch for the sulfamate salt shows several 

characteristic peaks at 1270-1150 cm *.

Another distinct feature for all of the samples were the presence of a sharp peak at 

2185-2154 cm'* which is caused by the CN stretching of the terminal cyano group. 

CN stretching of the cyano-guanidine group is observed for all of the samples 

between 1650 -1590cm'*. The decrease in the intensity of the CN stretch observed 

for the sulfamate and fumarate salts indicates that the CN groups are in different 

molecular environments, possibly due to different packing arrangements. There also 

appears to be some evidence of peak splitting for the CN stretch of the fumarate salt.
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This further suggests that identical CN groups are in slightly different molecular 

environments. Crystal structure investigations should help to confirm these initial 

suggestions.

Characteristic peaks were observed for some of the methyl groups that were attached 

to the imidazole ring. The peaks for C-H deformation were more distinct than for the 

C-H stretching observed by the cimetidine base and hydrochloride samples and these 

were observed at 1387-1377cm'\ Similar peaks were also seen for the maleate, 

malonate and fumarate salts but these were thought to be more likely to be due to the 

COO’ groups instead. In a similar manner the peak at 1377cm’̂  for the sulfamate salt 

was thought to be due to the SO2 stretch rather than the methyl group. The methyl 

group attached to the nitrogen of the guanidinium moiety showed characteristic 

peaks at around 1460-1430cm’̂  for the cimetidine and hydrochloride samples. The 

maleate and malonate salts do not show such characteristic peaks between these 

expected values and this suggested that the molecular environment around these 

groups might be different to that of the base or the hydrochloride. The fumarate and 

sulfamate salts also showed absorption between this range but this was due to the 

interference caused by Nujol.

All of the salts also show absorption due C-H stretching, which was characterised by 

sharp weak to medium sized peaks at 3100-3000 cm’̂  and C-H deformation peaks at 

1250-950 cm’\  However, it was not possible to assign the later since this was also 

the region where C-N stretching was likely to take place.

Although it would be expected that different salt forms could give rise to different 

molecular arrangements, the absence of some of the peaks provided further 

confirmation of this fact. In general, most of the major features for all of the samples 

could be identified using FTIR and therefore provided further information on the 

structure of the compound.



Chapter 3: Salt formation and characterisation 121

3.9 Elemental analysis

Tests for carbon, hydrogen and nitrogen content were carried out as described in 

Section 2.10 and the results are presented in Table 3.9.

Salt form Analysis % Theory % Found

Maleate

C 45.64 44.43

H 5.47 5.66

N 22.81 22.67

Malonate

C 43.81 43.92

H 5.66 5.84

N 23.58 23.49

Sulfamate

C 34.37 34.39

H 5.48 5.67

N 28.06 28.03

Fumarate

C 45.64 45.43

H 5.47 5.53

N 22.81 23.00

Table 3. 9 CHN results for salt forms.

The results were in good agreement with the theoretical values and therefore 

provided further confirmation about the stoichiometry of the salt forms.
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3.10 Specific surface area determination

The specific surface areas of the samples were determined by multipoint analysis as 

described in Section 2.9.The results are presented in Table 3.10.

Sample Specific surface area

i m Y )

Standard deviation (±)

Cimetidine 2.59 0.13

Hydrochloride 2.10 0.06

Maleate 0.65 0.05

Malonate 0.66 0.01

Sulfamate 0.63 0.16

Fumarate 0.61 0.01

Table 3.10 Specific surface area for samples.

It can be seen that all the samples have different specific surface areas and therefore 

would need to be considered when adsorption characteristics for the samples are to 

be compared. As expected the micronised samples, had the greatest surface area and 

hence would theoretically show a greater degree of adsorption. However, the extent 

of adsorption will also depend on the nature of the adsorbate-adsorbent interactions. 

When a polar molecule like water is used, it can show preferential adsorption to the 

surface and hence can give an indication as to the character of the surface. Naturally 

the extent of water interaction will be dependent on the available surface area, but it 

will also be influenced by the proportion of hydrophilic and hydrophobic groups on 

the surfaces of these compounds. The study into the water sorption characteristics of 

the samples has been made in Chapter 5 and therefore will not be discussed here.
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3.11 Scanning electron microscopy (SEM)

Scanning electron microscopy was used to determine the shape, size and habit of the 

samples. For these studies, SEM was used to obtain a closer look at the surface of the 

samples. It was also used to compare the morphology of the sample with that 

predicted by computational methods.

3.11.1 Cimetidine

The SEM images for cimetidine are shown in Figure 3.11.

The SEM images for cimetidine show plate like particles that were in the size range 

of 1-5 pm. The particles do not have many sharp edges and this was thought to be 

due to the micronisation process that the particles were subjected to.
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Figure 3. 11 SEM images for cimetidine.
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3.11.2 Cimetidine hydrochloride monohydrate

SEM images for cimetidine hydrochloride monohydrate are shown in Figure 3.12. 

The SEM images for cimetidine hydrochloride showed a similar plate like 

appearance and the particles appeared to have a hexagonal type morphology. The 

particles were in the size range of 2-10 pm. The particles do not have many sharp 

edges and this was again thought to be due to the micronisation process that the 

particles were subjected to.
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Figure 3 .12  SEM images for cimetidine hydrochloride monohydrate.



Chapter 3: Salt formation and characterisation 127

3.11.3 Maleate

SEM images for cimetidine maleate are shown in Figure 3.13.

The SEM images for cimetidine maleate shows distinct long needle-like structures 

that have a hexagonal morphology. Some of the needles can be seen to grow from a 

single point source probably as result of nucléation. The particles were in the size 

range of 25-150 pm and hence the reason for the lower surface area obtained for this 

sample.

Del WD 
SE 176

Acc V Spot Magn 
l OOkVSO 386x

f
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Figure 3. 13 SEM images for cimetidine maleate.
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3.11.4 Malonate

SEM images for cimetidine malonate are shown in Figure 3.14.

The SEM images for cimetidine malonate were very similar to that observed by the 

maleate sample, indicating that the crystal packing for these two samples may be 

very similar. Distinct long needle-like structures having a hexagonal morphology 

were observed. The particles were in the size range of 50-500 pm.
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Figure 3 . 14  SEM images for cimetidine malonate.
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3.11.5 Sulfamate

SEM images for cimetidine sulfamate are shown in Figure 3.15.

The SEM images for cimetidine sulfamate showed a different morphology to that 

observed by the maleate and malonate salts. This indicated that this sample might 

have a different packing arrangement compared to the other salts. The sulfamate 

sample crystallised into quite large particles in the range of l-2mm and consisted of 

hexagonal plate like structures that have grown in a spiral stacking like formation.
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Figure 3.15 SEM images for cimetidine sulfamate.
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3.11.6 Fumarate

SEM images for cimetidine fumarate are shown in Figure 3.16.

The SEM images for cimetidine fumarate showed a different morphology to that 

observed by the maleate, malonate and sulfamate salts. This again indicated that this 

sample might have a different packing arrangement compared to the other salts. The 

fumarate sample crystallised into quite large particles in the range of 80-500 pm and 

consisted of long rectangular needle-like structures that were dispersed among other 

non-specific morphological structures.
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Figure 3. 16 SEM images for cimetidine fumarate.

It can be seen from Figure 3.16  that this sample also exhibits an unusual 

morphology. Scattered throughout the sample, is the presence of ‘hollow’ needle 

type structures, and these structures will be referred to in later chapters.
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3.12 Thermal analyses

DSC, TGA and hot stage microscopy were the main thermal methods of analysis 

used to determine the solid-state stability of the samples.

3.12.1 Cimetidine
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Figure 3.17 DSC trace for cimetidine base.

The DSC curve for cimetidine is shown Figure 3.17. It can be seen that the melting 

endotherm for this sample occurred at 142°C and this was consistent with literature 

values (Bavin et al, 1984). No thermal events were observed until the sample began 

to melt.
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3.12.2 Cimetidine hydrochloride monohydrate
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Figure 3.18 DSC trace for cimetidine hydrochloride monohydrate.
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Figure 3,19 TGA trace for cimetidine hydrochloride monohydrate showing the loss
of water.
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The DSC traces for the hydrochloride monohydrate (Figure 3.18) showed two 

endotherms that corresponded to dehydration at 105°C and melting at 188°C. 

Cooling and reheating of the sample showed no endotherms indicating the formation 

of an amorphous glass. The TGA traces confirmed the loss of one mole of water 

which was equivalent to a mass loss of 5.8%w/w. The high melting point of this 

sample indicated that it has a stronger and closer packing structure compared to 

cimetidine. The extra stability of this salt was most probably due to the extra 

hydrogen bonding arising from the incorporation of lattice water and the chloride 

ions. It will be shown later that this structure has a compact conformation which may 

also be responsible for the stability of this compound.

3.12.3 Maleate
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Figure 3. 20 DSC trace for cimetidine maleate
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Figure 3. 21 TGA trace for cimetidine maleate.

The DSC trace for the maleate salt showed a broad melting endothermie peak at 

140°C. However, decomposition of the sample occurred during the melting phase 

and therefore it was not possible to obtain a value for AH. Attempts to separate the 

two processes by altering the heating rate to as low as 2^C/min over the melting 

range were unsuccessful. Any observable thermal events were confirmed by viewing 

the sample through a hot-stage microscope. No thermal events were observed until 

the sample began to melt and no recrystallisation was observed for this salt either 

after melting or upon cooling to room temperature.
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3.12.4 Malonate

Peak; 137"C  

AH: 2 0 4  J /g

e 30 -

i
20 -

25 50 75 100 125 150 175 200
Temperature (°C )

Figure 3. 22 DSC trace for cimetidine malonate.
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Figure 3. 23 TGA trace for cimetidine malonate.
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The DSC trace for the malonate salt showed a single melting endothermie peak at 

137°C. The TGA trace (Figure 3.23) shows that there was also a mass loss of about 

29 %w/w around the melting range for this salt. This corresponded to the 

dissociation of the malonate anion as malonic acid and subsequently carbon dioxide 

gas. Observation of this salt form on a hot-stage microscope showed the formation of 

gas bubbles within the sample and in the silicone oil base. Mass spectroscopy of the 

melt confirmed the presence of the cimetidine base and the absence of the malonate 

anion. This mass loss was not due to any solvates or hydrates since HPLC recovery 

(and later crystal structure determination) indicated that this was not the case. The 

similarities in the melting points of the maleate and the malonate salt suggest that 

both salts have similar packing arrangements

3.12.5 Sulfamate

The DSC trace for cimetidine sulfamate is shown in Figure 3.24 and the TGA trace is 

shown in Figure 3.25.
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Figure 3. 24 DSC trace cimetidine sulfamate.
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Figure 3. 25 TGA trace for cimetidine sulfamate.

The DSC trace for the sulfamate salt shows a single melting endotherm at 142°C, 

which decomposed upon melting. Any mass loss that was observed was mainly due 

to decomposition and vapourisation of the sample. No other thermal events were 

observed until the sample began to melt.
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3.12.6 Fumarate
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Figure 3. 26 DSC trace for cimetidine fumarate.
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Figure 3. 27 TGA trace for cimetidine fumarate
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The DSC trace for the fumarate salt was very similar to that observed by the maleate 

salt except that this salt melted at 161 °C. In a similar manner to that observed for the 

maleate salt, decomposition of this samples occurred during the melting phase and 

hence it was difficult to separate the two events. The higher melting point observed 

by fumarate salt suggests that it is more densely packed or that the hydrogen bonding 

within the crystal structure is different to that of the maleate and malonate salts.

Any observed mass loss was due to decomposition, which occurred during the 

melting phase of the sample. No thermal events were observed until the sample 

began to melt.
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3.13 STRUCTURE DETERMINATION

The structure was determined by standard procedures as described in Section! 2.6.

144

3.13.1 Maleate

The images were collected using an increment of 0.2® in omega over a rotation range 

of 155° or 120° at seven different diffractometer angular settings.

3.13.1.1 Crystal data and experimental conditions for cimetidine maleate
Empirical formula [CioHnNôS]  ̂• [G4H3O4]

Formula weight 368.42

Temperature 223(2)K

Wavelength 0.71073 Â

Crystal habit clear colourless | needles

Crystal size 0.56 X 0.24 X 0.10 mm

Crystal system Monoclinic

Space group P2,/c

Unit cell dimensions a = 4.5059(9) A

b = 26.592(5) A

c=  14.751(3) A

Volume 1767.5(6) Â

Z 4

Density (calculated) 1.385 Mg/m^

Absorption coefficient 0.216mm'*

F(OOO) 776

0 range for data collection 2.06 to 25.47°

Index ranges - 5 < h < 5 , 0 < k < 3 2 , 0 < l <  17

Reflections collected 3052

Independent reflections 3052 (Rint= 0.000)

Refinement method Full-matrix least squares on F̂

Data / restraints / parameters 3046/0/249

Goodness of fit on F̂ 1.115

Final R indices:

2914 data; I > 2a(I) R1 = 0.046

all data R1 = 0.048

Extinction coefficient 0.237(10)

Largest diff. Peak and hole and -0.24 e A'̂

P = 90.19(3)'

wR2 = 0.114 

wR2 = 0.117
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3.13.1.2 Structure solution and Refinement

The structure was solved by direct methods (SHELXL 93).

The flill-matrix least squares refinement (on F )̂ converged (A/amax = 0.00) to values 

of the conventional crystallographic residuals R = 0.046 for observed data and R = 

0.048 (wR2 = 0.117) for all data.

The function minimised was Iw(Fo^-Fc^)^. Weights, w, were eventually assigned to 

the data as w =l/[ci^(F„^) + (0.0609P)^ + 0.8206P] where P = [MAX(Fo^ 0) + 2Fc^]/3. 

The final difference Fourier map shows residual density between +0.42 and 

0.24 e Â \

3.13.1.3 Structure discussion for the maleate salt

The crystal and molecular structures of cimetidine maleate were determined from 

three-dimensional X-ray diffraction data collected at reduced temperature. The 

molecular formula is shown below and the crystal structure shown vdth the labelling 

scheme can be seen in Figure 3.29.

H X
NHCH

HOOCCH = C H C O O H  

Maleic Acid
N .^ N H

Figure 3. 28 Molecular formula for cimetidine maleate.
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It can be seen that the imidazole ring on the cimetidine was protonated and the 

maleic acid exists as the mono-anion. The guanidinium moiety has the same 

orientation as observed in the crystal structures of polymorph Z (Parkanyi et al, 

1984) and of the monohydrate (Kojic-Prodic et a l, 1980) (see torsion angles, 

Appendix I), with the cyano and methyl groups in a Z configuration. The general 

shape of the cimetidine molecule in this salt most closely resembled that observed in 

polymorph Z. However the conformation of the central chain was unique among 

known structure of cimetidine and differed from polymorph Z for example, by 116° 

in the S1-C6-C7-N3 torsion angle. This resulted in the N1-H1...N6 hydrogen bond 

whose orientation was perpendicular in polymorph Z and nearly parallel in the 

maleate salt.

051

tsi054,

LC52

C54
C53

053

Figure 3.29 A view of cimetidine maleate from its crystal structure showing the

numbering scheme employed. Anisotropic displacement ellipsoids for 

non-hydrogen atoms are shown at the 50% probability level. 

Hydrogen atoms are displayed with an arbitrarily small radius.
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054

0538 /

C52B

Figure 3. 30 Hydrogen bonding pattern in the crystal structure of cimetidine
maleate.

Atom Names x ...y ,A X— H ,Â X— H ...Y ,°

N1-H1-N6 2.819(3) 0.90(3) 1.92(3) 179(2)

N2-H2 ... 053 2.673(2) 0.91(3) 1.77(3) 169(2)

N3-H3 ... 051 3.017(2) 0.76(3) 2.27(3) 168(3)

N4-H4 ...052 2.832(2) 0.88(3) 2.09(3) 1/11(3)

051-H51... 054 2.421(2) 1.12(4) 13100 170(4)

Table 3.11 Hydrogen bonding metrical details for cimetidine maleate.
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The hydrogen bonding pattern for the maleate is shown in Figure 3.30 and the 

metrical details are given in Table 3.11. It can be seen that two cimetidine molecules 

were linked together in a head to tail arrangement by hydrogen between the cyano 

nitrogen acceptor and the imidazole donor. A cyclic dimer arrangement of cimetidine 

molecules was formed as a result of this hydrogen bonding. The cyclic dimer 

consists of a 26 membered ring that was positioned about a crystallographic 

inversion centre. The maleate anion interacts with the cimetidine molecules via an 

ionic interaction vsdth the protonated imidazole imino nitrogen and hydrogen bonding 

with both of the guanidinium hydrogens. Additional intramolecular hydrogen 

bonding was observed between the carboxylic acid hydrogen and the carboxylate. It 

is also worth noting that all of the maleate oxygens were involved as hydrogen bond 

acceptors. The molecular packing diagram for cimetidine maleate is shown in Figure 

3.31.
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Figure 3. 31 Molecular packing diagram for cimetidine maleate viewed along the

c-axis
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Polymorph Z was the only other known structure that exhibited a similar hydrogen 

bonding system between an imidazole donor (HIN) and a cyano nitrogen acceptor 

(N6). This resulted in a head to tail conformation in the b and c directions. The 

hydrogen bonding for polymorph Z is shown in Figure 3.32.

Figure 3.32 Hydrogen bonding of polymorph Z. The view includes two cimetidine 

molecules and the atoms involved in hydrogen bonding.
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3.14 Cimetidine hydrochloride monohydrate

The crystal structure of this salt has already been determined by Shibata et al, (1983). 

Under ambient conditions this salt exists as the monohydrate, so all discussions will 

be based on the monohydrate form. The hydrogen bonding for this salt is shown in 

Figure 3.33 and the metrical details can be found in the article mentioned above. The 

crystal data and conditions have been reproduced and are presented below.

3.14.1 Crystal data and conditions for cimetidine hydrochloride
Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal habit 

Crystal size 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated) 

Absorption coefficient 

F(OOO)

Index ranges 

Reflections collected 

Independent reflections 

Refinement method 

Data / restraints / parameters 

Goodness of fit on F̂

Final R indices:

2478 data; I > 2a(I) 

All data 

Largest diff. Peak and hole

[C,oHnN6S]^-[Cl]--[H20]
306.82 

293 K

1.5418 A X(CuKa) 

clear colourless needles 

0.2 X 0.3 X 0.5 mm 

Monoclinic 

P2i/c

a = 11.542(3) A 
b = 10.859(3) A 
c=  11.632(3) A 
1457.5(7) Â

4

1.391(l)Mg/m^

2.362 mm'*

648

- 1 3 < h < 1 3 , 0 < k < 1 2 , 0 < l < 1 3

2478

2478 (Rmt= 0.046)

Block-diagonal least squares

3046 / 0 / 249

1.115

R1 = 0.046 

R1 = 0.059 

0.3 and -0.3 e A'̂

(3 = 91.09(2)'
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3.14.2 Structure discussion
This salt also adopted a cyclic dimer arrangement but the 20 membered ring was 

inclusive of two Cl* ions and did not include the cyano group (cf. maleate salt). A 

count of the possible hydrogen bond donors and acceptors for both of the salts was 

informative in that the hydrochloride salt had one more donor than acceptor. It may 

be that as a result of this acceptor deficit and a drive to satisfy all the hydrogen 

bonds, it was able to incorporate lattice water. The maleate salt however, had an 

equal number of donors and acceptors and thus no water was included in the 

structure. The molecular packing diagram for cimetidine hydrochloride monohydrate 

is shown in Figure 3.34.

CI1C

\  01A
N5C 'N6C

WCI1B

Figure 3. 33 A view of cimetidine hydrochloride monohydrate showing the cyclic 

dimer and the hydrogen bonding. For clarity, the view includes only the atoms 

involved in additional hydrogen bonding to the cyclic dimer. Water hydrogen atoms 

were not included in the published results and are not included in the figure.
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Figure 3. 34 Molecular packing diagram for cimetidine hydrochloride
monohydrate, viewed down the x-axis.
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3.15 Malonate
The images were collected using an increment of 0.2° in either omega or phi at five 

different diffractometer angular settings.

3.15.1 Crystal data and experimental conditions for cimetidine malonate
Empirical formula [C ,oH ,7N 6S]"*[C 3H 304]-

Formula weight 356.41

Temperature 223(2)K

Wavelength 0.71073 A

Crystal habit clear colourless plates

Crystal size 0.20 X 0.20 X 0.15 mm

Crystal system Monoclinic

Space group P2,/c

Unit cell dimensions a = 4.4485(2) A

b = 26.771(3) A (3 = 90.243(4)°

c = 14.3688(9) A

Volume 1711.2(2) Â

Z 4

Density (calculated) 1.383 Mg/m^

Absorption coefficient 0.220 mm'

F(OOO) 752

0 range for data collection 2.08 to 25.47°

Index ranges - 5 < h < 5 , 0 < k < 3 1 , 0 < l <  17

Reflections collected 2839

Independent reflections 2839 (Rm,= 0.000)

Refinement method Full-matrix least squares on F̂

Data / restraints / parameters 2837/0/249

Goodness of fit on F̂ 1.134

Final R indices:

2914 data; I > 2a(I) R1 = 0.048 wR2 = 0.115

All data R1 = 0.052 wR2 = 0.120

Extinction coefficient 0.243(11)

Largest diff. Peak and hole 0.32 and-0.25 eA'^
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3.15.2 Structure solution and Refinement

The structure was solved by direct methods (SHELXL 93).

The malonate anion was disordered in this structure over two orientations with 

occupancies of 58% and 42% and was included in the refinement.

The full-matrix least squares refinement (on F )̂ converged (A/amax = -0.20) to values 

of the conventional crystallographic residuals R = 0.048 for observed data and R = 

0.052 (wR2 = 0.120) for all data.

The function minimised was Ew(Fo^-Fc^) .̂ Weights, w, were eventually assigned to 

the data as w =l/[a^(Fo^) + (0.0602P)^ + 0.7057P] where P = [MAX(Fo^, 0) + 2Fc^]/3. 

The final difference Fourier map showed residual density between +0.32 and -0.25 

eÂ'^.

3.15.3 Structure discussion

The crystal and molecular structures of cimetidine malonate were determined from 

three-dimensional X-ray diffraction data collected at reduced temperature. The 

molecular formula is shown below and the crystal structure with the labelling scheme 

can be seen in Figure 3.36.

VNHCH H00CCH2C00
Malonate

Figure 3 .35  Molecular formula of cimetidine malonate.
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052  062

054

063

Figure 3.36 A view of cimetidine malonate showing the numbering scheme 

employed. Anisotropic displacement ellipsoids for non-hydrogen atoms are shown at 

the 50% probability level. Both orientations of the disordered malonate anion are 

shown. The higher occupancy orientation is shown with solid bonds and the lower 

with open bonds. Hydrogen atoms are displayed with an arbitrarily small radius.

The malonate salt was found to be pseudo-isomorphous with the maleate salt studied 

earlier. The malonate anion however was disordered in this structure whereas the 

maleate anion was not. X-ray analysis normally assumes that the contents of each 

unit cell are identical. If groups are free to rotate, or even occupy different positions 

in different cells, this assumption is only true in an average sense. Therefore, it is 

possible to denote an occupancy level for each of the groups effected by the disorder. 

In this example, a 58%/42% occupancy level was given to the malonate species. This 

means the on average, 58% of the measured unit cells show the malonate species in 

one particular direction while the remaining 42% show the malonate species in the 

other direction. This freedom of movement shown by the malonate, species was 

probably a contributing factor to the release of the malonate species observed during 

the thermal analysis of this compound. The hydrogen bonding patterns for the 

malonate in both occupancies are shown in Figures 3.37 and 3.38.
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kSIA

052B

Figure 3.37 A view of the hydrogen bonding pattern for cimetidine malonate. 

The malonates are shown in their higher occupancy positions.
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062B

063A ;

063

064

Figure 3. 38 A view of the hydrogen bonding pattern for cimetidine malonate. 
The malonates are shown in their lower occupancy positions.

Both the maleate and malonate salts have comparable cimetidine conformations (see 

torsion angle, Appendix I) and similar hydrogen bonding patterns resulted in the 

head to tail arrangement. The 26 membered cyclic dimer was also maintained in this 

salt form. The hydrogen bonding of the malonate again involved the cyano nitrogen 

acceptor and the imidazole donor, and all of the oxygens of the malonate anion. The 

hydrogen bonding metrical details are given in Table 3.12. The molecular packing 

diagram for cimetidine malonate is shown in Figure 3.39.
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Figure 3. 39 Molecular packing diagram for cimetidine malonate 
(higher occupancy).
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Atom Names X ...Y ,Â X— H ,Â X— H .. .Y /

N1-H1-N6 2.810(3) 0.88(3) 1.94(3) 170(3)

N2-H2 ... 063 2.52(1) 0.91(3) 1.64(3) 162Q)

N2-H2 ... 053 2.832(8) 0.91(3) 1.92(3) 179(3)

N3-H3 ... 062 2.766(5) 0.80(3) 2.11(3) 139(2)

N3-H3 ... 051 2.996(3) 0.80(3) 2.21(3) 16Ü2)

N4-H4 ...052 2.810(4) 0.87(3) 2.14(3) 133(2)

N4-H4 ... 061 3.082(5) 0.87(3) 2.29(3) 151(3)

051-H51... 054 2.417(4) 0.96(5) 1.52(5) 153(5)

061-H61... 064 2.414(6) 1.17(8) 1.34(8) 148(7)

Table 3. 12 Hydrogen bonding metrical details for cimetidine malonate

A comparison of the metrical details of the hydrogen bonding between the 

counterions and the cimetidine molecule for these two compounds can be seen in 

Table 3.13. It can be seen that the greater distances observed for the malonate may 

confer a slightly weaker hydrogen bonding system within the crystal lattice of this 

compound. The effect of these weaker bonds most probably results in a looser 

structure, and hence a lower melting point and a higher solubility value compared to 

the maleate. This weaker bonding system would also help explain why the malonate 

salt underwent vapourisation during the thermal analysis.

»......f w Malonate# t Maleate

N2-H2-053 1.92 1.77

N3-H3-051 2.21 Z27

N4-H4-052 2.14 2.09

0 5 1-H51-054 1.52 1.31

Table 3. 13 Comparison of hydrogen bonding details for cimetidine malonate and
cimetidine maleate.
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3.16 Sulfamate

The images were collected using an increment of 0.15° in omega at seven different 

diffractometer angular settings.

3.16.1 Crystal data and experimental conditions for cimetidine sulfamate

Empirical formula [C,oH,7N6Sf-[NH2S03r

Formula weight 349.44

Temperature 223(2)K

Wavelength 0.71073 A

Crystal habit clear colourless plates

Crystal size 0.14 X 0.16 X 0.05 mm

Crystal system Monoclinic

Space group C2/C

Unit cell dimensions a = 29.821(2) A

b = 7.580(2) A P = 105.06(1)°

c=  14.316(1) A

Volume 3124.9(9) A"

Z 8

Density (calculated) 1.486 Mg/m^

Absorption coefficient 0.365mm'*

F(OOO) 1472

6 range for data collection 2.78 to 25.46°

Index ranges - 3 5 < h < 3 4 0 < k < 9 0 < l <  17

Reflections collected 35454

Independent reflections 2726 (Ri„,= 0.000)

Refinement method Full-matrix least squares on F̂

Data / restraints / parameters 2724/0 / 249

Goodness of fit on F̂ 1.268

Final R indices:

2914 data; I > 2a(I) R1 = 0.063 wR2 = 0.133

All data R1 = 0.072 wR2 = 0.140

Extinction coefficient 0.0068(5)

Largest diff. Peak and hole 0.40 and-0.37 eA'^
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3.16.2 Structure solution and Refinement

The structure was solved by direct methods (SHELXL 93).

The full-matrix least squares refinement (on F )̂ converged (A/amax = 0.01) to values 

of the conventional crystallographic residuals R = 0.063 for observed data and R = 

0.072 (wR2 = 0.140) for all data.

The function minimised was 2w(Fo^-Fc^)^. Weights, w, were eventually assigned to 

the data as w = l / [ a W )  + (0.0382P)^ + 11.691P] where P = [MAX(Fo\ 0) + 2Fc^]/3. 

The final difference Fourier map showed residual density between +0.40 and -0.37 

eA'^.

3.16.3 Structure discussion

The crystal and molecular structures of cimetidine malonate were determined from 

three-dimensional x-ray diffraction data collected at reduced temperature. The 

molecular formula is shown below and the crystal structure with the labelling scheme 

used is shown in Figure 3.41.

HaC,

HN.v .NH

N'
, 0 '

N

^^NHCHa
NH

H2NS03
Sulfamate

Figure 3. 40 Molecular formula for cimetidine sulfamate.
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051

N51

053

052

Figure 3. 41 A view of cimetidine sulfamate from its crystal structure showing the 

numbering scheme employed. Anisotropic displacement ellipsoids for non-hydrogen 

atoms are shown at the 50% probability level. Hydrogen atoms are displayed with an 

arbitrarily small radius.

The imidazole ring on the cimetidine was protonated and the sulfamic acid existed as 

the mono-anion. The guanidinium moiety seems to have the same orientation as that 

observed in the crystal structures of polymorph Z, cimetidine monohydrate and the 

maleate and malonate salts (see torsion angles, Appendix I), with the nitrile and 

methyl amine groups in a cis orientation (E configuration). The general shape of the 

cimetidine molecule in this salt most closely resembled that observed in the 

monohydrate (polymorph C) and differed at most by 10° in the C2-C5-S1-C6 torsion 

angle. This resulted in the molecule adopting a compact conformation in which the 

guanidinium moiety lay in a parallel planar ‘stacked’ orientation with respect to the 

imidazole ring. The structure was also quite similar to the conformation seen in the 

maleate salt except that the sulfamate seemed to have a flipped arrangement about 

the ethylene linkage.
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The hydrogen bonding in this salt involved all of the available donors resulting in a 

ribbon sulfamate anions. Alternate anions were linked through interactions to each 

end of one cimetidine molecule. In contrast to the other salts studied, there was no 

interaction between the cyano nitrogen acceptor and the imidazole donor. Instead, the 

cyano nitrogen acceptor hydrogen bonded to one of the guanidinium nitrogens and 

the imidazole donor hydrogen bonds to one of the oxygens of the sulfamate anion, 

thus the cyclic dimer arrangement was not maintained. Thus explaining why the CN 

stretch was different to that seen in the maleate and malonate salt forms. This 

interaction resulted in a string of cimetidine cations running approximately 

perpendicular to the ribbon of sulfamate anions. It was also worth noting that one of 

the sulfamate oxygens was not involved in any traditional hydrogen bonding within 

the structure. The hydrogen bonding for the sulfamate salt is shown in Figure 3,42 

and the metrical details are given in Table 3.14.

053

/ / 052

0520 \  \

\  VÜ51A

C8A n3A

'052A

Figure 3. 42 Hydrogen bonding for the crystal structure o f cimetidine sulfamate.
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Atom Names X ...Y ,Â X— H ,Â h ...y ,A  IX— h ...y ,°

N l-H l-0 5 1 2.768(4) 0.82(3) 1.97(3) 166(2)

N 2-H 2-051 2.822(2) 0.82Q) 2.02(3) 166(2)

N3-H3 ••• N6 3.015(5) 0.82(3) 2.24(3) 159Q)

N4-H4 052 2.295(4) 0.80(3) 2.16(3) 161Q)

051-H51A-051 3.077(4) 0.88(5) 2.23(5) 161(4)

N51-H51B-052 2.896(5) 0.85(5) 2.07(5) 166(4)

Table 3. 14 Hydrogen bonding metrical details for cimetidine sulfamate.

A more detailed hydrogen bonding and molecular packing diagram for cimetidine 

sulfamate is shown in Figure 3.43.



Chapter 3: Salt formation and characterisation 166

Figure 3. 43 Hydrogen bonding and molecular packing diagram for cimetidine
sulfamate.
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3.17 Fumarate

This sample was crystallised from methanol to provide crystals suitable for study.

The images were collected using an increment of 0.2° in omega over a rotation range 

of 155° or 120° at seven different diffractometer angular settings.

3.17.1 Crystal data and experimental conditions
Empirical formula [C,oH,7N6S] -̂[C4H304]'

Formula weight 368.42

Temperature 223(2)K

Wavelength 0.71073 A

Crystal habit clear colourless plates

Crystal size 0.40 X 0.24 X 0.15 mm

Crystal system Triclinic

Space group PI bar

Unit cell dimensions a= 10.8129(7) A a = 95.613(13)°

b= 11.865(2) A P = 108.57(2)°

c = 15.0594(11) A Y = 98.852(6)°

Volume 1787.2(3) Â

Z 4

Density (calculated) 1.369 Mg/m^

Absorption coefficient 0.213mm'

F(OOO) 776

0 range for data collection 2.41 to 22.50“

Index ranges - 1 4 <h < 1 2 , - 1 5 < k < 1 5 , 0 < l <1 9

Reflections collected 24929

Independent reflections 4644 (Rmt= 0.080)

Refinement method Full-matrix least squares on F̂

Data / restraints / parameters 4638/28/488

Goodness of fit on F̂ 1.093

Final R indices:

2914 data; I > 2a(I) R1 = 0.057 wR2 = 0.152

All data R1 = 0.065 wR2 = 0.156

Extinction coefficient 0.061(5)

Largest diff Peak and hole 0.47 and -0.30 e A'̂
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3.17.2 Structure solution and Refinement

The structure was solved by direct methods (SHELXL 93)

Each acidic hydrogen of the fumarate anion was disordered (50/50) over two 

orientations and was included in the refinement.

The full-matrix least squares refinement (on F )̂ converged (A/amax = 0.00) to values 

of the conventional crystallographic residuals R = 0.057 for observed data and R = 

0.065 (wR2 = 0.156) for all data.

The function minimised was Ew(Fo^-Fc^) .̂ Weights, w, were eventually assigned to 

the data as w =l/[a^(Fo^) + (0.0754P)^ + 1.8267P] where P = [MAX(Fq^, 0) + 2Fc^]/3. 

The final difference Fourier map showed residual density between +0.47 and -0.30 

eA'^.

3.17.3 Structure discussion

The crystal and molecular structures of cimetidine fumarate were determined from 

three-dimensional x-ray diffraction data collected at reduced temperature. The 

molecular formula is given below and the crystal structure with the labelling scheme 

used is shown in Figure 3.45.

V NHCH
HOOCOH = C H C O O  

Fumarate (1:1)

Figure 3. 44 Molecular formula for cimetidine fumarate.
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062

Figure 3.45 A view of cimetidine fumarate showing the numbering scheme 

employed. Anisotropic displacement ellipsoids for non-hydrogen atoms are shown at 

the 50% probability level. Hydrogen atoms are displayed with an arbitrarily small 

radius.

Two molecules of the above, formed the crystallographic unique repeat, in which 

both the cimetidines were protonated on the imidazole ring as before and both the 

fumarate anions were deprotonated. The conformations of these cimetidines were 

nearly identical to those structures discussed earlier (see torsion angles) but the main 

differences were observed by the extension of the ethane-thiol region of the molecule 

from the imidazole ring. The cimetidine molecule then adopted a perpendicular 

arrangement (C5-S1-C6-C7, 80°) similar to that observed by the maleate and 

malonate salt forms. An additional difference of this salt compared to the maleate 

and malonate salts was the conformation of the anion itself. The fumarate anion was 

extended in this structure whereas the anionic species in the other salts adopted a 

circular, intramolecularly hydrogen-bonded arrangement. Another interesting 

observation was the absence of the head-to-tail intermolecularly hydrogen bonded 

‘dimeric’ arrangement for this salt.

Hydrogen bonding between two cimetidine molecules was observed via the 

guanidinium donor and the nitrile acceptor. The absence of any ‘dimer’ arrangement 

confirms the findings of the FTIR which, suggested that the CN groups were in 

different molecular environment compared to the maleate and malonate salt forms.
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Furthermore, the fumarate has two crystallographic independent cimetidine 

molecules, and this would explain why splitting was observed in the CN stretch.

The hydrogen bonding for the fumarate salt can be seen in Figure 3.46 and the 

metrical details are given in Table 3.15.

Figure 3. 46 A view of cimetidine fumarate showing hydrogen bonding pattern.

Atom Names X ...Y ,Â X— H ,Â H ...Y ,Â X— H ...Y ,°

N l-H l- 053 2.632(3) 0.83(2) 1.84(3) 159(4)

N2-H2N ... 052 2.729(3) 1.91(3) 172(4)

N3-H3N... N6’ 2.911(4) 0.82(3) 2.19(3) 146(3)

N4-H4 052 2.962(3) 0.82(2) 2.24(3) 148(3)

N1’-H1N’...062 2.702(3) 0.82(2) 1.90(3) 164(3)

N2’-H1N’... 063 2.648(3) &84C0 1.81(3) 178(4)

N3’-H3N’...N6 2.888(4) 0.82(2) 2.14(3) 152(3)

N4’-H4N’... 063 2.836(3) 0.81(2) 2.11(3) 148(3)

051-H51... 064 2.485(3) &83 1.66 172

054-H54... 061 2.498(3) &83 1.67 173

061-H61... 054 2.498(6) &83 1.68 168

064-H64... 051 2.485(3) &83 1.73 149

Table 3. 15 Hydrogen bonding metrical details for cimetidine fumarate.
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4.0 CONTACT ANGLE MEASUREMENT AND SURFACE 

ENERGIES
The methods that can be used to measure contact angle have been discussed in 

Chapter 1. For these studies, the contact angle was measured using the glass slide 

method described in section 1.5.7. A detailed method is given below.

4.1 Method for measuring the dynamic contact angle

Since contact angle measurements can be affected by adsorption of vapour onto the 

powder, all the glass slides that were prepared for analysis were stored in a desiccator 

maintained at 0% relative humidity and at 20°C. The Cahn Dynamic Contact 

Analyser (DCA) was used to measure the contact angle and a schematic diagram is 

shown in Figure 1.5. The Cahn DCA was housed within a draught proof cabinet to 

minimise any fluctuations in the readings taken. Access to the microbalance was via 

a sliding glass door.

4.1.1 Preparation of powdered glass slide

To ensure that the surface of the glass slide was clean, the slide was carefully flamed 

using a hot Bunsen burner flame to remove any residues or dirt from the surface of 

the slide. The glass cover slides (dimensions 22mm x 22mm) were then sprayed on 

both sides with an adhesive spray (3M Spray Mount Adhesive) and allowed to stand 

for one minute. The test powder was brushed lightly on to the slide until the whole 

slide was covered with powder and any excess powder was gently brushed off. The 

coated glass slide was then placed in a suitable container ready for measurement. The 

perimeter of the coated slide was measured using a micrometer prior to measurement 

of the contact angle.

4.1.2 Calibration

Weight calibration of the dynamic contact analyser was performed daily prior to any 

measurements being made. A 500mg weight was placed on the clip of the 

microbalance arm and the calibration software was used for the calibration of the 

microbalance.
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4.1.3 Choice of test liquids

The surface energy parameters as determined by the geometric and harmonic mean 

approaches were calculated by using contact angle measurements of water and 1- 

bromonaphthalene on the solids. The surface parameters as determined by the van 

Oss theory, was determined by using contact angle measurements of two polar 

liquids (water and formamide) and one non-polar liquid (1-bromonaphthalene).

The surface parameters of the liquids used for contact angle measurements are shown 

in Table 3.1.

Liquid yTOT yLW y+ y
Water 7Z8 21 .8 25 .5 25J

Formamide 58 .0 3& 0 Z28 3& 6

1 -Bromonaphthalene 4 4 .4 4 4 .4 0 0

Table 4. 1 Surface energy components of test liquids (mJm* )̂ (van Oss et al, 1992a).

4.1.4 Test the cleanliness of the test probe liquids

Prior to any measurement of contact angle, it was necessary to determine the 

cleanliness of the test liquid. Firstly, the beaker holding the test liquid was cleaned 

thoroughly by washing the beaker in detergent liquid and rinsing the beaker several 

times, using distilled water. The beaker was then sonicated for 10 minutes to remove 

any fine particles and then rinsed with distilled water before allowing the beaker to 

dry in an oven at 80°C for 15 minutes.

The simplest way to test the probe liquid was to determine its surface tension using 

the Cahn dynamic contact angle analyser (DCA) and comparing it with the literature 

value. The beaker containing the test liquid was placed into the water bath and 

allowed to come to the equilibrium temperature. A clean glass slide whose perimeter 

was previously measured was then attached to a crocodile clip and carefully placed 

on the balance loop of the DCA microbalance, taking care not to make any contact 

with the apparatus. The platform was raised until the slide hung approximately 5mm 

above the surface of the liquid. The computer program was initiated which measured
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force readings as the platform was raised to immerse the slide by approximately 

5mm. The experiment was complete when the platform was lowered away from the 

liquid.

4.1.5 Analysis

The computer programme allowed the raising and lowering of the motorised 

platform through a distance of approximately 10mm at a set rate of 157 pm.s'\ The 

force readings that were collected as a function of platform height were used to 

determine either the contact angle or the surface tension. For a clean glass slide in the 

vertical position the contact angle is zero and hence the surface tension of the liquid 

can be found from Equation 1.14.

The program was used to determine the surface tension of the test liquid as described 

in Section 1.5.6, which was then compared to the literature values. If there was a 

difference of ± 1.5mNm'^ then the test liquid was regarded as unsuitable for contact 

angle analysis and another batch of liquid was used.

4.1.6 Contact angle determination for coated slides

The coated glass slide perimeter was obtained by measurement on a suitable 

micrometer and the computer programme was used to measure the contact angle that 

was made by the test liquid. The computer programme used linear regression 

analysis of the data points that were within the analysis range as indicated in Figure 

1.6. The contact angle was calculated from the force at zero depth of immersion as 

I  described in Section 1.5.6.
For each test liquid, a mean contact angle was obtained from five separate contact 

angle readings.

4.1.7 Errors associated with quoting contact angles

Parsons et al, (1992) have studied the extent of errors that are associated with 

quoting angles. It was shown that because of the cosine function, the experimental
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errors were best represented as a cos 0 value rather than an error expressed purely as 

an angle, 0.

4.2 CONTACT ANGLE RESULTS AND DISCUSSION

Contact angle data for the test compounds on three liquids (water, formamide and 1 - 

bromonaphthalene) are presented below.

Table 4. 2 Contact angles (degrees) for cimetidine base.

Cimetidine

Test Liquid (0)mean (0) SD Cos0 S.D.

Water 90.4 0.6 -0.007 0.011

Formamide 80.6 1.5 0.163 0.024

1 -Bromonapthalene 32J 0.5 0.841 0.005

Table 4. 3 Contact angles (degrees) for cimetidine hydrochloride monohydrate.

Hydrochloride

Test Liquid (0)mean (0) SD Cos 0 S.D.

Water 8&5 1.1 0.165 0.019

Formamide 64.7 0.5 0.427 0.008

1 -Bromonapthalene 32.7 1.9 0.841 0.017

Table 4. 4 Contact angles (degrees) for cimetidine maleate.

Test Liquid (0)mean (0) SD Cos0 S.D.

Water 8 6 2 0.8 0.066 0.015

Formamide 7 8 3 0.9 0.202 0.015

1 -Bromonapthalene 32.0 1.5 0.847 0.014
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Table 4. 5 Contact angles (degrees) for cimetidine malonate.
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Malonate

Test Liquid (0)mean (0) SD CosB S.D.

Water 67.2 0.8 0.387 0.012

Formamide 67.9 0.7 0.376 0.012

1 -Bromonapthalene 24.1 1.1 0.913 0.008

Table 4. 6 Contact angles (degrees) for cimetidine sulfamate.

' SuUamak

Test Liquid (0)mean (0) SD Cos0 S.D.

Water 84.4 0.4 0.098 0.007

Formamide 80.5 0.9 0.165 0.016

1 -Bromonapthalene 44.7 3.6 0.709 0.044

Table 4. 7 Contact angles (degrees) for cimetidine fumarate.

’ ' > Fumarate'
r *../

Test Liquid (0)mean (0) SD Cos 0 S.D.

Water 79^ 0.7 0.177 0.013

Formamide 69J 2.0 0.347 0.033

1 -Bromonapthalene 34.5 1.5 0.824 0.014

S.D. = Standard deviation

From the relatively high contact angle values obtained above, all the solids could be 

described as hydrophobic in nature. However, to obtain a better understanding about 

the surface nature of these compounds it was appropriate to obtain the surface free 

energy values for these compounds as described in Chapter 1.
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4.2.1 Determination of solid surface energies

4.2.1.1 Fowkes’ Geometric mean approach

The geometric mean approach was used to determine the solid surface free energy 

values. Contact angle measurements were obtained using water and 1- 

bromonaphthalene and the calculated surface energy terms are presented in Table

4.8.

Sample 4 ^ ^ Ys** Ys'’ %

Polarity

Malonate 49.1 ±0.5 40.6 ± 0.4 8.4 ± 0.4 17.1

Fumarate 41.0 ±0.6 36.9 ±0.7 4.1 ±0.3 10.0

Sulfamate 35.9 ± 1.5 32.4 ± 1.9 3.5 ±0.4 9.7

Hydrochloride 41.4 ±0.8 37.6 ±0.8 3.7 ±0.5 8.9

Maleate 39.9 ±0.6 37.9 ±0.7 1.9 ±0.3 4.8

Cimetidine 38.9 ±0.3 37.6 ±0.2 1.3 ±0.3 3.3

Table 4. 8  Surface energy (mJm'^) parameters found by geometric mean approach. 
Samples were ranked in order of decreasing percentage polarity.

The calculated surface energy terms provided information about the nature of the 

solid surface in terms of its relative polar and non polar character. Since the powders 

have relatively low values, they can be generally considered as hydrophobic in 

nature. It was therefore appropriate to consider the yŝ  term since this determined the 

overall non-polar (hydrophobic) character of the compound. It can be seen that for 

most of the samples (cimetidine, hydrochloride, maleate and fumarate), it was 

difficult to determine any substantial differences between the y§̂  terms and thus a 

rank order of hydrophobicity. It was therefore considered that differences between 

the samples should be made according the polarity values obtained for these samples. 

If it is assumed that high polarity values indicate a greater potential for interaction 

with polar molecules, such as water, then the rank order of decreasing 

hydrophobicity was as follows:

Malonate > (Fumarate/Sulfamate/Hydrochloride) > Maleate > Cimetidine



Chapter 4: Contact angle and Surface energetics 178

It was clear from the results that salt formation had increased the polar nature of the 

respective compounds. The most polar compound was the malonate. As expected the 

hydrophobic nature of the cimetidine sample was reflected in the low polarity value 

obtained for this sample.

An interesting set of results was obtained for the maleate salt. The percentage 

polarity VEilue was relatively low compared to the other samples. This was surprising 

since it would be expected that the carbonyl groups of this salt would be contributing 

to the term in a similar way the carbonyl groups are presumably contributing to 

the Ys’’ term of the malonate salt. It has already been shown that both the malonate 

and maleate salts have almost identical packing arrangements. The differences 

between these two salt forms suggested that there was a difference in the relative 

proportions of polar and non-polar groups exposed at the surface. The maleate salt 

also has one more CH group than the malonate salt and this may be contributing to 

the overall low polarity value obtained for the maleate salt.

The isomer of the maleate salt, the fumarate, showed an overall percentage polarity, 

which was approximately twice that of the maleate salt. Differences in the packing 

arrangement of these salts were thought to be responsible for the observed 

differences in polarity values. This seems probable since the maleate (and the 

malonate) have hydrogen bond schemes involving the cyano nitrogen acceptor and 

the imidazole donor, whereas the fumarate (and the sulfamate) have hydrogen 

bonding schemes involving the guanidine nitrogen donor and the nitrile acceptor. 

Such differences could cause different functional groups to be expressed at the 

surface.

The sulfamate sample was also interesting because it showed a percentage polarity 

value of 9.5% indicating that it was relatively more polar than the cimetidine, 

hydrochloride and maleate samples. This was surprising since the sulfamate anions 

are highly polar and therefore we would expect this to be reflected in the polarity 

value. The lower than expected polarity value indicated that the surface of this
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compound may not consist of the sulfamate anions that would have otherwise given 

rise to a higher polarity value. A similar explanation could also be given to the 

hydrochloride salt since it consisted of the highly polar chloride anions and the polar 

water molecules of the monohydrate form.

4.2.1.2 Wu s harmonic mean approach

The dispersive and polar components of the solid surface energy were calculated as 

outlined in Section 1.74. The program FreeTK was used to obtain surface energy 

data. The inputs required for this program were the dispersive and polar components 

of the two test liquids (water and 1 -bromonaphthalene), the surface tension of the test 

liquids and the contact angles they produce with the test solid.

The polar and dispersive components of the solid surface energy are shown in Table

4.9.

Sample Ys“ Ys'* %

Polarity

Malonate 54.8 ±0.5 40.7 ± 0.4 14.1 ±0.4 25.7

Fumarate 46.2 ± 0.6 37.2 ±0.6 9.0 ± 0.4 19.5

Sulfamate 41.0± 1.4 33.1 ± 1.7 7.9 ± 0.4 19.3

Hydrochloride 46.5 ±0.8 37.9 ±0.7 8.6 ±0.6 18.5

Maleate 44.3 ± 0.7 38.1 ±0.6 6.2 ± 0.4 13.9

Cimetidine 42.8 ± 0.6 37.9 ±0.2 4.9 ±0.5 11.4

Table 4. 9 Surface energy data (mJm'^) using Wu’s harmonic mean approach using
water and 1 -bromonaphthalene.

In a similar to manner to before, the percentage polarity values can be ranked as 

follows:

Malonate > (Fumarate/Sulfamate/Hydrochloride) > Maleate > Cimetidine



Chapter 4: Contact angle and Surface energetics 180

Using this method, there appeared to be an increase in the percentage polarity for the 

maleate, and was within the range expected for this salt form. However, it still 

remained the lowest for all of the salts studied and therefore indicated the relatively 

hydrophobic nature of this compound.

The results obtained by this method showed similarities in the calculated dispersive 

terms (ys )̂, but differences between both methods were observed for the polar 

components. In general, the polar components obtained by the harmonic mean 

approach were consistently greater in value than those obtained by the geometric 

mean approach. However, the overall ranking order for hydrophobicity was still 

maintained. Hence, the ranking order obtained by this method was in good 

agreement with that obtained by the geometric mean approach and therefore showing 

the suitability of using either method for determining an indication of the relative 

surface energetics of the samples investigated.

4.2.1.3 The van Oss theory
The van Oss theory was used to obtain further information about the nature of the 

interactions between the solid and the liquid phase. The van Oss theory in particular 

can provide clues about the nature of the polar interactions that are likely to occur 

between the solid and the liquid phase. In order to obtain such information, the 

surface energy terms were calculated by determining the contact angle using two 

polar liquids (water and formamide) and one non-polar liquid (1-bromonaphthalene). 

The results are presented in Table 4.10.

Sample Ys"^ 'Y ,A B  #
Yŝ Ys-

Malonate 54.3 40.6 ± 0.4 13.7 1.6 2&9

Maleate 47.2 37.9 ±0.7 9.3 1.9 11.3

Hydrochloride 38.9 37.6 ±0.8 1.3 0.05 8.7

Cimetidine 45.2 37.6 ±0.2 8.3 2.0 8.5

Fumarate 41.6 36.9 ±0.7 4.7 0.5 12.5

Sulfamate 41.7 32.4 ±1.9 9.3 1.5 14.9

Table 4. 10 Calculated acid-base parameters (mJm'^) from Van Oss theory
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For these result the samples were ranked in the following decreasing order of 

values:

Malonate > (Cimetidine/Hydrochloride/Maleate/Fumarate) > Sulfamate 

Since the calculation used to determine the surface energy terms by the van Oss 

theory was different to that used by Fowkes and Wu, it was to be expected that the 

results would also show a difference in the surface free energy values and hence the 

ranking order for hydrophobicity.

The van Oss theory as explained earlier, splits the polar term (ys"^) of surface energy 

into an electron donating part (ys’) and an electron accepting part (ys*̂ ) and therefore 

highlights differences in the polar components of surface energy. From the chemical 

structure of the compounds, it would be expected that all the samples should display 

some degree of acid-base character. The ys' values were predominantly greater than 

ys"*" and this was a common feature amongst most solids (Good, 1992). The results 

show that the hydrochloride salt could be considered as a monopole (van Oss et al, 

1987) on account of its low value for yŝ  compared to its ys' value. The overall low 

value of ys"  ̂ for the hydrochloride salt suggested that this compound was relatively 

non-polar, however, the value of ys' (8.7) indicates that there might be a potential for 

polar interactions. The larger magnitude for ys' was probably due to chloride ions 

acting as electron donors.

It can also be seen that with the exception of the hydrochloride (and possibly the 

fumarate) salt, all of the samples behaved as if they were bipolar (van Oss et al, 

1987). The extent of Lewis base character was most likely to be related to the 

amount of Lewis base groups or atoms that were exposed at the surface, and the 

same could also be said for the Lewis acid character. By this reasoning, it can be 

seen that the malonate has the most electron donating capacity and interaction 'with 

polar molecules such as water would be more favourable for this salt than some of 

the other salts.
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Although it is not usual practice to quote percentage polarity values for data obtained 

from van Oss theory, percentage polarity values were obtained for the purposes of 

consistency. The polarity values are listed in Table 4.11.

Sample % Polari^^

Malonate 25 j

Sulfamate 223

Maleate 19.7

Cimetidine 18.4

Fumarate 11.3

Hydrochloride 3.3* (22.3)

Table 4.11 Percentage polarity values for samples from results of van Oss theory.

* The percentage polarity value for the hydrochloride was based on a y /  value o f  0.05. Good (1992), 

suggested that such small values o f y /  (<0.05) could be taken as zero, in which case w ould also 

be zero. This was evidently not true since this sample had already been shown to be polar. This 

compound was in fact considered to be monopolar and therefore any contribution to the polar nature 

o f  this compound was by virtue o f  its Lewis base character. Hence, in the absence o f  any other 

m ethodology it was postulated that the y /  (Lew is base) term should be used to calculate the 

percentage polarity. Such treatment would yield a value o f  22.3%  polarity for the hydrochloride salt 

([8 .68/38.9] X 100).

The rank order of decreasing polarity was:

Malonate > Sulfamate > Maleate > Cimetidine > Fumarate > (Hydrochloride)

The monopolar nature of the hydrochloride salt made the assessment of wettability 

using percentage polarity values difficult. Therefore other methods of assessment 

would be required and such methods are discussed later.

It was shown by the van Oss theory, that cimetidine was inherently relatively polar 

and that the introduction of the fumarate moiety had caused a fall in the observed 

polarity. This suggests that salt formation by this acid had altered the arrangement of 

molecules so as to reveal less polar groups on the relevant surfaces. This could be



Chapter 4: Contact angle and Surface energetics 183

possible since this salt was shown to have a completely different packing 

arrangement compared to the maleate, malonate and hydrochloride monohydrate salt 

forms.

Although the results obtained by the van Oss theory were useful no firm conclusions 

could be made from the acid-base parameters. However, it was possible to comment 

on the likely causes for the observed acid-base character. For example, the sulfamate 

showed a high value for ys' (14.9) and for this to be the case, it suggested that the 

surface was dominated by electron donating functional groups containing oxygen 

and possibly nitrogen which, have lone pairs of electrons available for hydrogen 

bonding. This scenario would be most likely to occur if the sulfamate anions were 

expressed at the surface of the crystal. Similar lines of thought could also be used to 

explain the other samples.

4.2.2 Comparison of surface energy data

The solid surface energies of the test solids were determined by the harmonic and 

geometric mean approaches and by the van Oss theory. The results for the geometric 

and harmonic mean approaches using water and 1-bromonaphthalene are shown in 

the Figure 4.1. The values obtained using the van Oss theory were obtained using all 

three liquids are also shown in Figure 4.1.
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Figure 4.1 Comparison of total surface energy data by the harmonic mean, 

geometric mean and van Oss theory.

To summarise, the rank order of the total surface energy as determined by the three 

approaches are as follows:

By the geometric mean approach:

Malonate > Hydrochloride > Fumarate > Maleate > Cimetidine > Sulfamate 

(using water and 1-bromonaphthalene)

By the harmonic mean approach:

Malonate > Hydrochloride > Fumarate > Maleate > Cimetidine > Sulfamate (using 

water and 1-bromonaphthalene)

By Van Oss theory:

Malonate > Maleate > Cimetidine > Sulfamate > Fumarate > Hydrochloride (using 

all three liquids)



Chapter 4: Contact angle and Surface energetics 185

As mentioned before, there was good agreement in the ranking order of total solid 

surface energies as determined by the geometric and harmonic mean approaches. The 

sulfamate sample showed the greatest extent of variance in the results. This was 

thought to be due to its larger particle size, which would ultimately effect the 

measurement of the wetting perimeter. An underestimate of the wetting perimeter 

will give rise to errors in the measured contact angle (Buckton et ah, 1995). In 

general, the polar component term as determined by the harmonic mean approach 

was consistently greatly than that determined by the geometric mean approach. 

Therefore, the total surface energy was also consistently greater.

4.3 Conclusions
It was shown that contact angle data could provide a useful insight into the surface 

nature of the solids studied. In general, salt formation introduced a certain degree of 

polarity into the structure and this was reflected in the polar components of surface 

energy obtained for all of the salts investigated. It was possible to obtain an 

indication of the wettability of the samples by determining the rank order of 

percentage polarity. The geometric and harmonic mean methods showed the same 

ranking order for the total surface free energy, whereas the van Oss theory was not 

well correlated with the other approaches when either the total surface energy or the 

percentage polarity was considered. All three methods had their own merits and the 

fact that they were not able to show the same ranking orders did not necessarily mean 

that any particular theory was inappropriate. Moreover, they provided information 

about the likely causes for such wetting behaviour.

Overall, the results obtained from contact angle data showed that it was difficult to 

assess the wettability of the samples by this method. It was only possible to obtain an 

initial indication of the surface character of the samples and hence an approximate 

indication of the wettability. An additional concern about the suitability of contact 

angle measurement to assess wettability was due to the fact the some of the samples 

may have been dissolving during the contact angle analysis. This was thought to be 

the case for the hydrochloride salt form. Such measurements were therefore doubtful
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and they may have exaggerated the results obtained for the surface free energy 

values.

It is often assumed that materials, which are very soluble in water, will also be well 

wetted by water. The argument used for this concept was that the predominance of 

hydrophilic groups in a molecule would result in good aqueous solubility and good 

wetting by water. However, there are many examples to show that this was not 

always true. Separate studies conducted by Buckton (1990), on substituted barbituric 

acids and by Forster et al., (1991) on a series of alkyl p-hydroxybenzoic acids have 

shown that wettability was a function of the molecular structure as is the solubility. 

There were certain aspects of the structure, which were related to the solubility and 

certain aspects of the structure, which determined wettability but the two need not 

necessarily be linked.

According to the polarity values obtained, the wettability of the malonate salt related 

well with its high solubility (280 mg/ml). As mentioned earlier, the high solubility of 

a material does not necessarily mean that it will exhibit good wetting characteristics. 

This could be seen from some of the results of the less soluble salts. The sulfamate 

salt had the greatest solubility value for all of the salts studies (»300mg/ml) and yet 

contact angle data suggested that wetting was less favoured than the malonate and 

fumarate salts. These salts may have favourable functional groups exposed at the 

surface compared to the other salts which, interact with the solvent (water) molecules 

more favourably and thus giving rise to better wetting characteristics.

In considering the high solubility of some of these samples, it is worth mentioning 

how dissolution could effect contact angle measurements. The Noyes-Whitney 

equation (Equation 4.1) describes the dissolution rate (dm/dt) as being related to the 

surface area (SA), the diffusion coefficient (D), the thickness of the unstirred layer 

through which the drug must diffuse (dh), the saturated solubility (Cg) and the amount 

of drug dissolved at time t (Q):

dm/dt = (S A.D/dh)(Cs -  CJ 4.1
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It can be seen that the dissolution rate will increase if the surface area was increased. 

Hence it may be proposed that the relatively high values of Cg and Ag for the 

hydrochloride salt resulted in the instantaneous dissolution of the sample as soon as it 

had made contact with water. A consequence of this may have been that the surface 

nature of the solid and that of the probe liquid (water) was subsequently altered and 

any contact angle measurements that were obtained would have been invalid. This 

was a concern for the other samples since they too had relatively high aqueous 

solubilities. Inevitably, the effects of dissolution would become more dominant for 

all of the samples as the solid was further immersed into the liquid.

The possibility of dissolution effects highlights the difficulties of using test liquids in 

which the sample is readily soluble in. A possible alternative to this would be to 

measure the contact angle using saturated solutions of the sample in the appropriate 

test liquids. However, this method might not be entirely suitable since there are 

difficulties in understanding the interactions of the liquid with the dissolved solute. 

This approach was also not feasible for our samples since the scale up procedure 

used to make the salt forms was only able to produce about 5-10 grams of the 

product.

Earlier it was also indicated that the wettability was related to structure and possibly 

crystal packing, therefore further investigations into the molecular arrangements of 

these molecules would provide further clues about the nature of the wetting process. 

The difficulty of assessing the surface characteristics of the powdered samples meant 

that alternative methods were required and these are the subjects of later chapters. 

The degree of polar and non-polar character of a solid can, in a crude sense, be 

related to the extent of polar and non-polar groups on the surface of the sample. 

Investigations that can help to probe these surfaces would be the next logical step 

since such insights would reveal the likely causes of surface behaviour. Chapter 6 

describes some of the methods that were used to probe the surfaces at a molecular 

level. In Chapter 6, a general treatment of data derived from all three methods will be 

used to help understand the nature of some of these polar interactions.
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The wettability of any material is also closely related to rate of vapour uptake. The 

adsorption process is fundamental to understanding the nature of the interactions that 

occur between a solid and the wetting liquid. Furthermore, it is in fact the first few 

layers that are of most concern since they constitute a very significant and important 

stage in the wetting process (Buckton, 1992). As mentioned earlier, further 

adsorption after these initial layers is analogous to condensation and is therefore less 

indicative of vapour powder interaction. The most common vapour encountered 

during pharmaceutical formulation is water vapour. The moisture sorption properties 

of the solids will be presented in Chapter 5.
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5.0 SORPTION AND MICROCALORIMETRIC STUDIES
5.1 DYNAMIC VAPOUR SORPTION (DVS)

5.1.1 Introduction

Moisture sorption studies were undertaken using the Dynamic Vapour Sorption 

Analyser (DVS-1, Surface Measurement Systems, UK). The DVS provided a fast, 

accurate and automated method for carrying out moisture sorption studies and a 

schematic diagram of the apparatus is shown in Figure 5.1. The DVS consisted of a 

Cahn microbalance housed within a thermal incubator maintained at 25°C during the 

course of the experiment. The relative humidity was carefully controlled by the flow 

of dry nitrogen gas through a needle valve, which maintained the flow at 

approximately 200 cm^/min. The exact relative humidity was achieved via driving 

mass flow controllers that allowed the humidification of the dry nitrogen gas by 

precisely mixing it Avith dry nitrogen gas that had been saturated by water as it passed 

through a water reservoir. The humidified air was then passed over both the sample 

and reference sides of the microbalance. A constant flow of dry nitrogen was passed 

through the balance head of the Cahn to prevent any significant mass drift affecting 

the results. The Cahn microbalance was interfaced with a computer thus making it 

possible to select any number of experimental cycles, with the desired adsorption and 

desorption experimental conditions. The DVS was designed to work at relative 

humidities between 0%RH and 98%RH (± 0.4%RH) and at temperatures between 

25°C and 80°C. To ensure that good thermal equilibrium conditions were 

maintained, the DVS apparatus was situated in a temperature controlled room at 

18°C± 1°C.

The DVS software that was provided enabled the analysis of the data so that water 

sorption properties could be investigated.
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Cahn microbalance

Sample

Humidifier

Figure 5.1 Diagram of DVS sorption analyser.

5.1.2 Calibration

5.1.2.1 Relative humidity calibration

To ensure that the DVS was delivering the correct relative humidity to the sample, 

the equipment needed to be calibrated using saturated salt solutions, which produced 

a constant partial pressure of water above the solution. The experiment was set up so 

as to produce a relative humidity ramp of l%RH/hour over a 10% range around the 

literature value for the critical humidity of each salt (Nyqvist, 1983). Dry crystals of 

the salt can also be used, which also give comparable results to the saturated 

solutions. At the point where the generated RH was equal to the RH above the salt
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solution, the rate of change in mass with RH (dm/dRH) of the salt solution is equal to 

zero. The computer software was used to plot the target RH against dm/dRH as 

shown in Figure 5.2. The critical RH was determined by obtaining the RH value 

when dm/dRH = 0 and calibrated against the actual RH above the saturated salt 

solution. Common salts that were used for calibration are sodium chloride 

(75.5%RH) and lithium chloride (12.0 %RH)
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Figure 5.2 Typical output for salt validation experiment for saturated solution of
NaCl.

5.1.2.2 Weight calibration

Monthly weight calibrations were performed by placing a lOOmg weight on the 

sample pan and allowing it to stand until there were no fluctuations in the mass 

readings. If there were any discrepancies, the weight reading was adjusted 

accordingly while the calibration was taking place.

5.1.3 Cleaning

It was important that the reference and sample glass pans were thoroughly cleaned 

after each experiment since the presence of dirt or grease would produce inaccurate 

readings. Both pans were washed with distilled water and then rinsed thoroughly
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with ethanol or acetone. The pans were then replaced on to the balance and left to dry 

at 0%RH by evaporation for 15 minutes.

5.1.4 Static

Static build up can create problems in the readings that are being measured. Any sign 

of static was shown by the slow, but continuous mass drift away from the baseline. 

Static on the samples pans was removed by exposing the pans to 90%RH for about 

10 minutes and then returning them back to 0%RH until the balance readings were 

stable again. Any static on the powder was usually removed by using a static gun 

(Zerostat 3) on the powder prior to loading onto the sample pan. Static was present in 

most powders especially those that had been micronised.

5.1.5 Sample loading

Approximately 20mg of test sample was carefully placed onto the sample, avoiding 

any spillage on the side of the pan and the inside of the relative humidity chamber. 

The DVS doors were closed and the sample was allowed to come to the equilibrium 

weight. The experimental set up involved a stepwise increase and decrease in RH of 

15%RH between 0%RH and 90%RH. The cycle was repeated twice to observe 

reproducibility.

5.1.6 Treatment of gravimetric data

The DVS analyser was used to accurately measure the increase or decrease in the 

mass as the sample was exposed to different relative humidities. Sorption isotherms 

could then be obtained, which revealed information about the sorption processes that 

were occurring during the experiment. Isotherms were generally plotted as a change 

in mass (expressed as %.m'^ for consistency) as a function of the relative humidity. 

The change in mass that was produced could then be used to calculate 

thermodynamic parameters as described below.

5.1.6.1 Calculation of thermodynamic parameters

The Gibb’s free energy (described later) was calculated from gravimetric data using 

equations 5.1 and 5.2.



Chapter 5: Sorption and microcalorimetric studies 194

where,

Kad = equilibrium rate constant

B  = number of molecules of water adsorbed per square metre of sample 

P o  = saturated vapour pressure at 25°C 

The free energy of sorption AGdvs of water onto a solid is given by:

AGdvs— RT.ln(Kad) 5.2

From the gravimetric studies it was possible to calculate the number of moles of 

water sorbed from the percentage mass change. Therefore the gravimetric data could 

be represented as the number of moles of water sorbed per square metre of sample.



Chapter 5: Sorption and microcalorimetric studies 195

5.2 ISOTHERMAL MICROCALORIMETRY 

5.2.1 Introduction

All chemical and physical processes give rise to a heat change, which can then 

subsequently be accurately monitored by the use of a microcalorimeter. In isothermal 

microcalorimetry, the samples are maintained at a constant temperature and any heat 

changes are recorded as the rate of heat change, as a function of time. The output 

provides information on the thermodynamics and kinetics of the process that is being 

investigated.

For our studies, the process being studied was the interaction with water vapour and 

the powder sample. The interaction with water is an important factor during the 

formulation, production and storage of most pharmaceuticals and has been well 

documented (York, 1983).

Buckton and Beezer (1988) have investigated the interaction of water on a series of 

barbiturates using microcalorimetry. In these studies the powders were placed into 

the cells of the microcalorimeter and treated under vacuum until dry. Water vapour 

was then allowed to enter into the cells and the enthalpy of adsorption was measured. 

It was demonstrated that such an approach had distinct advantages over previous 

methods to assess the wettability of powders. However, the major problem with this 

technique was that the certain materials were prone to vaporisation under vacuum, 

and other materials would dissolve in the water vapour, therefore making the 

measurement of adsorption very difficult. Recent improvements on this method have 

been made possible by the development of specially designed flow cells that can 

produce the required exposure of relative humidity to the material. The relative 

humidity can be accurately controlled and multipoint adsorption isotherms can be 

obtained.

5.2.2 Description of the microcalorimeter

All microcalorimetry studies were carried out using a 2277 Thermal Activity 

Monitor (TAM), Thermometries, Sweden. It is capable of detecting heat changes 

between the reaction cell and the heat sink via a bank of heat conduction thermopiles. 

The TAM consisted of four separate calorimeters, which were housed within a 25- 

litre water bath. The water bath could be maintained at a constant temperature



Chapter 5: Sorption and microcalorimetric studies 196

between 5°C and 80°C (± 2 x 10' )̂. For our studies the water bath was maintained at 

25''C.

The TAM could detect differences in temperature between the sample and the 

reference cells of about 10"̂  ®C, thus making it an extremely sensitive piece of 

equipment. The sensitivity of the TAM could also be adjusted to detect maximum 

signals of up to 3, 10, 30, 100, 300, or 3000 pW.

The TAM apparatus was stored within a temperature regulated room (18°C ± 1°C) so 

that the water bath could remain within its limit of accuracy.

Calorimetric unit

Heat sink

T est cell 

S en sor

A

Thermostated 
water bath

rn—

I
L '4

rrr\

Thermopile

R eference cell

Heater

Calibration resistors

Water bath 
temperature control 

unit

Figure 5. 3 Schematic diagram of a single microcalorimetric unit of the TAM.

The diagram above shows both cells in the measuring position. If any heat developed 

during the experiment on the sample side, a temperature gradient was created over 

the thermopile. The magnitude of the temperature gradient was proportional to the
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rate at which heat flowed out to the surrounding heat sink. The temperature 

difference was recorded as a voltage, which was in turn proportional to the heat flow. 

The sample and reference cells had the same heat capacity so that any thermal 

fluctuations were effectively cancelled out.

The DigiTAM™ 3 software was used to obtain a plot of power output (Wp) versus 

time (a p-t curve). By integration of the peaks, it was possible to calculate the 

quantity of heat (Q) required by the process.

5.2.3 Calibration

Dynamic or static electrical calibrations were performed on each cell once a month. 

Calibration resistors that are situated just below the sample and reference vessels 

were heated to a known amount of power. The power output was then calibrated 

according to the power input into the system.

Both the cells were cleaned thoroughly with distilled water and ethanol and dried 

using compressed air. Both cells were then carefully lowered midway into the 

channels for equilibration. The cells were held at this equilibration point for about 30 

minutes to allow the cells to come to the same temperature as the water bath. The 

cells were then fully inserted into the channel; this was the measurement position. 

The required sensitivity was selected (3 -  3000 pW), and the baseline was allowed to 

settle to zero or adjusted appropriately. The calibration was initiated by providing a 

pre-set value of power to the electrical resistors such that a full-scale response was 

observed. When the signal had reached a steady state, the amplifiers were adjusted 

accordingly to read the correct amount of power input. Calibration was completed 

when the power supplied to the heaters was matched by the power detected by the 

sensors.

5.2.4 Description of 4ml Relative Humidity perfusion unit

The design of the Relative Humidity (RH) perfusion unit has come about due to the 

original work of Bakri (1993).

The controlled relative humidity system allowed a solid sample to be perfused by a 

vapour (water vapour) with an accurately controlled RH. The RH could be increased
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or decreased by a special valve to observe any humidity induced physical or 

chemical changes during the experiment. There were two inlets that entered the 

reaction ampoule, one delivered dry gas (0% RH) and the other delivered gas that 

had been saturated by passage through two humidifying chambers (100% RH). A 

Thermometric Precision Flow Switching Valve was used to obtain the precise RH 

value by varying the proportions of dry gas and saturated gas. The DigiTAM 

software was used to control the RH value and to give switching time ratios that 

produced discrete steps in RH. Alternatively, a continuous upward or downward 

ramp may have been produced.

The perfusion unit was designed so that it allowed the separation of incoming flow 

from outgoing flow and a schematic diagram of the 4ml RH perfusion unit is shown 

in Figure 5.4.
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I  Gas inlet to humidifiers

Precision flow Switching valve 
(controlled by DigiTAM software

Gas outlet

Water

Ampoule lid, coned

0%RH input ~  

4ml ampoule ^

Dry gas inlet (0%RH)
(down centre of perfusion shaft)

Humidifier chambers

<------- 100%RH

Sample

Figure 5. 4 Schematic diagram of a 4ml RH perfusion unit.
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5.2.5 Method

About 50mg of test powder was accurately weighed out into the sample cell and then 

attached to a 4ml, controlled relative humidity perfusion unit (flow cell, Figure 5.4). 

Both the reference and sample cells were placed in the equilibration position for 30 

minutes to allow them to reach thermal equilibrium. The flow cell was then purged 

with dry nitrogen gas via a flow-controlling unit, which delivered the gas at a 

constant rate of 3ml/min. After equilibration, both cells were lowered into the 

measuring positions and allowed a further 30 minutes to reach equilibrium. When a 

steady baseline was achieved the experiment was started and experimental data was 

collected through the DigiTAM software.

5.2.6 Experimental setup

The experiment initially measured a baseline response at 0%RH for a pre-set amount 

of time before the relative humidity was changed to higher values. The limits set for 

the baseline were to collect data for 10 hours at 0% RH at ± 1.5mW via the computer 

control unit. After this period, the relative humidity was increased in a 15% RH 

stepwise fashion between 0% and 90% RH. In total, two cycles were run on each of 

two separate samples.

5.2.7 Treatment of data from microcalorimetry

The microcalorimetric technique that was employed in these studies provided 

information about the sorption behaviour of the samples investigated. More 

importantly, a thermodynamic assessment of the surface energetics could be made. 

For our studies a series of peaks were obtained corresponding to the heat flow with 

time as the RH was increased in a stepwise fashion (Figure 5.5). The area under each 

peak was calculated to give the energy output (J).
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Figure 5. 5 Typical output from RH perfusion experiments for cimetidine. Only two
cycles are shown.

The results could then be treated in number of ways depending on the kind of 

information that was required. To make comparisons with the gravimetric data, the 

results were presented as a cumulative response unless otherwise stated.

To make the results quantitative, it was best to standardise the results before any 

comparisons could be made. In this approach the specific surface areas (m .̂g'^) 

(described in Section 2.9.) were calculated since the amount of water that was 

adsorbed depended on the amount of surface that was exposed to the vapour. The 

data was then represented as the total heat of sorption (J.m^). Since data from both 

microcalorimetric and gravimetric were expressed in terms of surface area, they 

could be converted into an enthalpy term, AHcai, with units Joules per mole of water 

sorbed per square metre of sample (J.mol'^m^).
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Now that AGdvs and AHcai have been obtained, Equation 5.3 was used to calculate the 

entropy of sorption, AScai as shown below.

AGdvs “  AHcai - TAScal 5.3

where T = absolute temperature (K)

It was therefore possible to calculate dX\ three thermodynamic parameters for each 

relative humidity using the method described above.
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5.3 RESULTS AND DISCUSSION

5.3.1 Gravimetric analysis

In this method, the DVS analyser was used to determine the amount of water vapour 

that was adsorbed over a range of relative humidities. It was then possible to obtain 

sorption isotherms for the solids investigated. The study involved the stepwise 

increase and decrease of 15 % relative humidity over the range 0% to 90%. The 

cycle was repeated twice to ensure reproducibility.

5.3.2 Sorption isotherms for solids tested

5.3.2.1 Cimetidine
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O)
E
% 0.03
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Figure 5. 6 Sorption profile for cimetidine base.
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Figure 5. 7 Adsorption isotherm for cimetidine base

The mass change profile for cimetidine (Figure 5.6) showed an almost equivalent 

mass gain for each of the %RH steps up to 75% RH followed by an increase in 

moisture uptake above 75% RH. The sorption isotherm shown in Figure 5.7 showed 

that the cimetidine did not pick up considerable amounts of water indicating that this 

sample was hydrophobic in nature. The hydrophobic nature of cimetidine determined 

by DVS studies was in agreement with contact angle data. It can be seen that a 

hysteresis effect was observed during desorption, whereby the amount of water lost 

did not equal the amount gained at that relative humidity. This continued until 

30%RH where both the sorption and desorption cycles almost converge on the 

second cycle. Any water that was sorbed above 30%RH was most likely to be due to 

condensation of water vapour on the surface of the sample.
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S.3.2.2 Hydrochloride

The sorption isotherm (Figure 5.8) for the hydrochloride salt showed that as the 

relative humidity was increased, the change in mass (%/m^) for each step became 

progressively less until 75%RH. It can be seen that between 0%-75%RH, this sample 

did not pick up considerable amounts of water indicating that this salt was also 

hydrophobic in nature. The sorption isotherms and mass change profile is shown 

below.
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Figure 5. 8 Sorption isotherms and mass change profile for cimetidine

hydrochloride.
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After 75% RH, a large increase in mass was observed. The sample analysed was 

actually the anhydrous form of the hydrochloride and it is well known that cimetidine 

hydrochloride forms the monohydrate on exposure to high relative humidities. It can 

be seen from Figure 5.8 that the mass failed to return to zero during the desorption 

phase. Furthermore the mass at 0%RH after the second and third cycles were slightly 

greater than the after the first cycle. This indicated that the sample was undergoing a 

slow transformation into the monohydrate form. The equilibration limits that were 

set for the experiment did not allow the sample to come to equilibration at 90%RH 

and upon desorption, the weight failed to return to zero at 0% RH. The reason for 

this was that the time to reach equilibration was greater than that set by the 

experimental conditions. For this reason, the experimental conditions were altered to 

allow the sample to completely hydrate and enough time was given so that the effects 

of complete desorption to equilibrium values could be observed. Therefore in this 

experiment, the relative humidity was increased and decreased between 70%RH and 

100%RH at 2%RH intervals. The RH was held at 100%RH for one hour to allow the 

hydration process to proceed before the desorption cycle began. The cycle was 

repeated again to observe any changes.

The sorption profile and isotherms are shown below.
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Figure 5 .10 Cimetidine hydrochloride sorption isotherms.
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The graphs shown above clearly show the formation of the monohydrate. To confirm 

this finding, a sample of the hydrochloride after the DVS experiment was complete 

was further analysed for water content by thermogravimetric analysis. For 

monohydrate formation the expected mass loss would be 5.886 %w/w. The results of 

the TGA confirmed the formation of the monohydrate (Figure 5.11).
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Figure 5.11 TGA analysis of the hydrochloride sample after DVS studies.

From Figure 5.9, it can be seen that the mass increased beyond the mass value 

expected for hydrate formation. This indicated that the sample might have been 

dissolving. A second peak was observed during the repeat cycle. The physical 

examination of the sample during this phase confirmed that the monohydrate was 

dissolving which, reverted back to the monohydrate form when the relative humidity 

was decreased.
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5.3.2.2.1 Hydrochloride monohydrate

The mass change profile and sorption isotherms for cimetidine hydrochloride 

monohydrate are shown in Figure 5.12 and 5.13 respectively.
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Figure 5.12 Mass change profile for cimetidine hydrochloride monohydrate.

0.5
Sorption

0.4
— D esorption

3  0.3

g 0.2

00
% 0.1

45 60 90

Relative Humidity (%)

Figure 5.13 Cimetidine hydrochloride monohydrate sorption isotherms.
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It can be seen from the figures above that the monohydrate is relatively hydrophobic, 

sorbing approximately 0.25%/m^ of moisture when exposed to 75%RH. At higher 

relative humidities deliquescence was observed by this sample.

S.3.2.2.2 Critical RH for cimetidine hydrochloride monohydrate

For many compounds that are deliquescent at high relative humidity it is useful to 

obtain the critical relative humidity at which this process occurs. The critical RH for 

this compound was found by observing the change in the dm/dt as a function of the 

sample RH during the second cycle. A stable dm/dt value is observed when 

equilibrium conditions exist. However, as the relative humidity was raised and 

dissolution was again initiated, there was an increase the dm/dt value. The relative 

humidity point at which the dm/dt value first begun to rise was referred to as the 

critical RH. The determination of the critical RH for the hydrochloride monohydrate 

is shown in Figure 5.14.
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Figure 5.14 Plot to show critical RH for cimetidine hydrochloride monohydrate.

It can be seen that the dm/dt value remained fairly stable until 98% RH. Between 

98% - 100% RH there was a sudden increase in the dm/dt value which corresponded 

to the deliquescent point. The critical RH for this sample was observed at 98% RH.
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The sorption studies for this salt were useful because they provided information 

about the stability of the compound in the presence of moisture. From a 

pharmaceutical perspective it is important to know the conditions under which such 

transformations are likely to occur. The studies undertaken so far have shown that 

the anhydrate form was stable up to 75%RH before showing any signs of physical 

transformation. Thermal analysis of the hydrate has shown that the water of 

hydration is lost at around 100°C.
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5.3.2.3 Maleate

The mass change profile and sorption isotherm for the maleate salt is shown in 

Figure 5.15.
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Figure 5.15 Mass change profile for cimetidine maleate.

It can be seen that the mass is approaching equilibrium conditions at 90%RH just as 

the next step is initiated (Figure 5.15). Therefore the experiment was repeated by 

extending the maximum amount of time allowed for each step to 3 hours compared 

to just 20 minutes for the previous experiment. The mass change profile and the 

sorption isotherms are shown in Figure 5.16.
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Figure 5.16 Mass change and sorption isotherm for cimetidine maleate.

The maleate salt showed a relatively greater extent of moisture uptake compared to 

the samples discussed previously. The amount of moisture uptake that was observed 

at 90%RH appeared to be in excess of that expected due to surface adsorption alone. 

Multilayer condensation is a common phenomenon and occurs as a result of the build 

up and condensation of multiple layers of water molecules on the surface of the
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compound. The relatively high degree of moisture uptake, particularly at 90%RH 

suggested that there was some sort of absorption process occurring. The amount of 

water absorbed was easily lost during the desorption indicating that the water was 

only physically bound. In contrast to the hydrochloride salt, the amount of water 

absorbed did not equate to a stoichiometric hydrate and so, the possibility of other 

processes taking place must be considered. Although the sorption process was not 

fully understood, a possible explanation for this type of behaviour may have been 

due to the manner in which the molecules were arranged within the crystal lattice. As 

mentioned earlier (Chapter 3), two cimetidine molecules arranged themselves in a 

head-to-tail fashion resulting in a 26 membered cyclic dimer arrangement. A possible 

explanation for the observed absorption behaviour might have been the existence of 

hydrophilic channels within the crystal lattice that were sufficiently large to 

accommodate water molecules. Since all the available proton donors and acceptors 

are involved in hydrogen bonding, water may not have been able to form permanent 

bonds within these channels and was therefore easily expelled when the relative 

humidity was lowered to 0% RH. In comparison to cimetidine which, had an 

intramolecular bonded stable j 12-membered ring system (Hadicke et al., 1978). In 

this system, two neighbouring cimetidine molecules were linked together in a head- 

to-tail arrangement by intermolecular hydrogen bonds that resulted in a twelve 

membered ring system. This relatively smaller ring system may not have been 

favourable to the mechanism of water absorption suggested above and hence did not 

show the same degree of water sorption. The mechanism proposed for the sorption 

behaviour of this salt form will be further investigated in Chapter 6.
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5.3.2 4 Malonate

215

The mass change profile and sorption isotherm for cimetidine malonate is shown in 
Figure 5.17.
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Figure 5.17 Mass change profile and sorption isotherm for cimetidine malonate.

The sorption profile for the malonate salt suggested that the sample was dissolving at 

90%RH since the mass change was substantial and it had not reached equilibrium 

conditions within the limits of the experiment. Dissolution of the sample was later 

confirmed by storing the sample in a desiccator maintained at 97%RH for three days.
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In a similar manner to the hydrochloride monohydrate salt, the critical RH was found 

using the DVS by ramping the relative humidity between 70%-100%RH at 

l%RH/hour intervals. The point where the dm/dt value first increased was noted as 

the critical RH. The results are shown in Figures 5.18 and 5.19.
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Figure 5. 18 Mass change profile between 70% - 100%RH for cimetidine malonate.
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From Figure 5.18 it can be seen that the critical RH for the malonate was 90%RH 

thus explaining why equilibrium values at this relative humidity were not available 

from earlier sorption studies. Unlike the hydrochloride salt, the malonate salt did not 

retain any large amounts of water as indicated by the return of the mass to zero. The 

small amount of mass increase observed in Figure 5.18 was most probably due to 

surface adsorption effects since the sample was at 70%RH.

The sorption isotherms for the malonate (Figure 5.17) showed that about 1%/m  ̂of 

water was taken up by the sample before any deliquescence occurred indicating that 

water could be adsorbed at the surface. This amount of water was still relatively large 

compared to cimetidine and cimetidine hydrochloride monohydrate therefore, it was 

probable that water was also being absorbed by the sample before any deliquescence 

occurred. If it is assumed that absorption was occurring between 0-75%RH, then it 

can be seen from Figures 5.16 and 5.17, that the malonate experienced a slightly 

greater degree of absorption than the maleate salt. Since both the maleate and 

malonate salt forms had similar packing arrangements, it may be that the malonate 

salt also had hydrophilic channels into which water molecules could condense and 

give rise to the sorption characteristics that were observed. Comparisons between 

these samples will be discussed later.
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S.3.2.5 Sulfamate

The mass change profile and sorption isotherm for cimetidine sulfamate is shown in 

Figure 5.20.
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Figure 5. 20 Mass change profile and sorption isotherm for cimetidine sulfamate.
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On close visual analysis, this compound was found to be deliquescent at relative 

humidities above 75%. Unlike the hydrochloride salt, the sulfamate did not form any 

stoichiometric hydrates on exposure to high relative humidities.

The comparative DVS data shown in Figure 5.25 showed that the sulfamate salt was 

more hydrophobic than the malonate, maleate and fumarate salts. The sulfamate 

sorption isotherms showed that this salt picked up a relatively small amount of water 

up to 60% RH, and significant changes in mass due to dissolution were only 

observed above 75% RH. The critical RH for this process was determined by 

performing a ramp of 10%RH/hour between 70% -90%RH and the results can be 

seen in Figures 5.21 and 5.22.
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Figure 5. 21 Mass change profile between 70% - 90%RH for cimetidine sulfamate.
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Figure 5. 22 Plot to show critical RH for cimetidine sulfamate.

It can be seen from Figure 5.21 that when the sulfamate sample was exposed to high 

relative humidities, any moisture that was retained at 70%RH upon desorption was 

most likely to be due to surface adsorption.

The critical RH for this salt was found to be in the range of 78% - 82%RH as shown 

in Figure 5.22.
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S.3.2.6 Fumarate

The mass change profile for cimetidine fumarate is shown in Figure 5.23 and the 

sorption isotherms are shown in Figure 5.24.
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Figure 5. 23 Mass change profile for cimetidine fumarate.
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Figure 5. 24 Sorption profile for cimetidine fumarate.

The amount of water sorption that was observed between 0% - 75%RH suggested 

that there was substantial surface sorption. It could be seen that at 90%RH, this salt 

sorbed considerable amounts of water, which was unlikely to be due to adsorption. It
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is probable that the water was being absorbed by the sample. However, the channel 

theory for the sorption process described for the maleate and malonate samples may 

not have been applicable for this salt since there was an absence of the head-to-tail 

arrangement of cimetidine molecules in the crystal structure of this compound. An 

observation of the crystal habit for the fumarate salt offered a possible explanation 

for the sorption process for this salt. The SEM images (Section 3.11.6) for the 

fumarate sample showed evidence of long needle like structures that appeared to be 

hollow. This particular type of morphology was unusual and was absent from the 

other samples investigated. It could be possible that these hollow channels/tunnels 

were behaving as reservoirs into which water could condense at higher relative 

humidities. Such a process would be likely to occur especially if these types of 

‘hollow’ needle-like structures were well distributed amongst the sample.
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5.3.3 Comparison of DVS data

Figure 5.25 shows a plot of the DVS data that was obtained for all of the samples. 

Since it is only the first few layer of adsorbed water vapour that are most indicative 

of the interaction between the solid and the wetting liquid (Buckton, 1993), only the 

first cycles have been shown. The mass change between 0% - 75%RH has only been 
shown so that appropriate comparisons could be made.
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M aleate 

— Fum arate

Hydrochloride
M alonate
Sulfam ateE
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Figure 5.25 Comparison of DVS data for of the all samples. (First cycles only). 
Error bars for cimetidine and fumarate are very small and are masked by the size of

the data markers.

It can be from Figure 5.25 that sorption was greatest for the malonate salt and 

cimetidine showed the least amount of sorption. This was in general agreement with 

the hydrophobic/hydrophilic nature determined by contact angle data. It was difficult 

to assess the wettability of salts that ranked in between these two extremes however, 

a general decreasing rank order of wettability based on the sorption data would be as 

follows;

Malonate > Fumarate/Maleate > Sulfamate > Hydrochloride monohydrate > 

Cimetidine

Difficulty in ranking the wettability in this way arose because the maleate, fumarate 

and the sulfamate salts were absorbing moisture as well as adsorbing moisture on the
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surface. The individual isotherms also indicated the nature of these interactions were 

reversible and therefore indicated that the water molecules were relatively free to 

move. The only samples that appeared to be adsorbing water were the cimetidine and 

hydrochloride monohydrate samples. The fact the some of the salt forms were able to 

sorb moisture at low relative humidities also indicated that the surfaces were 

relatively polar or that the structure of the surface was configured in such a way that 

water molecules could be easily sorbed by the surface. The configuration of such 

surfaces will be investigated in Chapter 6, in order to help explain the sorption 

characteristics that were observed by these samples.

Contact angles obtained for the malonate showed that there was good interaction 

with water and the high surface energy values obtained indicated that the potential 

for interactions was greatest for this salt. The polar nature of this sample was in 

keeping with the sorption data obtained. Contact angle data for the maleate salt 

showed it had a lower polarity and a lower extent of water sorption was observed 

than the malonate. This suggested that the polar nature of a material could be a factor 

in determining the extent of sorption.

The following explanation was proposed for the variations in the sorption character 

that were observed between the apparently similar maleate and malonate samples. It 

was shown that both the maleate and malonate salts had very similar structures and 

packing arrangements but the main difference was that the malonate showed some 

degree of disorder in the orientation of the anionic species. The result of this disorder 

in terms of its packing arrangement was previously explained in Chapter 3. However, 

a further consequence of this disorder may have meant that there were certain 

circumstances whereby the polar carbonyl groups of the malonic acid species were 

exposed at the relevant surfaces of the crystal (Figure 5.26 a). In other circumstances, 

the carbonyl groups could have been orientated away from the surface to expose the 

non-polar CH2 groups (Figure 5.26 b). A schematic representation of this situation 

can be seen in Figure 5.26. If the surface of the sample has the configuration shown 

in (a), then it is likely to interact more with water molecules than if the sample was 

configured as shown in (b) since this surface is relatively more polar.
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Figure 5.26 Schematic representation showing how disorder in the malonate salt 
can express different functional groups on the surface of the crystal.

In considering this possible explanation, it should also be remembered that the 

overall net result would depend on the extent of the disorder on a particular surface 

and also on the size of that particular surface. In contrast, the fact that the maleate 

had a very similar structural arrangement, but lacked any degree of crystallographic 

disorder, seemed to be supportive of the explanation given for the variation in the 

surface characteristics observed by these two salts.

Contact angle data for the fumarate sample indicated that this sample was also 

relatively polar and it was consistent that this sample showed a greater extent of 

sorption compared to some of the less polar compounds (cimetidine and cimetidine 

hydrochloride monohydrate samples). However, this sample had an unusual 

morphology and this was therefore considered as a contributing factor to the overall 

sorption behaviour that was observed.

Contact angle data showed that cimetidine was hydrophobic in nature and this could 

be seen by the low amounts of water sorption observed by this sample. This sample 

was most probably adsorbing water up to 75% RH and then moisture condensation 

was thought to be occurring at higher relative humidities.

Contact angle data for the hydrochloride monohydrate salt was considered as 

unreliable due to dissolution effects. The DVS data showed that the hydrochloride 

monohydrate was also hydrophobic but to a lesser extent than cimetidine.

It was shown that the assessment of wettability of powders using contact angles was 

difficult and as such, alternative methods were sought. The DVS studies provided 

additional information about the wetting characteristics of powders. In the next
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section, microcalorimetric data will be used in combination with gravimetric data to 

obtain the thermodynamic parameters for the sorption process, which will provide 

further information to help assess the wettability of the samples.

5.3.4 Microcalorimetry

The assessment of wettability using contact angles can be difficult especially for 

hydrophobic compounds. It was therefore appropriate to utilise other methods to 

determine the surface nature of the samples studied. Buckton et ai, (1988), have 

used calorimetric and gravimetric data to obtain thermodynamic functions for the 

adsorption of water vapour onto different barbiturate powders. A similar treatment 

was applied to the samples (see Sections 5.1.2.6 and 5.2.7) and the results are 

presented on a metered squared basis as shown in Figure 5.27.

It is the first few layers of adsorbed vapour that are most indicative of the interaction 

between a solid and the wetting liquid (Buckton, 1983). Therefore, it was more 

appropriate to view the sorption isotherms between 0%- 60%RH where only the first 

few layers of water molecules would have been sorbed by the samples.
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Figure 5. 27 Microcalorimetric sorption isotherms for samples.



Chapter 5: Sorption and microcalorimetric studies 227

A general decreasing rank order of wettability based on the isothermal sorption 

studies is as follows:

Maleate > Malonate/Fumarate/Sulfamate > Hydrochloride monohydrate > 

Cimetidine

The microcalorimetric sorption isotherms above showed that water sorption to the 

maleate was energetically more favourable than the other salts between 0% - 

60%RH. This finding indicates that although the malonate absorbed a slightly greater 

amount of moisture, the sorption process for the maleate was energetically more 

favourable. It was therefore suspected that the disorder of the malonate may have 

resulted in fewer solid-vapour interactions within the channels compared to the 

maleate and therefore lower heats of sorption were observed for the malonate salt.

The low heat of sorption values obtained for the cimetidine and hydrochloride 

monohydrate samples indicates the relatively hydrophobic nature of these samples. 

The relatively large error in heat of sorption values for the sulfamate sample made it 

difficult to assess its wettability. Errors may have arisen due to a combination of 

events such as adsorption, absorption and some degree of dissolution. This highlights 

some of the difficulties in using this technique to measure specific events that may be 

occurring simultaneously.

In order to obtain a better understanding about the wetting and sorption character of 

the samples, the thermodynamic parameters for the sorption process were calculated 

in order to demonstrate any differences between the samples.
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5.3.5 Calculation of thermodynamic parameters

Thermodynamic parameters were obtained from DVS studies and microcalorimetric 

studies and the mean values are presented in Tables 5.1-5.3. The relevant energy 

terms have been expressed in terms of the number of moles of water sorbed per 

square metre of sample.

Sample
Cimetidine H]rdrocbloride

AG AH AS AG AH AS
RH (%) (kJ/mol) (kJ/mol) (J/mol/K) (kJ/mol) (kJ/moI) (J/mol/K)

0 0 0 0 0 0 0
15 23.9 -57.8 -274.1 20.1 -32.9 -177.8
30 24.2 -78.5 -344.4 20.6 -26.1 -158.8
45 24.3 -79.9 -349.7 21.0 -25.6 -156.4
60 24.5 -83.9 -363.8 21.3 -28.1 -165.4
75 24.5 -92.0 -390.9 21.6 -42.0 -213.5
90 22.2 -69.9 -309.2

Table 5.1 Calculated thermodynamic parameters.

Sample
Maleate Malonate

AG AH AS AG AH AS
RH (%) (kJ/mol) (kJ/mol) (J/mol/K) (kJ/mol) (kJ/mol) (J/mol/K)

0 0 0 0 0 0 0
15 21.1 -59.6 -270.5 22.3 -61.9 -282.8
30 20.8 -48.3 -231.9 21.8 -45.8 -226.9
45 20.2 -39.6 -200.7 21.2 -39.5 -203.9
60 19.6 -36.4 -187.9 20.3 -34.1 -182.7
75 18.8 -34.4 -178.3 19.0 -30.9 -167.6
90 17.2 -30.7 -160.7

Table 5. 2 Calculated thermodynamic parameters.
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Sample
Fumarate Sulfama te

AG AH AS AG AH AS
RH (%) (kJ/mol) (kJ/mol) (J/mol/K) (kJ/mol) (kJ/mol) (J/mol/K)

0 0 0 0 0 0 0
15 21.0 -43.9 -218.2 24.3 -76.7 -338.8
30 21.5 -42.2 -213.7 23.5 -67.7 -305.7

45 21.4 -37.7 -198.1 22.7 -61.1 -281.1

60 20.9 -35.2 -188.3 21.6 -60.5 -275.8
75 20.0 -32.9 -177.7 19.9 -72.3 • -309.6
90 18.6 -30.9 -165.9

Table 5. 3 Calculated thermodynamic parameters.

For comparative purposes the results were best represented as shown in Figures 5.28, 

5.29 and 5.30. The plots obtained represent the total change in the respective 

thermodynamic parameters from 0%RH to the desired relative humidity value, in 

increments of 15%RH. For example, at 30%RH, the AH value represents the total 

change in enthalpy while the sample has been exposed to relative humidities of 

15%RH and 30%RH. In summary the AH, AG, and AS values represent the changes 

in these thermodynamic terms going from 0-15%RH, 0-30%RH, 0-45%RH, 0-
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Figure 5. 28 Graph to show the Gibb’s Free Energy of sorption (kJ.mol'\m^).
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Figure 5. 29 Graph to show the total heat of sorption (kJ.mor‘.m )̂.
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5.3.6 Discussion of microcalorimetry results

The Gibb’s free energy of sorption (AG) is the measure of a systems ability to 

proceed in a particular direction. Sorption is a spontaneous process and would 

therefore be characterised by an overall negative change in the AG term. However, it 

should be stressed that values obtained for AG and subsequently AS, will be 

dependent on the choice of the standard state and can be altered numerically. 

Therefore, the Gibb’s Free energy and entropy terms will not be absolute values, but 

rather an indication of the variations between the samples (Buckton et a l, 1988). The 

Gibb’s Free energy also gives an indication of the relative extent of adsorption. Since 

the AG term was determined from the knowledge of the amount of water sorbed by 

the sample, it was to be expected that there should be good correlation between AG 

and the DVS data. For example, from Figure 5.28 it can be seen that as the relative 

humidity was increased up to 75%RH, the Gibb’s Free energy term for cimetidine 

and the hydrochloride monohydrate also increased (became more positive) indicating 

that sorption was relatively less favoured. This was reflected in the relatively low 

amounts of water sorption that was observed by these samples. The fall in AG 

observed at 90%RH for cimetidine was expected since the sample was now favoured 

towards the condensation process. It can be seen for the remaining samples that the 

AG term decreases (becomes less positive) as the relative humidity was increased. 

Wetting was becoming more favourable since water vapour was condensing onto a 

water/water surface rather than a solid/water surface.

Between 30% -  75%RH the enthalpy values for the maleate and malonate were 

almost of the same magnitude. This finding suggested that the effect of 

crystallographic disorder for the malonate had little or no effect on the overall 

thermodynamics of the absorption process. However, if it is assumed that at/sorption 

occurred at 15%RH or below for the maleate and malonate salts, then it is possible to 

comment on one of the causes for the relatively large error observed for the malonate 

at 15%RH. The error in the enthalpy of sorption, which diminished as the relative 

humidity was increased, may be due to the effect the crystallographic disorder has on 

the a^/sorption process. The effect of such disorder has previously been discussed. A
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variation in the extent of disorder on the surface of the powder and hence a variation 

in the polar character of the surface could have also caused variations in the observed 

calorimetric response at 15%RH. At higher relative humidities absorption was 

thought to be occurring and the disorder may have had little or no effect on the 

sorption characteristics of this sample at such relative humidities. It was mentioned 

earlier that the absorption of moisture for both of these samples might have been 

occurring by virtue of molecular channels into which water molecules could be 

accommodated. The absorption process for the maleate and malonate seem to be 

similar in terms of enthalpy, however, the decreased access into these channels might 

explain why the maleate experienced less overall water sorption than the malonate 

salt.

A surprising result was observed in the enthalpy values obtained for cimetidine. 

Contact angle and DVS data indicated that this sample was hydrophobic, but 

calorimetric studies showed that wetting was enthalpically favoured as the relative 

humidity was increased. Furthermore, the DVS studies have also shown that the 

sorption characteristics of cimetidine were more comparable with the hydrochloride 

monohydrate than any of the other samples. The microcalorimetric studies however, 

have shown that there was a difference between the sorption characteristics of the 

cimetidine and hydrochloride monohydrate samples. From Figure 5.29 it can be seen 

that between 30% - 75%RH the enthalpy values for cimetidine were almost 60 

kJ.mol'\m^ greater than that seen for the hydrochloride monohydrate sample. The 

high enthalpy values obtained for cimetidine indicated that sorption was 

enthalpically favoured. However, the DVS data clearly showed that the extent of 

water sorption was relatively small suggesting that the enthalpy term may be 

dominated by a disfavoured entropy change.

In attempting to explain these results, it was also useful to consider the 

thermodynamic process as a whole, in particular the entropy term. The entropy 

change (AS), is used to describe the degree of disorder in an object or a system. The 

second law of thermodynamics, which describes the degree of disorder, says that a 

spontaneous change in an isolated system will proceed in the direction of increased
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entropy. The result of a spontaneous change is an increase in the disorder of the 

system. A positive change in entropy indicates a favourable process and conversely a 

negative change in entropy represents a disfavoured process. A negative entropy 

change reflects an imposition of order in the system and was typical for this system 

since water molecules were changing from a random disordered gaseous phase to a 

more ordered condensed phase.

For cimetidine, it can be seen from Figure 5.30 that as the relative humidity was 

increased, the entropy term also increased (became more negative). The results 

indicated that the adsorption process was entropically hindered. It was suggested that 

this sample showed a hydrophobic nature because the sorption process was 

dominated by a disfavoured change in entropy. If it is assumed that a major factor 

controlling the extent of adsorption was the availability of surface adsorption sites 

(their prevalence and/or their ease of access) then it could be proposed that sorption 

by cimetidine was hindered by the lack or even access to the available sorption sites. 

This proposition will be investigated in Chapter 6.

Gravimetric studies indicated that the sulfamate was more hydrophobic than the 

maleate and malonate salt forms. However, the thermodynamic parameters that were 

obtained for the sulfamate sample indicated that there was favourable interaction 

with water. This was thought to be due to the strong interaction with the sulfamate 

oxygen atoms that may have been exposed at some of the surfaces. This provided 

further evidence to support the reason why the sulfamate showed a high value for ys* 

(14.9) as determined by the van Oss theory. The deliquescence of this sample at high 

relative humidities also suggested that the thermodynamic parameters obtained at 

higher relative humidities could have been the net result of some degree of sorption 

and some degree of dissolution.

It was evident from DVS data, that salt formation had favoured the water sorption 

process. Salt formation had also introduced polar groups into the overall structure 

and this was reflected in the polarity values obtained by contact angle measurements. 

The exposure of polar groups on the surfaces of the powder provided sorption sites
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for water molecules to interact with cimetidine which, had a relatively low polarity 

value and therefore had presumably fewer sites for sorption. Contact angle data was 

unreliable for the hydrochloride monohydrate salt form and therefore the polarity 

could not be used to explain the surface character of this sample. However, the 

relatively low amount of water sorption observed for the hydrochloride monohydrate 

indicated that the surface may have been less polar than that expected by the 

introduction of the polar chloride ions. This further indicated that the surface of the 

hydrochloride monohydrate salt may have been relatively more hydrophobic 

compared to the other salt forms.

In considering the enthalpy values for all of the salt forms, it can seen that a peak 

was observed at 15%RH. Then as the relative humidity was increased and more 

water vapour condensed on the surface, an exponential decrease in enthalpy was 

observed. The enthalpy values for the maleate, malonate and fumarate seemed to 

converge at about -40kJ/mol corresponding to the enthalpy of condensation for 

water. The enthalpy values for the hydrochloride monohydrate and sulfamate salts 

began to rise at 75%RH, and this was thought most likely to be due to a small degree 

of dissolution for the sulfamate.

Many of the sorption characteristics observed in this section were thought to be due 

to the orientation of molecules at the surfaces of the samples. The next section will 

focus on visualising the crystal surface and the various functionalities exposed at 

these surfaces. An attempt will also be made to provide further evidence and 

explanations for some of the observed behaviour of the samples investigated.
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6.0 COMPUTATIONAL INVESTIGATIONS
6.1 Introduction
In order to understand the role of how computational methods can be useful in the 

interpretation of surface data, it is necessary to understand the solid state properties 

of the material being tested. Many drugs and excipients used within the 

pharmaceutical industry are in the crystalline form or at least have a high degree of 

crystallinity. Solid state properties such as crystal structure, habit, polymorphism, 

solvate/hydrate forms, wettability, water sorption and surface polarity need to be well 

understood before any attempts are made to manufacture and store the materials 

(Bym 1982 and York 1983). Such properties will have an implication at various 

stages of the manufacturing procedures including crystallisation, milling, 

granulation, mixing and drying.

The main use of computational methods is in the field of drug design and its 

biological applications (Richon, 1994). The improvement of technology has seen 

areas such as combinatorial chemistry become much more widespread (Green and 

Wang, 1998). Growth in such fields has been fuelled by the demand of improving the 

efficiencies of the research and development process. Computational methods are 

now being used in other areas of the development process, such as in the prediction 

of physical properties (Herd, 1996). There is a clear advantage in being able to 

predict the behaviour of potential drug candidates, especially in the early stages of 

development. Early attempts to obtain predictive models were based on very crude 

methods that were mainly problematic due to the unavailability of accurate force 

fields. Force fields are a collection of energy minimisation calculations that are used 

to minimise the energy of particular nuclei or atoms. Most of the force fields that are 

available are very accurate but are mainly designed to be used in the biological 

sciences. However, there are a handful of force fields that have also been 

successfully applied in the pharmaceutical sciences (Bernstein, 1989). Attempts are 

now being made by companies like Molecular Simulations Inc. together with other 

pharmaceutical companies and research institutes to form consortia in order to obtain 

useful force fields calculations that can be applied to solid state systems.

In the absence of such data, an attempt was made to use a graphical user interface to 

simulate and probe the surfaces of the solids at a molecular level. A few basic
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programs were used to construct the surface and various other methods were 

employed to obtain a better understanding of the surface nature of the solids at the 

molecular level.

6.2 Morphology prediction

The ability to predict the particle shape of crystals is critically important to many 

pharmaceutical processes. The crystal habit is a description of the outer appearance 

of a crystal and ca -̂ affect processes such as milling, drying, dissolution and storage 

of crystalline products (Haleblian, 1975). The crystal habit and form is an important 

factor when studying surface characteristics. It follows therefore that the faces of the 

crystal expose different functional groups in different proportions and hence one 

would expect this to be expressed in the surface energetics of the material (Buckton, 

1993). The most important factor that dominates the external shape of a crystalline 

solid is the internal crystal structure and the three-dimensional packing arrangement 

of the molecules. The morphology of a crystal is dependent on other factors that 

control the rate and extent of growth of particular faces. It has been shown that the 

rate and extent of this growth has a determining affect on the resulting habit: the 

slower the growth rate of a particular face, the more important is that face in the 

resulting crystal form.

6.3 The Bravais, Freidel, Donnay and Harker (BFDH) model for predicting 

morphology

The fact that the internal crystal structure is a major factor governing the external 

shape of a crystalline particle was realised at the beginning of this century. The 

findings of Bravais (1886), Freidel (1907), Donnay and Harker (1937), resulted in 

the simple geometric approach to morphology prediction. This approach suggests 

that the importance/dominance of a particular crystallographic face {hkl}, is directly 

dependent upon the interplanar spacing dhki', the greater the interplanar spacing, the 

larger (or more likely) that particular face will be on the resulting crystal, after 

making allowances for space group symmetry. In this approach, the assumption is 

made that only internal forces have the main effect on the morphology of the crystal, 

although it is well known that external factors will also have an important role. While
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less important faces are also scattered throughout the results, the rule only holds for 

the most dominant faces in the habit. In these studies, the BFDH approach was used 

to identify the important growth faces of the samples investigated.

6.4 The surface related to the surface energy of the compound

It was mentioned earlier that faces of a crystal express different proportions of 

functional groups and hence will give rise to different surface properties from face to 

face. It follows therefore, that the surface energy of a crystal will also be dependent 

on the size of each face relative to the other face (given that the surface energy is the 

weighted average of the surface energy of each face of the crystal (Buckton, 1995)). 

The aim of this work was to investigate possible relationships between the various 

functional groups that were exposed at the surface and the physicochemical 

properties that were observed. Lerk et al., (1976, 1977, and 1978) have demonstrated 

that the wettability can be related to the chemical structure of a series of substituted 

barbiturates. They found that the more hydrophobic the molecule, the more 

hydrophobic the crystal is likely to be, resulting in a higher contact angle. The 

hydrophobicity of their compound was altered by the substitution of the alkyl chains 

within the molecule. It is worth noting however that this generalisation may not be 

entirely accurate since other factors need to be considered. Lerk et a l, (1977, 1978) 

also found that the contact angle was also dependent on the crystal structure. The 

mode of preparation of six griseofulvin samples have shown significantly different 

surface and wetting properties, highlighting the importance of pre-treatment history 

of the samples (Hansford et a l, 1980b).

Sheridan et al., (1994) have shown a relationship between the superdelocalisability 

index (the measure of the electron availability of an atom based on the structure of 

the molecule) and the surface energy of a homologous series of alkyl p- 

hydroxybenzoates. The studies also indicated the importance of crystal packing for 

some of the discrepancies that were observed. It is the manner in which the crystal 

packs that determines the distribution of the relevant functional groups at the surface. 

The purpose of the computational investigation was to determine the contributions of 

these functional groups in terms of the relative proportions that they occupy at the 

surface of the crystal. The methodology will be described later.



Chapter 6: Computational Investigations 239

The contribution of each functional group within our structures was measured as a 

function of their molecular surface area. Molecular surface areas can be expressed in 

several ways and are utilised by many computational chemists for a variety of 

applications. A brief discussion of molecular surfaces is outlined below.

6.5 The study of molecular surfaces

When studying surfaces at the molecular level, it is often the non-covalent 

interactions between two or more molecules that are of interest. Such interactions are 

facilitated by examining the van der Waals, molecular or accessible surfaces of the 

molecule.

6.5.1 Colour scheme employed for computer generated images

The colour scheme used for the computer generated images shown in this chapter is 

shown in Table 6.1.

Colour White Green Blue Yellow Red Pink

Atom H C N S 0 Cl

Table 6 . 1 Colour scheme used for computer generated images.

The atoms that were not relevant to the study of the particular surface shown were 

coloured turquoise.

6.5.2 Van der Waals surface

The original space-filling model of Corey and Pauling (1953), represented the atoms 

as spheres whose radii were proportional to the atoms van der Waals radii. This 

model was later improved in 1960 by Koltun and is now commonly known as the 

CPK model. This simple surface is constructed from the overlapping van der Waals 

spheres of the atoms and is shown in Fig 6.1.
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Figure 6. 1 Diagram showing a) the CPK model and b) the bail and stick model of
cimetidine.

6.5.3 Molecular Surface

This surface is better understood by considering a small ‘probe’ molecule 

(represented as a single van der Waals sphere) rolling over the van der Waals surface 

of the host molecule. The finite volume of the probe sphere means that there will be 

areas of ‘dead space’ that is not available to the rolling probe sphere. The molecular 

surface (Richards, 1977) is the surface traced by the inward facing part of the probe 

sphere. The molecular surface consists of a contact surface and a re-entrant surface. 

The contact surface corresponds to those regions where the probe makes contact with 

the van der Waals surface of the target molecule. The re-entrant surface regions are 

those formed by crevices that are too narrow for the probe molecule to penetrate. The 

molecular surface is usually defined with a probe radius of 1.4Â (1.4x10’’% ) 

corresponding to one water molecule. The solvent-accessible surface area is also 

shown in Figure 6.2, and is an extension of the model described above and is defined
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as that which is traced by the centre of probe sphere as it rolls over the van der Waals 

surface.

van der Waals 
surface

Solvent accessible surface

»

Probe sphere

Re-entrant surface

Contact surface

Figure 6. 2 Diagram showing the various types of molecular surfaces.
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6.5.4 Connolly surface

Connolly (1981) devised a numerical computer algorithm for placing dots over the 

solvent-accessible surface of the target atoms of the molecule. The basic approach 

was to place a probe sphere (solvent) tangent to the target atoms of the molecule at 

several thousand different positions around the molecule. The solvent-accessible 

surface is defined by considering the inwards facing surface of the probe sphere that 

experiences any van der Waals overlap with the target molecule. The probe sphere 

may be placed at three possible points of tangencies, which combine to give the 

surface area. For a single atom, a dot is created at the point of tangency, for pairs of 

atoms, a concave arc of dots connects the two points of tangency, and for triplets of 

atoms, a concave triangle of dots connects the three points of tangency. For each of 

the points, the area and the co-ordinates are also computed.

The basic dot theory described above has been further extended to obtain more 

accurate surface areas. A continuous molecular surface contour has been developed 

(Connolly, 1983) which combines three different types of spherical surfaces, which 

are characterised by their shape; namely convex regions, concave regions and saddle- 

I shaped regions. The numerical algorithms that are used to calculate the surface cause 

I  a smoothening effect of these adjacent surface regions over the entire molecule.

Most of the surface analysing techniques that are in current use are mainly based on 

the fundamental Connolly surface. These surfaces can be encoded with information, 

which can then be used to display different molecular properties on the surface such 

as charge density, electron potential, hydrophobicity and polarizability.

6.5.5 Bulk Surface

Similar techniques can be used to study the surface of bulk materials. Combinations 

of techniques are used to build up the crystal lattice so that many unit cells can be 

visualised. Analysis of these surfaces can provide valuable information about the 

surface character of the material being investigated.

In these studies, the Connolly surface was used to determine simply the surface area 

of various fimctional groups on the surface of the test solid.
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6 . 6  COMPUTATIONAL METHODS FOR DETERMINING MOLECULAR 

SURFACE AREAS

The studies m^de so far on the compounds have indicated that some of the observed 

results were due to the nature of the molecules on the surfaces of these compounds. 

Clearly the surfaces that are exposed will depend on the external habits of the 

compounds and therefore it was necessary to undertake studies that would predict the 

morphology of the compounds investigated. The predicted morphology could then be 

compared to the experimental morphology to see whether there were any similarities. 

In these studies, the BFDH model was used to predict the morphology of the 

samples. The absence of any experimental assignment of the predominant crystal 

faces necessitates that the results reported here are of a predictive nature. However, 

such work has important implications in future modelling of compounds for which 

experimental data on the surface and morphological properties are not available

6.6.1 Methodology used to predict morphology
The methodology that was used for these studies is described below. Before any 

attempts can be made! to obtain the bulk surface it was first necessary to convert the 

atomic coordinate files obtained from either the Cambridge Crystallographic 

Database (CCD) or the internal small molecules database where the structures had 

been filed. The conversion involved the use of a standard in-house file converter 

(Babel) which produced a suitable input file that could be read by the General Utility 

Lattice Program (GULP) (Gale, 1997) and the Minimisation and Relaxation of 

Vacancies and Interstitials Near surfaces (MARVIN’S) (Gay and Rohl, 1995) 

programs. GULP is a program, which can perform a variety of types of three- 

dimensional simulations based on molecular solids and inorganic materials and the 

MARVIN program is used to model surfaces and interfaces.

The format of the input files used by these programs is known as a PDB file format 

and was one of many file formats that could also be read by various computer 

graphics software packages like INSIGHT II (Biosym Technologies. Inc.) and 

CERJUS 2 (C^) (Molecular Simulations Inc.).
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The crystal structure data (.pdb file) of the test compound was loaded onto the 

Cerius^ molecular modelling programme. Within this programme there were several 

modules that were used to build the crystal and predict the morphology and they are 

outlined below.

( f -  Crystal builder

The molecule was displayed as a repetition of unit cells with the correct space group 

assignment to form a supercell. A typical supercell of 3x3x3 unit cells was built so 

that the output of this particular type of file could be used as an input file for the 

morphology module.

C^- Morphology

The supercell structure was fed into this module to determine the morphology of the 

sample. The ‘BFDH’ mode was used to perform the morphology prediction. The 

likely growth faces {hkl} were identified using their interplanar distances (d^/) as the 

basis for measuring morphological importance; the more important faces having the 

greater interplanar distances. The morphology module searched through all the low 

index faces to identify the most important.

The reciprocal of the interplanar distance (1/ àhkî) of a particular face {hkl} was taken 

to be a relative measure of the growth rate normal to that face {hkl} and was used to 

construct a BFDH model of the morphology (Docherty and Roberts, 1988).

Data treatment

The morphology module used the centre to face distances of a collection of faces to 

compute the smallest possible polyhedron enclosed by these faces. The results from 

the interplanar distance calculations were used as a measure of the relative centre to 

face distances. Computer drawn images of the BFDH morphology were then 

displayed and indexed according to their (hkl) assignments. The percentage 

contribution of each face to the total morphological surface could also be obtained. 

The results of these studies are presented in Section 6.6
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6.6.2 Methodology used to build and analyse the bulk surface

6.6.2.1 Obtain unit cell

The unit cell is the basic building block of the crystal lattice. It contains information 

on the coordinates of all the atoms in the molecule, their relative positions to each 

other, space group and any symmetry operators associated with that unit cell.

When unit cells are put together, for example along the x, y, and z directions, the 

result is termed as a supercell. The unit cell for cimetidine is shown in Figure 6.3.

Figure 6. 3 The unit cell for cimetidine.



Chapter 6: Computational Investigations 246

6.6.2.2 Create supercell using GULP (General Utility Lattice Program)

Once the input file for the unit cell was obtained (in PDB file format), the GULP 

program devised by Gale (1997) was used to generate the overall bulk structure of 

the material investigated. This program has the advantage over other programs in that 

it uses symmetry to accelerate the calculations and to simplify the output. The 

symmetry operators that were used for these studies were obtained from the 

International Tables for x-ray Crystallography (1973). For these studies, it was 

necessary to obtain a supercell made up of 3x3x2 unit cells. The reason why a 3x3x2 

supercell was used is discussed in Section 6.5.9.

To illustrate the concept of a supercell. Figure 6.4 shows the supercell structure of 

cimetidine hydrochloride monohydrate.

Figure 6. 4 Supercell structure for cimetidine hydrochloride monohydrate.
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6.6.2.3 Cleave supercell at desired surface using MARVIN

A general surface code MARVIN developed by Gay and Rohl (1995) at the Royal 

Institute of Great Britain, was used to generate the surface at the desired cleavage 

plane (hkl) as determined from the morphology calculations, but without any energy 

minimisation being performed. Hence, the assumption was made that the surface 

structure obtained was identical to that of the bulk structure.

The program can be used to model the two dimensional surfaces of a material and to 

perform several types of simulations including predicting surface structure, crystal 

morphology, and sorption of molecules onto the surface.

For our studies, this program was used to cleave the desired Donnay-Harker surfaces. 

Figure 6.5 shows the (100) cleavage plane of the cimetidine supercell. The dots 

represent the outline of the Connolly surface. Some of the images that are presented 

herewith can be viewed as stereoscopic images and are denoted with an ‘S’. 

Visualising these images in a stereoscopic view enables the pictures to be viewed in 

a three-dimensional manner. Stereoscopic viewing requires the viewer to relax the 

eyes and then bring together images from both eyes in a ‘cross-eyed’ fashion. For 

some of the images it is not possible to visualise the images stereoscopically 

therefore it is more appropriate to view the image as presented.
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Figure 6. 5 The 100 cleavage plane through cimetidine supercell. (S)

Only the top layers of molecules have been highlighted in their respective colour schemes.
oo



Chapter 6: Computational Investigations 249

6.6.3 Shift values

For any particular face, many possible surface configurations need to be considered. 

They are generated by the shifting of the cleavage plane through the unit cell. The 

shift value is quoted as a percentage or ratio of the interplanar distance dhki and a 

diagram showing five such cleavage planes is given in Figure 6.6. The number of 

configurations is dependent on the number of molecules and on the symmetry of the 

system.

Figure 6. 6 A schematic representation of cleavage planes at various shift values.

It is important to consider these different shift values since each value can yield a 

different surface structure. To illustrate this. Figure 6.7 shows a schematic 

representation of how different shift values can generate different surface structures 

depending on the nature of the crystallographic system.

0.25

0.5

I .O

Figure 6. 7 Schematic representing how different shift values can result in different
surfaces.
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For a system such as cimetidine, the heads of the arrows can represent the imidazole 

ring and the tail can represent the guanidinium moiety. Cleavage of the cell at a shift 

value 0.0 would be clearly different to that observed at 0.25. Cleavage at 0.5 is 

similar to that observed at 0.0 but differences could arise due to the relative positions 

of the molecules in the unit cell. However, the surface at shift values of 0.25 and 0.75 

are identical and could therefore be considered as crystallographic equivalent planes. 

As would be expected, the surface at 0.0 and 1.0 are also identical since the unit cell 

needs to be considered in its entirety with other surrounding unit cells in the bulk 

crystal; the end of one unit cell is effectively, the beginning of another adjacent unit 

cell.

To reduce the number of configurations for all the surfaces, it would be ideal to only 

choose those resulting in the lowest attachment energy values and this approach has 

been discussed in Section 7. Since no energy calculations were performed for our 

system, all configurations were analysed.

6.6.4 Analysis of cleaved surface

The outputs of the cleavage program (MARVIN) produced an output file that was 

then edited so that it could be read into the graphics software package.

6.6.4.1 View the surface

The result of the cleaved surface was visualised on the molecular graphics software, 

INSIGHT II. With this graphical software, it was then possible to view and probe the 

surface of our structure.

For our purposes a 3x3x2 supercell was built up and cleaved appropriately. A 3x3x2 

supercell was chosen because it allowed the calculations to be performed a lot faster 

than if a larger cell was chosen. If a Connolly surface area calculation is performed 

on a single cell then, the surface area calculation would include all the atoms at the 

surface as well as all the atoms on the edges and at the bottom of the unit cell. Since 

we are only interested in the surface, these ‘edge’ effects need to be removed. The 

calculation can only be performed by considering a 3x3x2 supercell and then later 

removing these ‘edge’ effects (see Section 6.6.4.3).
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6 .6A .2  Location of central unit cell

In order to obtain a true representation of the surface area of the bulk structure, the 

Connolly surface was chosen as the preferred surface to study. For these studies it 

was necessary to locate the central unit cell of the supercell as indicated in Figure 

6.8. This central cell represented the base from which the relative proportions of the 

various functional groups were determined. To locate the central unit cell, a single 

unit cell was superimposed onto the centre of the 3x3x2 supercell. The atoms of the 

central unit of the supercell were then carefully selected manually and grouped 

together in a defined subset of molecules.

6  6.4.3 Eliminate surface edge effects and obtain appropriate Connolly surface

When attempting to obtain the Connolly surface of the central unit, the effects of the 

surrounding atoms, which were not part of the central unit cell, needed to be 

eliminated from the calculation of surface areas. This is what was termed as the 

surface edge effect. To illustrate how this was done it is better to follow the diagram 

in Figure 6.8.
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Step 1
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Figure 6. 8 Steps taken to remove surface edge effects and determine the central unit
cell surface area.

The steps indicated in Figure 6.8 are outlined below.

Step 1: Create supercell and select molecules in the central unit cell.

Step 2: Disassociate central unit, leaving a ‘hole’ in the supercell.

Step 3: Define these extracted molecules as a separate subset.

Step 4; Re-associate this subset back into the ‘hole’ of the original supercell.

Step 5; Obtain Connolly surface by selecting the surface molecules of the re

associated subset.
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The molecules within the central unit (now termed as the subset) were then selected 

and a Connolly surface was obtained for them. This new surface was associated with 

the bulk surface but did not include the effects of molecules that belonged to adjacent 

unit cells within the supercell. I

6.6 4.4 Obtain surface area for all functional groups

Within Insightll, it was possible to view only the unit cell that is of interest. It was 

necessary to do this to make the selection of the functional groups simpler.

The fimctional groups that were selected for the surface area analysis were numbered 

as shown in Figure 6.9. (Note: This is different to the numbering system that was 

used for structure determination).

16 NHCHs
12 13c NH

Figure 6. 9 Diagram shoving functional group numbering system employed for 

molecular surface area determination.
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Specific functional group assignments are listed in Table 6.2. The numbering scheme 

used for the functional groups of the salt forms is also shown.

Group Assignment
1 -NH-
2 -NH-
3 -CH-
4 -CH3
5 -C=
6 —C-
7 -CH2
8 -CH2
9 -CH2
10 -s-
11 -NH-
12 -NH-
13 -CH3
14 -C^N
15 -C=N
16 C

Salt Forms Hydrochloride
Maleate,

Malonate,
Fumarate

Sulfamate

17 Cf - c = o NH2
18 H2O -C-O-H SO3
19 - -CH2 -

Table 6. 2 Numbering scheme employed for functional groups.

6.6.4.S Functionality index

This arbitrary term was used to index the functional groups. There were two 

methods, which were used to do this:

1 ) Let Amoi be the molecular surface area of all the molecules on the surface of the 

unit cell.

Let Afunc be the individual surface areas of the functional groups of interest 

within the surface of the unit cell.

Therefore,

Functionality Index (FI) = Afunc/Amoi 

In this method the FI values were expressed as a percentage.
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2) Similar to above except that Amoi is the surface area of the unit cell dimensions 

( a x b )

In this method the FI value was expressed as a simple ratio.

6.6 4.6 Standardisation of results to obtain a functionality index for functional 

groups

It was suggested that the analysis of the surface needed to be standardised by some 

means so that any meaningful relationships could be made.

The simple ratio relationship, as outlined in Method 1, seemed reasonable but 

problems arose because different shift values (for the same surface) revealed 

differing Amoi values. A more appropriate method was to use the expression in 

Method 2 since it defined the surface in terms of what the probe sphere actually 

‘sees’ (i.e. the unit cell) and it was not dependent on the shift value.

Although both methods would have essentially provide the similar information in 

terms of the relative proportions of functional groups, Method 2 was preferred due to 

its logical and simplistic approach.

6.6.4.7 Obtain surface functional index in relation to the crystal lattice

The functionality index only provided information on the proportion of functional 

groups relative to the unit cell on a particular surface. However, information was also 

required on the relative proportions of these surfaces. This information was obtained 

from the output files of the Cerius2 morphology program that were used to determine 

the Donnay-Harker surfaces.

The calculation was then simplified to:

Bulk Functionality Index (BFI) = (FI)Method 2 x (Percentage of Donnay-Harker

surface)

It must be mentioned that the final answer was not an absolute value, but it was a 

relative term relating the extent of functional group coverage to a particular Donnay- 

Harker surface.
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6.6.4.S Worked example

In order to understand the various terms that were introduced in this section it is best 

to work through one of the examples that were used in the study. For this purpose we 

will consider the result obtained for cimetidine base.

6.6.4.8.1 Sample results

A typical results sheet shown in Table 6.3.

g
■g
(U

00

r

<

m
g
■g(Uœ

V

Functionality index 
(Method 2)

Functionality index 
(Method 1)

:  . Date 26-Feb-98 Group(s) % of Total 

Area

Ratio 

relative to 

unit cell S/A

Compound Cimetidine Base NH 13.6% 0.27

Surface 0 1 1 N 4.7% 0.09

Shift 0.9 C=N 24.2% 0.48

Total unit cell S/A 145.2 CH3 ring 13.2% 0.26

Total S/A of interest 289.7 CH2 11.9% 0.24

Group Contact

Area

Reentrant

Area

Total

Area

CH ring 8.7% 0.17

Total 85.9 203.726 289.698 C ring 1.6% 0.03

1 0.7 16.1 16.8 Ctail 3.9% 0.08

2 0.0 0.0 0.0 S 6.9% 0.14

3 4.9 20.1 25.1 CH3 Tail 11.9% 0.24

4 13.9 24.4 38.3 Total 100.7% 2.00

5 0.0 0.0 0.0

Section C6 1.2 3.4 4.6

7 0.8 7.4 8.2

8 0.0 0.0 0.0

9 1.6 24.6 26.2

10 1.8 18.4 20.2

11 2.8 16.9 19.7

12 0.3 2.7 2.9

13 12.8 21.5 34.3

14 39.1 31.0 70.2

15 5.2 8.5 13.7

16 0.8 10.6 11.4

Table 6. 3 Typical result sheet for surface area of functional groups.
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In this example, Section A shows information about the compound and the details of 

the surface that was cleaved and the shift value used for the analysis. Row 5 of 

Section A, ‘Total unit cell S/A’ describes the area for the unit cell {a x b) used in 

Method 2. Row 6  of Section A, ‘Total S/A of interest’ describes the total area of the 

molecules exposed at the surface of the central unit (Method 1).

Section B shows details about the areas of the selected functional groups and the 

‘Total Area’ (Section B, column 4) is the sum of the contact and re-entrant areas. 

Section C shows the grouping of various similar functional groups found in Section 

B, expressed as functional indices described by Method 1 and Method 2.

6.6.5 Treatment of surface area results

The functional indices were determined for all of the shift values and were grouped 

together for each face. A sample summary sheet for the 011 surface for cimetidine is 

shovm in Table 6.4.

The polar groups consisted of the following functional groups:

NH, N, C=N, and S. For the salt forms they included: C=0, C-OH, SO3, CF, H2O and 

NH2 .

The non-polar groups consisted of the following functional groups:

CH] attached to imidazole ring, C H 3 tail, C H 2 , C ring, C tail.



Cimetidine Base Shift

Surface 0 1 1 0.0, 0.1 0.2, 0.3 0.4, 0.5, 0.6 0.7, 0.8 0.9

G roups % Ratio % Ratio % Ratio % Ratio % Ratio

NH 13.1 0.3 8.7 0.2 8.4 0.1 11.8 0.2 13.6 0.3

N 4.4 0.1 4.7 0.1 5.2 0.1 4.9 0.9 4.7 0.1

C=N 27.6 0.6 17.3 0.3 7.1 0.1 16.2 0.3 24.2 0.5

CH3 ring 12.5 0.3 15.8 0.3 17.1 0.3 14.8 0.3 13.2 0.3

CH2 10.7 0.2 16.2 0.3 20.7 0.3 16.1 0.3 11.9 0.2

CH ring 8.1 0.2 9.3 0.2 10.7 0.2 7.9 0.1 8.7 0.2

C ring 1.5 0.0 1.9 0.0 1.9 0.0 1.8 0.0 1.6 0.0

Ctail 3.7 0.1 2.6 0.0 1.1 0.0 2.9 0.1 3.9 0.1

8 6.5 0.1 8.9 0.2 15.2 0.2 10.6 0.2 6.9 0.1

CH3 Tail 11.1 0.2 11.9 0.2 12.8 0.2 12.7 0.2 11.9 0.2

Total 99.2 2.1 97.3 1.8 100.2 1.5 99.7 2.6 100.6 2

Surface %

41.88 \

Polar groupsX 46.1 30.9 23.3 31.9 41.4

Non-polar grouse 42.4 45.0 41.9 41.2 42.8

î
I
f

Percentage coverage determined by BFDH model

Table 6. 4 Summary result sheet for the Oil surface for cimetidine.
to
LA
oo
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The figures for the polar and non-polar groups were obtained by the summation of 

the relevant fimctional group ratios and multiplying them by Surface % values, 

ie: Polar groups figure (Shift 0.0, 0.1) =

41.88 X (0.3 + 0.1 + 0.6 + 0.1) = 46.1

This process was performed for all the surfaces and the polar and non-polar groups 

were grouped together as a function of the shift value. A sample result sheet for this 

process is shown in Table 6.5.

Similar assignments were also given to the fimctional groups of the salt forms and 

then treated in the same manner as described above.



Surface 110 Oil 020 100 111 110 Oil 020 100 111

Shift Polar Polar Polar Polar Polar Non-polar Non-polar Non-polar Non-polar Non-polar

groups groups groups groups groups groups groups groups groups groups

0 8.9 46.0 19.6 7.3 6.6 8.2 42.4 13.5 10.6 10.3
0.1 8.9 46.0 19.6 7.3 6.6 8.2 42.4 13.5 10.6 10.3

0.2 6.6 30.9 10.6 7.3 6.6 10.1 45.0 28.3 10.6 10.3

0.3 6.6 30.9 10.6 10.9 6.6 10.1 45.0 28.3 11.7 10.3

0.4 6.6 23.3 19.9 10.9 7.7 10.1 41.9 13.5 11.7 13.8

0.5 6.6 23.3 19.9 10.9 7.7 10.1 41.9 13.5 11.7 13.8

0.6 6.6 23.3 19.9 10.9 7.7 10.1 41.9 13.5 11.7 13.8

0.7 6.6 31.9 11.9 10.9 6.6 10.1 41.3 28.6 11.7 10.3

0.8 6.6 31.9 11.9 7.3 6.6 10.1 41.3 28.6 10.6 10.3

0.9 8.9 41.4 19.6 7.3 6.6 8.2 42.8 13.5 10.6 10.3

î
I
f

Table 6. 5 Summary result sheet showing polar and non-polar groups for all surfaces. K)OnO
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6.7 Morphology results using BDFH approach

6.7.1 Cimetidine Base

The morphology predicted by the BDFH model does not seem to be indicative of the 

experimental morphology. However, it must be noted that this samples was 

micronised and such a treatment is likely to alter the external shape of the crystals. It 

is possible that micronisation may cause a rounding effect of the edges of the 

crystals. The SEM images for this sample show that most of the crystals can be 

described as flat tabular type crystals. Assuming that the morphology prediction is 

correct, then the most likely faces to be exposed after micronisation would most 

probably be the 100, 020 and 011 faces.

The morphology results for cimetidine are shown in Figure 6.10. The details of the 

most dominant faces are given in Table 6.6.

100

01 !

Figure 6. 10 Cimetidine: Predicted and found morphology.



Chapter 6: Computational Investigations 262

Face-' Percentage coverage (%)

Oil 41.4

020 26.2

— 13.1Ill

100 10.8

110 8.5

Table 6. 6 Dominant surfaces for cimetidine morphology.

The cleavage planes indicated in Table 6.6 are shown in Figure 6.13-6.17.

Assuming that the 100 surface was a dominant face in the overall morphology, this 

surface revealed a relatively low contribution of polar groups (-10% polar). The 100 

surface is mainly non-polar and as can be seen from Figure 6.13, this was due to the 

exposure of the methyl groups of the imidazole moieties. The Oil surface which is 

also a dominant face, shows a relatively large contribution of non-polar groups 

(-40% non-polar) on the surface due to the exposure of the methyl groups of the 

guanidinium moieties (Figure 6.15).
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The results in Table 6.6 were used to determine the contribution of polar and non

polar groups on the surfaces of the predicted morphology. The results are shown in 

Figure 6.11 and Figure 6.12. respectively.

Contribution o f Cimetidine Polar groups

45 -
Oil

100

11-1

8 25
020

B 20

110

0.3 0.5 0.6 0.7 0.80 0.1 0.2 0.4 0.9

Shift Value

Figure 6.11 Contribution of Polar groups for cimetidine base.

Contribution of Cimetidine Non-polar groups

g  35

« 30

110 oil

020 100

25

B 20

15

10
5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Shift value

0.8 0.9

Figure 6.12 Contribution o f Non-polar groups for cimetidine base.
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Figure 6. 14 The 020 surface for cimetidine. (S) toONLA
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Figure 6. 16 The 111 surface for cimetidine. (S)
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The overall non-polar nature of this compound suggested that this compound would 

be hydrophobic and this would also be consistent with other data that had been 

collected. The DVS studies indicated that there was some degree of moisture 

sorption and calorimetric studies suggested that this mechanism may have been 

hindered in some way. Although the dominant faces consist of polar groups for 

example the NH, -CN- and C=N groups of the guanidinium moieties exposed at the 

020 (Figure 6.14) and Oil (Figure 6.15) surfaces. The dominance however, of the 

hydrophobic methyl and CH2 groups on these surfaces may have made accessibility 

to some of these polar groups difficult therefore causing a disfavoured change in 

entropy. This would seem to support the theory suggested for the interaction 

behaviour of this sample with water.

The sorption studies also showed that a hysteresis effect was observed for this 

sample. This may have been as a result of a small degree of water retention and such 

processes are likely to occur within the small capillaries of the sample.

The non-polar nature of this compound is best illustrated by observing the cleavage 

planes of the most dominant faces as shown in Figures 6.13-6.17.
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6.7.2 Cimetidine hydrochloride monohydrate

The morphology predicted for cimetidine hydrochloride monohydrate by the BDFH 

model shows a prismatic type crystal structure and is only slightly inconsistent with 

the morphology found experimentally. The SEM images for the hydrochloride 

monohydrate show similar tabular type crystals but are generally larger than those 

observed for the cimetidine sample. The morphology results for cimetidine 

hydrochloride monohydrate are shown in Figure 6.18 and details of the most 

dominant faces are given in Table 6.7.

This sample was micronised and therefore a rounding off effect of the edges of the 

crystal is also observed for most of the crystals. Assuming that the predicted 

morphology was correct, it can be seen that the 100 and 011 surfaces are the most 

dominant faces and are likely to exist in the experimental morphology.

110

oo|100 102

Of I

Figure 6. 18 Cimetidine hydrochloride mono hydrate: Predicted and found
morphology.
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Face Percentage coverage (%)

Oil 45.0

100 36.3

110 14.9

002 2.9

111 0.7

102 0.2

Table 6. 7 Dominant surfaces for cimetidine hydrochloride monohydrate.

The results in Table 6.7 were used to determine the contribution of polar and non

polar groups on the surfaces of the predicted morphology. The results are shown in 

Figure 6.19 and Figure 6.20 respectively.

Contribution o f Cimetidine Hydrochloride Polar groups

100 1 1 0  — 11-1
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— 10-2

100
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002

10-2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Shift value

Figure 6. 19 Contribution of Polar groups for cimetidine hydrochloride
monohydrate.
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Contribution of Cimetidine Hydrochloride Non-polar groups
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Figure 6. 20 Contribution of Non-polar groups for cimetidine hydrochloride

monohydrate.

It was suggested earlier that contact angle data for his salt may have not been reliable 

due to dissolution effects. This seems highly probable for this sample since solvent 

water molecules would readily interact with the surface chloride ions and easily form 

hydrogen bonds to the surface nitrile groups (Figure 6.21). DVS studies of this 

sample showed it to be deliquescent at high relative humidities and this is possible if 

these sites are acting as dissolution sites on the surfaces of the compound. The 

possibility of dissolution at these sites is greatly increased when the relative humidity 

is increased since there will be more interactions with vapour water molecules. 

However, if we assume that there was no dissolution of the sample, then the polarity 

values obtained by the geometric and harmonic mean approaches are useful. The 

relatively high polarity values obtained indicate that the surfaces are polar. 

Furthermore, calculations based on van Oss theory revealed a y," value of 8.7. It may 

be suggested that this value could be attributed to the presence of surface chloride 

ions. From Figure 6.19 it can be seen that the 100 and 011 surfaces show a relatively 

higher degree of polar character than cimetidine especially at shift values between 

0.3 - 0.7. At these shift values the polar character of the surfaces were mainly due to
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the exposure of chloride ions and the nitrile and thiol functional groups at these 

surfaces. The water molecules of the monohydrate form also contributed to the polar 

nature of this compound. The fact water molecules already exist at some of the 

surface may mean that there is a reduced thermodynamic driving force for 

adsorption, hence the explaining why this salt does not adsorb large amounts of 

water.

There are some cases in which the 100 surface is not dominated by polar groups, in 

particular the monohydrate water molecules. This occurs at shift values of 0.8 and 

0.9 (Figure 6.19). The relatively low water sorption observed by this sample suggests 

that the surface is relatively non-polar, in which case it is most probably because the 

100 surface is configured at shift values of 0.8 and 0.9 as shown in Figure 6.25. 

Microcalorimetric sorption studies revealed that there might be some element of 

entropie hindrance to the overall sorption process. A closer look at some of the 

surfaces (Figures 6.21- 6.23) where chloride ions, thiol groups and water 

(monohydrate) molecules are expressed at the surface, reveal that access to these 

‘sites’ of sorption may also be slightly hindered by the molecular orbitals of adjacent 

non-polar groups. For example. Figure 6.23 shows the 110 surface with pairs of 

chloride ions (shown as green balls) exposed at the surface. It would be expected 

therefore that this site would be a good site for water sorption, however, situated 

close by are CH] and methyl groups, which are also expressed at the same surface. 

The overlap of the molecular orbitals of the polar chloride ions and the non-polar 

groups may have an overall cancelling out effect. It is therefore conceivable that 

access to these polar sites was hindered by the overlap of the hydrophobic methyl 

groups. The extent of overlap of these hydrophobic groups was not as great as that 

observed by the hydrophobic groups of cimetidine and therefore helps to explain 

why greater sorption was observed for the hydrochloride monohydrate salt.

The exposures of various functional groups at the most dominant surfaces are shown 

on the next few pages.
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Figure 6. 21 The 011 cleavage plane for cimetidine hydrochloride monohydrate. (S)
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Figure 6. 23 The 110 cleavage plane for cimetidine hydrochloride monohydrate. (S) t o'O
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Figure 6. 24 The 002 cleavage plane for cimetidine hydrochloride monohydrate. (S) K )
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6.7.3 Maleate

The morphology predicted for cimetidine maleate was of a hexagonal type and was 

consistent with the morphology found experimentally. The SEM images clearly show 

the formation of long needle type crystals with a hexagonal habit. The agreement 

between the predicted and found morphology implies that the BDFH model used for 

the prediction was appropriate for this compound.

The predicted morphology is shown in Figure 6.26 and the details of the most 

dominant faces are given in Table 6.8.

011
100

100

Figure 6. 26 Cimetidine maleate predicted morphology.
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Figure 6. 27 Found cimetidine maleate morphology.
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Face Percentage coverage (%)

Oil 55.4

020 29.6

100 8.5

110 6.4

111 0.1

Table 6. 8 Dominant surfaces for cimetidine maleate.

The results in Table 6.8 were used to determine the contribution of polar and non

polar groups on the surfaces of the predicted morphology. The results are shown in 

Figure 6.28 and Figure 6.29 respectively.
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gI 20

10
no
H-l

Contribution o f Cimetidine Maleate Polar group*

---- Oil 020 --- 100

30 - —  no -—  n-i

0.1 0.2 0.3 0.4 0.5

Shift Value

0.6 0.7 0.8 0.9

Figure 6. 28 Contribution of Polar groups for cimetidine maleate.



Chapter 6: Computational Investigations 281

Contribution of Cimetidine Maleate Non polar groups
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Figure 6. 29 Contribution of Non-polar groups for cimetidine maleate.

Assuming that the morphology predicted was correct, it can be seen that the most 

dominant faces were the Oil and 020 surfaces. It must be remembered that the 

predicted morphology was based on taking the reciprocal of the interplanar spacing 

as a relative measure of the growth rate normal to that face (Section 6.6.1). The fact 

that long needles are predicted is a consequence of this relationship. The ‘length’ 

simply comes about from considering the relative size of each surface. So if for 

example you have a cubic morphology and the two end surfaces grew very quickly 

(as determined from its interplanar spacing), then these two surfaces would be further 

apart and so the crystal is long. Furthermore the percentage areas of these surfaces 

would be small compared to the overall morphological surface area and therefore 

less dominant.

Since these needles are long in the observed morphology, the 011 and 020 surfaces 

will occupy a greater percentage area than that predicted in Table 6. 8. Therefore, 

any effects observed by the various functional groups on these surfaces will also be 

greater since there will be a greater number of them.

The most dominant faces (Oil; -45% polar and 020; ~ 18% polar) show a greater 

extent of polar character compared to the base and hydrochloride monohydrate salt.
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The polar character of this salt was mainly due to the maleate anions and the 

cyano/nitrile groups at the surface at preferential shift values. This sample also 

showed a relatively high degree of non-polar character (Figure 6.29) and this was 

thought to be due to the CH2 groups of the maleate anions on the surface. However, 

the molecular orbitals for the maleate oxygens are larger and therefore they 

presumably have a greater effect on the overall polarity of this surface. The relative 

polar nature of this sample is in agreement with polarity vdues obtained by contact 

angle measurements. The value obtained for ys^ by the van Oss theory was also in 

good agreement, showing a relatively high polar value compared to the base and 

hydrochloride monohydrate salt.

The polar nature of this compound is best illustrated by observing the cleavage 

planes of the most dominant surfaces as shown in Figures 6.30 -  6.33.
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Figure 6. 30 011 Cleavage plane for cimetidine maleate. (S)
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Figure 6. 31 020 Cleavage plane for cimetidine maleate. (S)
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The presence of maleate anions on the surface may also be responsible for the greater 

sorption behaviour observed for this salt compared to the cimetidine and 

hydrochloride monohydrate samples, since the maleate oxygens would preferentially 

interact with water molecules and hence aid sorption. Other functional groups that 

are likely to aid the sorption process are the surface nitrile, cyano and thiol groups, 

which were also exposed at some of the surfaces.

The sorption mechanism proposed for the maleate sample, was based on the initial 

evidence obtained from the crystal structure of this compound. The proposed 

mechanism however, could not be tested since the required software to perform such 

calculations was not available. The software that would have been used to perform 

the calculation would have provided information about the size of any voids or 

cavities within the crystal structure. If such cavities existed, then the programme 

would be able to fit water molecules in their preferred orientations within these 

cavities. Based on the available software, it was however possible to make a good 

guess about the possible location of any such cavities. Figure 6.34 shows the location 

of water molecules (represented as red and white, ball and stick forms) within certain 

channels of the crystal structure. This figure was then rotated (at 90° to the page) to 

obtain a side profile of the structure. It can be seen from Figure 6.35, that the water 

molecules seemed to be located within the ‘zig-zag’ type channels. This particular 

orientation of the structure corresponds to the 020 surface (Figure 6.31) which was a 

dominant face on the crystal. This simple approach seems to provide evidence that 

there is a possibility that such a sorption process may be taking place and therefore 

accounting for the relatively high degree of water sorption observed for this sample.
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Figure 6. 34 Diagram to show possible location of water molecules within channels of the crystal structure of cimetidine maleate.
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r A.

Figure 6. 35 Side view of Figure 6.34 to show location of water molecules within
channels of the crystal structure of cimetidine maleate.
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6.7.4 Malonate
The morphology predicted for cimetidine malonate was almost identical to that 

predicted for cimetidine maleate. The SEM images also show long hexagonal needle

like crystals and the BFDH model therefore seems to be appropriate for predicting 

the morphology of this compound.

The predicted morphology is shown in Figure 6.36 and the details of the most 

dominant faces are given in Table 6.9.

0 11
110

100
oil

Figure 6. 36 Cimetidine malonate predicted morphology.

Figure 6. 37 Found cimetidine malonate morphology.
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Face Percentage coverage (%)

Oil 54.1

020 31.0

100 8.4

110 6.4

111 0.1

Table 6. 9 Dominant surfaces for cimetidine malonate.

The results in Table 6.9 were used to determine the contribution of polar and non

polar groups on the surfaces of the predicted morphology. Both the higher and lower 

occupancy results are shown below.

70 1
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Contribution of Cimetidine Malonate Polar groups (higher occupancy)
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100

110 11-1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Shift value

Figure 6. 38 Contribution of Polar groups for cimetidine malonate

(higher occupancy).
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Figure 6. 39 Contribution of Polar groups for cimetidine malonate 

(lower occupancy).

Contribution of Cimetidine Malonate Non-polar groups (higher occupancy)
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Figure 6. 40 Contribution of Non-polar groups for cimetidine malonate

(higher occupancy).
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Contribution of Cimetidine Malonate Non-polar groups (lower occupancy)
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Figure 6. 41 Contribution of Non-polar groups for cimetidine malonate

(lower occupancy).

Assuming that the morphology prediction was correct, it can be seen that the most 

dominant faces were again the 011 and 020 faces. The observed morphology shows 

long needle type crystals and therefore these surfaces will contribute a greater 

percentage area to that predicted by the BFDH model.

The most dominant face (Oil) accounts for over half of the morphological surface 

(Table 6.9) and has a large contribution of polar groups associated with it (>40% 

polar for higher occupancy and > 35% for lower occupancy), especially at shift 

values 0.8, 0.9 and 0.1 (Figures 6.42-6.45). The polar character of this sample is 

mainly due to surface malonate anions and a combination of nitrile and thiol groups 

being exposed at this surface.
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Figure 6. 42 011 Cleavage planes for cimetidine malonate at shift values 0.8 and 0.9.
(lower occupancy). (S)
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Figure 6 . 43 Side view  image o f  Figure 6.42 showing the surface polar functional groups (lower occupancy).
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Figure 6. 44 011 Cleavage planes for cimetidine malonate at shift values 0.8 and 0.9.
(higher occupancy). (S)



f  f /

y  . .

#■ f .  f '

*  < 6 t  *
f
Os

fR

0
1

I
t

Î

Figure 6. 45 Side view image of Figure 6.44 showing the surface polar groups (higher occupancy). to
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The non-polar character at these shift values is due to the CH2 groups of the malonate 

anions and the methyl groups attached to the imidazole ring. However, the molecular 

orbitals of the malonate oxygens and the nitrile nitrogens are larger and therefore 

they have a greater effect on the overall polarity of the surface. A similar group 

distribution pattern is also seen with the lower occupancy model for this salt. The 

disorder that was observed in this salt suggests that it has a minimal effect on the 

contribution of polar groups, but caused a slight reduction in the contribution of non

polar groups, and therefore increasing the overall polar character (Figure 6.40 and 

6.41). It can be seen that the relatively high degree of polarity for the malonate salt is 

even greater than that observed by the maleate salt and this has been reflected in the 

greater degree of sorption observed by the malonate salt at lower relative humidities. 

Furthermore, the overall polar character of the malonate support the relatively high 

polarity values obtained by contact angle measurements.

The polar nature of this compound is best illustrated by observing the cleavage 

planes of the most dominant surfaces as shown below.
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Figure 6. 46 011 Cleavage planes for cimetidine malonate.

(lower occupancy) (S)
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Figure 6. 47 011 Cleavage planes for cimetidine malonate.

(higher occupancy) (S)
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Figure 6. 48 020 Cleavage planes for cimetidine malonate.

(lower occupancy) (S)
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Figure 6. 49 020 Cleavage planes for cimetidine malonate.
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It was suggested that the sorption of water by the malonate sample was similar to that 

proposed for the maleate sample. This was because crystallographic studies revealed 

that these compounds had very similar packing arrangements. The malonate sample 

also has dominant 020 surfaces and therefore the surface was configured in such a 

way that the ‘zig-zag’ channels mentioned earlier were again exposed at the surface. 

Therefore by similar reasoning, the same mechanism for water sorption could be 

applied to the malonate sample. In both cases it is worth noting that it is unlikely that 

water molecules would be able to navigate themselves intricately through these 

channels. Therefore they are most likely to be held within some of the voids that are 

exposed nearer the surfaces of the crystal.

Gravimetric sorption data obtained for the malonate showed that this salt sorbed 

more moisture than the maleate. Although it was unclear why this may be have been 

the case, a possible suggestion is that the available space within the channels was 

more limited in the maleate salt than in the malonate salt. This may have been caused 

by the overlap of the molecular orbitals, of the two CH groups on the anionic species 

of the maleate salt. In contrast the malonate has only one CH2 group on the anionic 

species and presumably there is more available space within the channel.

Calorimetric studies showed that sorption by the maleate salt was generally, 

energetically more favoured than the malonate salt. This was surprising considering 

that the malonate may have had more available space into which possibly more water 

molecules could interact with polar groups. A possible reason for this anomaly may 

be due to the disorder of the malonate species. Although it was not possible to model 

the exact effect of this disorder, it is possible that sorption via hydrophilic channels 

may have been affected by the orientation of the malonate species. The average 

effect of this disorder may have been that relatively more non-polar groups were 

expressed within these channels and therefore the interaction with water was 

energetically less favourable.

The hydrophilic channels of the malonate can be seen in Figures 6.48 and 6.49.
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6.7.5 Sulfamate

The morphology predicted for cimetidine sulfamate by the BDFH model shows a 

prismatic type crystal morphology, which is plate like in appearance. The 

morphology found experimentally shows the presence of these plate-like crystals but 

a majority of these plates appear to clustered in a fan-like fashion whereby 

overlapping of these plates takes place along the flat edges of the crystals. Generally, 

it can be seen that the predicted morphology is similar to the found morphology after 

having made allowances for the absence of some faces caused by this fan-like 

appearance.

The predicted morphology for cimetidine sulfamate is shown in Figure 6.50 and the 

details of the most dominant faces are given in Table 6.10.
I 10

200 20?

110

Figure 6. 50 Cimetidine sulfamate. Predicted and found morphology.
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Face Percentage coverage (%)

200 46.8

110 15.4

111 13.8

202 10.9

002 9.8

111 3.3

Table 6.10 Dominant surfaces for cimetidine sulfamate.

The results in Table 6.10 were used to determine the contribution of polar and non

polar groups on the surfaces of the predicted morphology. The results are shown in 

Figure 6.51 and Figure 6.52 respectively.

Contribution of Cim etidine Sulfam ate Polar group*
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Figure 6. 51 Contribution of Polar groups for cimetidine sulfamate.
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Contribution of Cimetidine Sulfamate Non-polar groups
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Figure 6. 52 Contribution of Non-polar groups for cimetidine sulfamate.

Assuming that these flat faces correspond to those observed in the actual 

morphology, it can be seen that the most dominant face is the 200 face.

The application of van Oss theory to contact angle measurements for this salt form 

showed a high y/ value (14.9) and this was thought to be due to the exposure of the 

oxygen atoms of the sulfamate anions. Computational investigations revealed that 

this was indeed the case for the 200 surface at shift values of 0.3 and 0.8 (Figure 6.53 

and 6.54). The studies showed that these sulfamate anions contributed to about 60% 

of the total available surface as calculated by Method 2. DVS studies showed that 

this sample was deliquescent above 75%RH and it may be that such behaviour could 

be initiated at these active polar sites since water molecules would readily interact 

with these hydrophilic groups. These sites may be exposed at some surfaces 

especially if there are small crystal defects on the surface of the crystal.
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Figure 6. 53 The 200 Cleavage planes at 0.3 shift value for cimetidine sulfamate. (S) O J
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Figure 6. 54 The 200 Cleavage planes at 0.8 shift value for cimetidine sulfamate.(S)
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At other shift values, the surface is not dominated by sulfamate anions but instead by 

the non-polar groups namely, the CH2 groups either side of the thiol linkage and the 

methyl group on the imidazole ring. (Figures 6.55- 6.59). All other surfaces show a 

relatively low (<15%) polar contribution (Figure 6.51)

The comparatively non-polar character of this sample can be seen, by considering the 

non-polar character of the most dominant 200 surface. From Figure 6.52 it can be 

seen that there is an average non-polar character of 25% for the 200 surface. The 

overall non-polar nature of this sample was not as great as that observed by the 

cimetidine and hydrochloride monohydrate samples and therefore it was to be 

expected that the sulfamate also showed a greater extent of sorption.
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Figure 6. 55 The200 Cleavage plane for cimetidine sulfamate. (S)
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Figure 6. 58 The 111 Cleavage plane for cimetidine sulfamate.
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Figure 6. 59 20 2 Cleavage plane for cimetidine sulfamate. (S)



Chapter 6: Computational Investigations 315

DVS data also indicated that this sample showed some degree of absorption but not 

to the same extent as the maleate and malonate salt forms. It can be seen from some 

of the images of the cleaved surfaces that there is a possibility that sorption could 

occur via hydrophilic channels (Figures 6.58 and 6.59). However, this is thought to 

be unlikely since accessibility to these channels may not be possible as they are 

located away from the top layers of the surface. The microcalorimetric data further 

suggests that interaction with water is most favoured for this salt form. It seems as 

though the overall sorption process may be facilitated by the strong interaction of 

water molecules with the surface sulfamate anions.

With the possibility of absorption being ruled out by the lack of hydrophilic 

channels, the next logical approach would be to consider the morphology of the 

sample. The observed morphology for this salt shows the presence of crevices in 

between the flat edges of adjacent crystals. It may be possible that water is able to 

condense within these small crevices and therefore give rise to the increased sorption 

character observed by this sample.

6.7.6 Fumarate

The morphology predicted for cimetidine fumarate is best described as cube like with 

the comers of the edges being sliced off. The SEM images show clusters of needles 

which are rectangular in appearance. It was clear from the results that the predicted 

morphology was inconsistent with the experimental morphology. Therefore, the use 

of the BFDH approach was not appropriate for this sample. In the absence of any 

clear indication about the existence of likely faces, it was difficult to make 

conclusions about the surface character of this sample. Assuming that the BFDH 

model can therefore be used as guide to indicating the most likely faces, the 001 and 

010 surfaces were chosen to represent the ‘tme’ long surface of the rectangular 

needles. By making this assumption it was possible to obtain some information about 

the nature of these surfaces.

The predicted morphology of cimetidine fumarate is shown in Figure 6.60 and the 

details of the most dominant faces are given in Table 6.11.
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Figure 6. 60 Cimetidine fumarate predicted and found morphology.
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Percentage coverage (%)

001 32.4

010 25.6

14.5
10Î

100 14.3

6.3
on

5.7
no

1.2
1ÏÏ

Table 6.11 Dominant surfaces for cimetidine fumarate.

The results in Table 6.11 were used to determine the contribution of polar and non

polar groups on the surfaces of the predicted morphology. The results are shown in 

Figure 6.61 and Figure 6.62 respectively.
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Contribution of Cimetidine Fumarate Polar groups

18
16

14

g 12
II  10 - 
I

I 6

4 -

2

0 1- 1 -1

 100

—  1- 1-1 ——  010

—  00-1 ——001

10-1 —1-10 
01-1 

 0-11
010

001

00-1

100

10-1

O.I 0.2 0.3 0.4 0.5

Shift value

0.6 0.7 0,8 0.9

Figure 6. 61 Contribution of Polar groups for cimetidine fumarate.

Contribution of Cimetidine Non-polar groups
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Figure 6. 62 Contribution of Non-polar groups for cimetidine fumarate.
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The contribution of polar groups for the (001) and (010) surfaces show a polar 

coverage between 10-16% (Figure 6.61), and this is mainly due to the surface 

carbonyl groups of the fumarate anions and the nitrile groups of the cimetidine 

molecules (Figure 6.63 and 6.64). In general there is a relatively lower contribution 

of surface polar groups than the sulfamate, maleate and malonate samples and the 

relatively low degree of polar groups corresponds well with the order of polarity 

determined by van Oss theory. Cleavage planes through the other dominant faces are 

shown in Figures 6.67 -  6.67.

The non-polar character for this salt is almost equally balanced by its overall polar 

character (Figures 6.61 and 6.62). This even spread of polar and non-polar groups on

the surface makes it difficult to interpret the surface nature of this salt.
The SEM images for this sample show the presence of ‘hollow’ needle like 

structures, which are distributed within clusters of other crystals. The presence of 

these ‘hollow’ needles may cause water to condense within these channels and 

therefore explain the relatively high degree of water sorption observed by this 

sample. The existence of these hollow crystals makes any prediction or explanation 

of surface behaviour even more difficult and highlights the problems of attempting to 

explain surface character based on prediction of morphology. A more appropriate 

method for assessing this sample would be to obtain the indices of the true surfaces 

as measured using an optical goniometer and then comparing the nature of these 

surfaces.
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Figure 6. 65 Oil Cleavage plane for cimetidine fumarate.
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Figure 6. 66 101 Cleavage plane for cimetidine fumarate.
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6.8 Comparison of results with polarity values obtained by contact angle data.

An attempt was made to see if it was possible to make a direct correlation between 

the computational results and the results of the contact angle studies. The 

contribution of surface area due to all of the polar and non-polar groups for each 

sample was summated and treated as described below (Table 6.12)

Sample f  Polar Non-polar Total % Polarity
■ •

Malonate (high) 75.4 55^ 130.5 57.7

Malonate (low) 74.8 5&5 131.3 56.9

Hydrochloride l lA 625 139.9 553

Maleate 6&5 60.1 12&6 53.1

Sulfamate 66.1 61.3 127.4 51.9

Fumarate 51.9 48.1 100.0 51.9

Cimetidine 72.5 94.1 166.6 43.5

Table 6. 12 Percentage polarity determined by computational investigations.

The percentage polarity indicated in Table 6.12 was calculated by simply expressing 

the polar contribution as a percentage of the total contribution. The rank order of 

polarity determined by this method was:

Malonate > Hydrochloride > Maleate > Sulfamate/Fumarate > Cimetidine

This ranking order for polarity is dissimilar to that found by contact angle 

measurements. This result is not surprising since there were certain factors that were 

not considered in the calculation of the polarity values indicated in Table 6.12. For 

example:

The long needles seen in the observed morphology will have a larger proportion of 

long flat faces compared to those in the predicted morphology. Therefore the 

contribution of polar groups on these faces will be greater since these surface will 

occupy a greater percentage area in the overall morphology.



Chapter 6: Computational Investigations 326

The surface area results obtained only contain information about the size of the areas 

occupied by the polar and non-polar groups. Clearly a more appropriate model would 

be to construct surfaces to which certain properties could be assigned. For example, 

if the surface could be mapped for electron density than this would provide 

information about the potential or even the extent of any hydrophilic/hydrophobic 

interactions and also the likely causes of such interactions.

Problems may also arise in attempting to correlate the computational polarities to the 

polarities determined by contact angle measurements. Clearly such attempts would 

not be appropriate in cases where there were likely to be errors in the contact angle 

measurements, for example the hydrochloride monohydrate salt.

6.9 Conclusions
It has been shown that the use of the basic BFDH model for predicting morphology 

was appropriate for most of the samples investigated. The computational 

investigations were useful since they provided support for some of the observations 

that were made.

The sorption of water by cimetidine and the hydrochloride monohydrate salt was 

shown to be hindered by the presence of non-polar groups on the surfaces of these 

compounds. It was shown that there were regions on the surface of the hydrochloride 

monohydrate salt which were rich in polar groups. It was suggested these regions 

could be acting as ‘hot spots’ whereby water could readily form hydrogen bonds. 

Strong interactions with these surface polar groups at higher relative humidities may 

be sufficient to disrupt the crystal lattice and therefore initiate dissolution.

The proposed mechanism for sorption for the maleate and malonate salt forms was 

shown to be most likely due to the presence of hydrophilic channels exposed at the 

surface. It was also proposed that the extent of sorption observed by these salts could 

have been influenced by the amount of space that was available within these 

channels. The disorder of the malonate salt was used to help explain the differences 

in the sorption behaviour of the maleate and malonate salt forms.

The Lewis base character of the sulfamate was explained by the presence of 

sulfamate anions on some of the observed surfaces.
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It was only possible to obtain an approximate indication of the surface character of 

the fumarate salt and the sorption characteristics for this sample were better 

explained by considering the morphology of this compound.

Although the BFDH model provided a good initial indication of morphology, it is 

clear that improved models for predicting morphology are required. Additional 

consideration must also be given to the effects of surface relaxation or minimisation 

when morphology predictions are performed. It is important to emphasise that the 

structure of a crystalline material at the surface can differ substantially from the 

structure 'within the ‘bulk’ of the crystal (George et al, 1995). It is conceivable that 

molecules at the surface of a crystal are in a different environment to that of the 

molecules within the bulk, and therefore these surface molecules may reorientate 

themselves to occupy new equilibrium positions. Such reorientation effects occur in 

order to minimise the total energy of the surface. This relaxation effect may alter the 

nature of the surface such that it is not as electron donating as would be predicted 

from crystal structure alone. It is therefore important, that such theoretical 

investigations should take into consideration the structural relaxation at the surface of 

the crystal. Rohl et a/.,(1996) have used computational methods to calculate the 

effects of surface relaxation on the morphology of an inorganic compound, haematite 

and an organic compound, succinic acid. The results were encouraging in that 

relaxations in the organic molecular system (succinic acid) were found to be small 

with only minor changes in the observed morphology. In comparison, significant 

discrepancies were found between the observed and predicted morphologies for 

haematite.

It must also be recognised that factors that affect the crystallisation process will also 

have an I effect on the surface character of the material since these factors will alter 

the external shape of the crystal form. An obvious example will be the^effect of the 

solvent used during the crystallisation process. Computational methods need to 

consider the effect of the environment if accurate predictions of morphology are to 

be made. A point also worth noting is that many of the modelling techniques that are 

in current use are also programmed to perform calculations at zero kelvin. This 

clearly is a problem and is currently being investigated by many researchers.
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In making predictions about the likely causes of sorption behaviour it would also be 

desirable to model or probe the surface and study the interaction energy between 

water molecules as they are exposed to the surface. Clearly there is potential to 

explore such ideas and with technology constantly improving, studies such as these 

may become routine during the early stages of development of potential drug 

candidates.
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7.0 CONCLUSIONS
7.1 Salt formation and characterisation
Four new salt forms of cimetidine were synthesised and characterised. All of the salt

forms showed high aqueous equilibrium solubility values and this was due to

favourable acidic conditions causing the complete ionisation of the salt form in

solution. Structure determination of the salt forms revealed the following:

1. The conformation of the cimetidine molecules in the structures of the maleate 

and malonate salt forms was unique amongst known structures of cimetidine and 

its polymorphs. The maleate and malonate salt forms were considered as pseudo- 

isomorphous since the conformations of the cimetidine molecules and the 

hydrogen bonding patterns were almost identical. The acidic species of the 

maleate and malonate salts were also intramolecular bonded within the crystal 

lattice.

2. The malonate salt showed the presence of crystallographic disorder in the 

orientation of the malonic acid moiety. This disorder was thought to be 

responsible for the vapourisation of the malonic acid species during thermal 

analysis. The crystallographic disorder was also thought to effect the surface 

characteristics of this sample.

3. Two crystallographically independent molecules of cimetidine were observed in 

the fumarate salt. The fumarate salt form also showed a unique conformation of 

the cimetidine molecules. Differences were also observed in the conformation of 

the fumaric acid moiety compared to the other salt forms. Unlike its isomeric 

form, the maleate, the acidic species in the fumarate salt was not intramolecularly 

bonded. The acidic species in the fumarate salt was therefore extended in this 

structure. The fumarate salt form was assigned to a different space group to that 

of cimetidine, maleate and malonate salt forms.

4. The sulfamate salt form showed a completely different conformation of the 

cimetidine molecules compared to the other samples studied. The conformation 

of the cimetidine molecules was more compact and most closely resembled that 

observed by the polymorph C of cimetidine. The packing arrangement of this
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compound resulted in a ribbon of sulfamate anions, which was shown to have a 

contributing effect on the surface characteristics of the sample.

7.2 Contact angle and surface energetics
The relatively high contact angle values obtained for the samples indicated that they 

were all relatively hydrophobic.

The high aqueous solubility of the hydrochloride monohydrate salt made it difficult 

to assess its wettability.

The malonate salt was found to be the most hydrophilic using Fowkes’s, Wu’s and 

van Oss’s theories. Cimetidine was found to be the most hydrophobic as determined 

by the theories of Fowkes and Wu.

The Wilhelmy plate technique was not able to distinguish between the wettabilities 

of the other samples that were investigated. However, this did not necessarily 

preclude the usefulness of this technique. In general, the Wilhelmy plate method was 

found to be a useful technique to obtain a quick and easy indication of the relative 

surface energies of the samples. The increase in polar character caused by the 

introduction of an acidic species was reflected in the polarity ratios determined by 

contact angle measurements. The rank order of polarity was used a measure of the 

surface character of the samples.

The acid-base character of the samples determined using van Oss’s theory was also 

useful. Most of the samples were considered to be bipolar and had varying degrees of 

acid-base character depending on the types of molecules that were located on the 

surface.

It was possible to use certain elements of the surface energetics to propose likely 

causes for the wetting behaviour that was observed. These could then be supported 

using further surface characterisation techniques.
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7.3 DVS studies
Using the DVS data it was possible to distinguish differences in the sorption 

behaviour of the malonate, cimetidine and hydrochloride monohydrate samples. The 

malonate appeared to be the most hydrophilic and cimetidine was found to be the 

most hydrophobic of all of the samples studied. This was in keeping with contact 

angle data. DVS studies also revealed that cimetidine hydrochloride monohydrate 

was hydrophobic but not to the same extent as cimetidine.

It was difficult to distinguish differences between the sorption behaviour of the 

maleate, fumarate and sulfamate salt forms. Difficulties arose because these samples 

were thought to be adsorbing and absorbing water to the same extent.

At low relative humidities, the extent of sorption observed by the maleate and 

malonate salts was used as an indication of the relative polar nature of the samples. 

The polar nature of these salts was found to be in general agreement with data from 

contact angle measurements. At higher relative humidities, it was proposed that the 

maleate and malonate salts may be absorbing moisture by way of hydrophilic 

channels within the crystal lattice.

The morphology rather than the degree of polar character of the fumarate and 

sulfamate salt forms was thought to be the main reason for the sorption behaviour 

observed by these samples.

7.4 Flow cell isothermal microcalorimetry
Isothermal microcalorimetric sorption studies were able to distinguish differences 

between the sorption characteristics of all of the samples between 0%-30%RH. This 

technique highlighted the fact that although the malonate sorbed a slightly greater 

amount of moisture, the sorption process for the maleate was energetically more 

favourable. It was therefore proposed that the disorder of the malonate may have 

resulted in fewer interactions with water molecules.

The lower heats of sorption obtained for the cimetidine and hydrochloride 

monohydrate samples provided further confidence in the hydrophobic nature of these 

samples.

The relatively greater errors observed for the sulfamate indicated the difficulties in 

using isothermal microcalorimetry to measure specific events such as sorption
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behaviour. It was suspected that the calorimetric response for this sample, especially 

at higher relative humidities was due to the overall net result of both absorption and a 

small degree of dissolution. These processes may have been occurring 

simultaneously, which would have further compounded the interpretation of the 

calorimetric response. Although the experimental design was adapted to measure 

only the sorption behaviour, the non-specificity of the calorimetric response has 

previously been highlighted (Buckton, 1995). Despite such practical limitations, flow 

cell isothermal microcalorimetry is still considered a very useful and accurate 

technique especially for detecting small variations between similar samples 

(Sheridan, 1994; Pudipeddi, 1996 and Dove, 1998).

7.5 Combination of DVS and flow cell isothermal microcalorimetric studies
The combination of both techniques allowed the surface behaviour of the samples to 

be better understood.

Cimetidine and cimetidine hydrochloride monohydrate were found to be the most 

hydrophobic of all of the samples studied. The thermodynamic parameters obtained 

from these studies suggested that the hydrophobic nature of these samples may have 

been due to an entropically disfavoured process.

The thermodynamic parameters obtained for the maleate and malonate salts between 

30%-75%RH supported the proposition that sorption by these samples were similar. 

The large variation in the enthalpy and entropy terms at 15%RH for the malonate salt 

was thought to be due to the crystallographic disorder of this salt form.

Gravimetric studies indicated that the sulfamate was more hydrophobic than the 

maleate and malonate salt forms. However, the thermodynamic parameters obtained 

indicated that there was favourable interaction of water with the sulfamate salt. This 

was thought to be due to strong interactions with the sulfamate anions, which may 

have been exposed at some of the surfaces of the powder sample. The extremely high 

solubility of this sample suggested that the thermodynamic parameters obtained by 

this sample could have been the net result of some degree of sorption and some 

degree of dissolution.
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It was also shown that with the exception of cimetidine and cimetidine hydrochloride 

monohydrate salt, all of the salts seemed to converge towards an enthalpy value of 

approximately -40kJmor% corresponding to the enthalpy of water condensation 

(Buckton et al., 1986).

7.6 Computational investigations
The! BFDH model used to predict the morphology was found to be suitable for most 

of the samples investigated. It was possible to explain some of the surface 

characteristics observed by the samples in relation to the molecular composition of 

the exposed surfaces.

The hydrophobic nature of cimetidine and cimetidine hydrochloride monohydrate 

was confirmed by the presence of hydrophobic groups on the most dominant crystal 

faces. In particular, the proposition that sorption by cimetidine was entropically 

disfavoured was supported by the existence of an array of non-polar methyl and CH2 

groups on the most dominant faces.

The demonstration of the presence of hydrophilic channels on the surfaces of the 

maleate and malonate salts added further support to the sorption mechanisms 

proposed for these samples.

The possibility that dissolution of the sulfamate sample may been initiated by strong 

interactions with surface polar groups was confirmed by the array of polar sulfamate 

anions on some of the surfaces. This array of polar groups also supported suggestions 

made from contact angle data, which showed a high ys* value (14.9) determined by 

van Oss’s theory.

It was difficult to assess the surface character of the fumarate salt since morphology 

predictions were inconsistent with the observed morphology. The surface character 

of this salt form was better understood using other surface characterisation 

techniques such as contact angle and water sorption studies.

No direct relationship was found between the molecular surface areas of the surface 

functional groups and the surface energy of test compounds. However, the 

computational data was useful to compare the relative hydrophobic and hydrophilic 

nature of the samples investigated.
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The findings of the various surface characterisation techniques used in these studies 

are summarised in Table 7.1. The results are summarised on a relative basis and the 

reader should refer back to the relevant sections for further explanations.



\  Characterisation 

\  technique

Sample \

Contact angle Extent o f sorption 

(DVS)

Heat o f sorption 

(Microcalorimetry)

Computational

studies

Proposed mechanism of sorption

Most hydrophobic (1) 

Least hydrophobic (5) Least sorption (1) 

Most sorption (5)

Least heat (1) 

Most heat (5) II
1  h

& 5II
<
%

i lHF W V

Cimetidine 1 1 2 1 1 3 1 5 Hindered by non-polar groups

Hydrochloride * * * 2 2 4 2 4 Slightly less hindered by non- polar 

groups

Maleate 2 2 3 4 5 5 4 3 Hydrophilic channels

Malonate 5 5 5 5 4 5 5 3 Hydrophilic channels but 

interaction with water affected by 

disorder

Sulfamate 3 3 4 3 3 4 1 2 Condensation into crevices

Fumarate 4 4 1 4 4 1 3 1 Condensation into ’hollow’ needle 

structures

* Assessment of contact angle unreliable due to dissolution of sample in test liquids.

** Num ber assigned to AG is a consequence o f the results o f  AH and AS. A high number assigned to AG, represents a relatively disfavoured process.

# Average polar and non-polar character based on the most dominant faces only.

Respectively, F, W and V represents contact angle treatment by the Fowkes, Wu and van Oss theories.

Table 7.1 Summary of the results for the surface characterisation techniques used.

I
Î
I

I
I

U)U)0\
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7.7 Summary

It can be seen that the overall hydrophobic nature of cimetidine was demonstrated by 

all of the surface characterisation techniques used. The overall hydrophilic nature of 

the malonate salt was also demonstrated by all of the techniques.

DVS and microcalorimetry were shown to be appropriate alternatives to contact 

angle measurements for the surface characterisation of the hydrochloride 

monohydrate salt. The hydrophobic nature of this salt was demonstrated by the 

presence of non-polar groups on the crystal surfaces. It was proposed that the 

sorption process was entropically disfavoured due to the presence of these non-polar 

groups. A similar proposal was also made for the slightly greater hydrophobicity 

observed for the cimetidine sample.

It was mentioned earlier that the sulfamate salt may have been affected by a small 

degree of dissolution. For this reason, the relative ranking order assigned to the heat 

of sorption for the sulfamate may not have been entirely accurate. Therefore contact 

angle, DVS and computational studies were considered as more appropriate for 

determining the surface characteristics of this sample.

The surface characteristics for the maleate salt were best demonstrated by the use of 

DVS, microcalorimetry and computational studies. Computational studies suggested 

that the application of the van Oss theory to the contact angle measurements were 

more appropriate than those proposed by Fowkes and Wu. Hence, greater confidence 

could be attached to the wetting characteristics of the maleate salt.

The unusual morphology of the fumarate salt made it difficult to assess the surface 

characteristics of this salt by computational studies. For this reason, contact angle, 

DVS and microcalorimetry were suitable alternatives for determining the surface 

characteristics of this salt.

The studies undertaken have shown that there can be difficulties in assessing the 

surface characteristics of materials using any particular technique in isolation. This 

reinforces the fact the choice of the technique used will depend on the properties of 

the materials being studied. It is also worth mentioning that the choice of technique 

will also depend on the type of information that is required.
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Contact angle methods are the quickest of all of the techniques used and can provide 

reliable and accurate data. DVS and microcalorimetry are extremely accurate and 

very sensitive techniques but the techniques are very slow (three days to one week). 

Computational studies offer many advantages but are very dependent on the models 

that are used. Such studies however, are versatile and can be used as adjuncts to 

experimental data throughout the development stage of a material. They can be of 

particular interest when the material is in short supply or in the very early stages of 

development and such advantages have been mentioned in the next section.

7.8 Future work

There were several interesting results, which could have been investigated further. 

The work undertaken on these samples has highlighted the difficulties of assessing 

the wettability using contact angle measurement. The powder plate technique does 

not seem to be appropriate for samples that may dissolve in the test liquids. An 

alternative method for assessing wettability would be to determine contact angle 

measurements using saturated solutions of the probe liquid. Such an approach would 

be possible if there was a sufficient supply of the test solid and the relationships 

between the solute-solvent interactions and the contact angle are thoroughly 

understood.

Although every attempt was made to ensure that the calorimetric response observed 

was that due to moisture sorption alone, there are concerns that the observed heat 

change may not be quite as specific and it is easy to misinterpret the results by 

following artifacts. Until a universal method is developed for follovmig the sorption 

process alone, this problem will continue to remain a concern.

From the studies that have been conducted, it is possible that such a computational 

study could be used as one of the screening processes used to evaluate new drug 

candidates. An experienced solid-state modeller would simply require the structure 

of the new compound and within hours would be able to determine if the new 

compound presented any problems in relation to surface character.

The morphology prediction used in these studies was used a first estimate of the 

likely morphology. An improvement in the methods used to obtain the most 

dominant faces of the predicted morphology would be to include energy-minimised
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models and calculation of the most likely configurations of the surface after having 

considered the effects of surface relaxation. Improved methods would mean fewer 

inconsistencies and more realistic models.

The greatest scope for future work undoubtedly lies in the use of computational 

techniques to predict various other physical properties. During the course of this 

work there has been a rapid advance in the application of such techniques. Some of 

the advances that would be of particular interest for this type of work are outlined 

below.

The prediction of polymorphism and its comparison with experimental data. 

Diffraction simulations from the knowledge of molecular structure alone.

More accurate methods for predicting morphologies using refined force field 

calculations.

Studying the interactions of molecules such as water on the surface of the crystal and 

locating possible binding sites.

Obtaining contour maps of the surface that indicate the relative polarity and hence 

the relative hydrophobic/hydrophilic nature of the surface. These can then be 

compared with values obtained by accurate contact angle measurements.

Studying the effects of additives during the crystallisation process in an attempt to 

grow and control the size of crystals with the desired surface characteristics.

The scopes for utilising such techniques are plentiful and research into these areas is 

gradually advancing. It is hoped that one day it will be possible to build and maintain 

libraries of compounds from which it will be possible to design a drug that is specific 

to the requirements of the development process.
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Table Al. Atomic coordinates [x 10̂ ] and equivalent isotropic 
displacement parameters [Â̂  x 10̂ ] for the maleate salt (X1438A3).
U(eq) is defined as one third of the trace of the orthogonaiized Uÿ tensor.

x/a y/b z/c U(eq)

SI 3808(1) 3416(1) 7005(1) 29(1)
N1 475(4) 5060(1) 7569(1) 32(1)
N2 2337(4) 4620(1) 6489(1) 28(1)
N3 2273(4) 2828(1) 9522(1) 30(1)
N4 357(4) 2968(1) 10945(1) 33(1)
N5 3380(4) 3570(1) 10227(1) 35(1)
N6 2542(5) 4204(1) 11413(1) 45(1)
Cl 513(4) 4993(1) 6674(1) 31(1)
C2 3542(4) 4437(1) 7292(1) 27(1)
C3 2362(4) 4718(1) 7975(1) 30(1)
C4 2838(6) 4707(1) 8973(1) 45(1)
C5 5614(4) 4003(1) 7304(1) 29(1)
C6 1936(4) 3262(1) 8049(1) 28(1)
Cl 3893(4) 2976(1) 8712(1) 27(1)
C8 1983(4) 3124(1) 10247(1) 28(1)
C9 -1310(5) 2501(1) 10961(1) 39(1)
CIO 2862(5) 3890(1) 10881(1) 34(1)
051 -199(4) 3218(1) 14282(1) 48(1)
052 521(4) 2986(1) 12865(1) 50(1)
053 -6572(4) 4398(1) 14754(1) 44(1)
054 -3183(4) 3826(1) 15094(1) 45(1)
C51 -697(5) 3258(1) 13419(1) 36(1)
C52 -2813(5) 3646(1) 13085(1) 36(1)
C53 -4479(5) 3973(1) 13534(1) 37(1)
C54 -4762(5) 4070(1) 14527(1) 33(1)
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Table A2. Selected bond lengths [Â] and angles [°] for the maleate salt 
(X1438A3).

S1-C6 1.806(2) S1-C5 1.814(2)
Nl-Cl 1.332(3) N1-C3 1.380(3)
N2-C1 1.319(3) N2-C2 1.389(2)
N3-C8 1.334(2) N3-C7 1.456(2)
N4-C8 1.332(2) N4-C9 1.452(3)
N5-C10 1.308(3) N5-C8 1.343(3)
N6-C10 1.157(3) C2-C3 1.364(3)
C2-C5 1.483(3) C3-C4 1.486(3)
C6-C7 1.519(3) 051-C51 1.295(2)
052-C51 1.222(3) 053-C54 1.241(3)
054-C54 1.275(3) C51-C52 1.489(3)
C52-C53 1.327(3) C53-C54 1.494(3)

C6-S1-C5 101.42(9) C1-N1-C3 109.5(2)
C1-N2-C2 109.2(2) C8-N3-C7 123.3(2)
C8-N4-C9 124.3(2) C10-N5-C8 118.3(2)
N2-C1-N1 108.3(2) C3-C2-N2 106.6(2)
C3-C2-C5 131.6(2) N2-C2-C5 121.8(2)
C2-C3-N1 106.3(2) C2-C3-C4 131.7(2)
N1-C3-C4 122.0(2) C2-C5-S1 112.58(13)
C7-C6-S1 113.02(13) N3-C7-C6 111.8(2)
N4-C8-N3 119.5(2) N4-C8-N5 123.3(2)
N3-C8-N5 117.2(2) N6-C10-N5 173.9(2)
052-C51-051 122.3(2) 052-C51-C52 118.4(2)
051-C51-C52 119.4(2) C53-C52-C51 130.6(2)
C52-C53-C54 130.8(2) 053-C54-054 123.2(2)
053-C54-C53 116.5(2) 054-C54-C53 120.4(2)
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Table A3. Torsion angles [®] for the maleate salt (X1438A3).

C2-N2-C1-N1 -0.3(2) C3-N1-C1-N2 0.4(2)
C1-N2-C2-C3 0.0(2) C1-N2-C2-C5 178.1(2)
N2-C2-C3-N1 0.2(2) C5-C2-C3-N1 -177.6(2)
N2-C2-C3-C4 -178.7(2) C5-C2-C3-C4 3.4(4)
C1-N1-C3-C2 -0.4(2) C1-N1-C3-C4 178.7(2)
C3-C2-C5-S1 108.6(2) N2-C2-C5-S1 -68.9(2)
C6-S1-C5-C2 -78.2(2) C5-S1-C6-C7 -86.1(2)
C8-N3-C7-C6 -86.9(2) S1-C6-C7-N3 -176.25(13)
C9-N4-C8-N3 -3.7(3) C9-N4-C8-N5 176.3(2)
C7-N3-C8-N4 177.1(2) C7-N3-C8-N5 -2.9(3)
C10-N5-C8-N4 -7.6(3) C10-N5-C8-N3 172.3(2)
C8-N5-C10-N6 -171(2) 052-C51-C52-C53 177.6(2)
051-C51-C52-C53 -2.6(4) C51-C52-C53-C54 1.3(4)
C52-C53-C54-053 -178.6(2) C52-C53-C54-054 1.8(4)
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Table A4. Anisotropic displacement parameters [Â̂  x 10̂ ] for the maleate salt 
(X1438A3).
The anisotropic displacement factor exponent takes the form:
-27t2 [ ( h a * )2 U ii+  ... +  2 h k a * b * U i2  ]

Uii U 22 U33 U 23 Ul3 U 12

SI 40(1) 25(1) 22(1) -1(1) 3(1) 0(1)
N1 45(1) 23(1) 28(1) -2(1) 2(1) 3(1)
N2 38(1) 26(1) 21(1) 0(1) 1(1) 1(1)
N3 44(1) 22(1) 23(1) 0(1) 3(1) -3(1)
N4 48(1) 27(1) 23(1) 0(1) 4(1) -2(1)
N5 52(1) 25(1) 29(1) -5(1) 7(1) -3(1)
N6 73(1) 30(1) 34(1) -6(1) 3(1) 5(1)
Cl 42(1) 25(1) 27(1) 2(1) 0(1) 2(1)
02 31(1) 23(1) 26(1) 2(1) -2(1) -5(1)
03 41(1) 23(1) 26(1) 1(1) -1(1) -4(1)
04 72(2) 37(1) 27(1) -4(1) -6(1) 0(1)
05 29(1) 27(1) 32(1) 3(1) -1(1) -1(1)
06 31(1) 27(1) 25(1) -1(1) 2(1) 1(1)
07 33(1) 25(1) 24(1) -2(1) 3(1) 3(1)
08 36(1) 24(1) 24(1) 1(1) -1(1) 5(1)
09 53(1) 36(1) 28(1) 5(1) 4(1) -7(1)
OlO 51(1) 25(1) 27(1) 3(1) 2(1) 1(1)
051 75(1) 46(1) 24(1) 5(1) 1(1) 24(1)
052 82(1) 36(1) 32(1) -3(1) 2(1) 17(1)
053 61(1) 43(1) 28(1) -2(1) 5(1) 16(1)
054 58(1) 56(1) 22(1) 1(1) 1(1) 17(1)
051 55(1) 28(1) 25(1) 1(1) 3(1) 2(1)
052 52(1) 36(1) 19(1) 2(1) -2(1) 3(1)
053 49(1) 40(1) 23(1) 5(1) -2(1) 6(1)
054 43(1) 34(1) 24(1) 1(1) 2(1) 0(1)
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Table A5. Hydrogen coordinates (x 10̂ ) and isotropic displacement 
parameters (Â̂  x 10̂ ) for the maleate salt (XI438A3).

x/a y/b z/c U(eq)

HI -520(59) 5294(10) 7891(18) 50(7)
H2 2785(53) 4506(9) 5923(18) 45(6)
H3 1503(57) 2575(11) 9527(17) 42(7)
H4 497(58) 3127(11) 11470(19) 53(7)
HIA -574(4) 5181(1) 6247(1) 38
H4A 944(7) 4668(6) 9275(1) 54
H4B 3760(31) 5019(3) 9165(2) 54
H4C 4121(28) 4427(4) 9128(2) 54
H5A 6483(4) 3972(1) 7912(1) 35
H5B 7232(4) 4067(1) 6877(1) 35
H6A 1258(4) 3573(1) 8337(1) 33
H6B 180(4) 3059(1) 7910(1) 33
H7A 4676(4) 2675(1) 8414(1) 33
H7B 5580(4) 3188(1) 8887(1) 33
H9A -2470(25) 2484(3) 11513(5) 47
H9B 53(5) 2219(1) 10940(10) 47
H9C -2627(23) 2488(3) 10440(5) 47
H51 -1375(88) 3515(16) 14683(27) 107(13)
H52 -3001(5) 3662(1) 12450(1) 43
H53 -5683(5) 4177(1) 13165(1) 45
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Table Bl. Atomic coordinates [x 10̂ ] and equivalent isotropic
displacement parameters [Â̂  x 10̂ ] for the malonate salt (X1439A1).
U(eq) is defined as one third of the trace of the orthogonaiized Uÿ tensor.

x/a y/b z/c U(eq)

S ll 1302(1) 3427(1) 8028(1) 31(1)
N il 4841(4) 5069(1) 7546(1) 40(1)
N21 2739(4) 4620(1) 8595(1) 37(1)
N31 3007(4) 2853(1) 5445(1) 34(1)
N41 4883(4) 3034(1) 3997(1) 38(1)
N51 1778(4) 3604(1) 4793(1) 41(1)
N61 2052(6) 4232(1) 3545(2) 63(1)
C ll 4625(5) 4994(1) 8451(2) 43(1)
C21 1685(4) 4447(1) 7747(1) 30(1)
C31 3014(5) 4733(1) 7078(1) 34(1)
C41 2756(6) 4730(1) 6052(2) 4,9(1)
C51 -403(4) 4017(1) 7677(1) 32(1)
C61 3287(4) 3262(1) 6980(1) 31(1)
C71 1346(4) 2976(1) 6287(1) 33(1)
C81 3242(4) 3168(1) 4730(1) 31(1)
C91 6578(5) 2573(1) 3938(2) 48(1)
ClOl 2007(5) 3921(1) 4104(2) 44(1)
0512 -4987(7) 3214(1) 572(2) 55(1)
0522 -4271(8) 3068(1) 2061(2) 64(1)
0532 1311(17) 4299(3) 419(5) 56(1)
0542 -2369(7) 3878(1) -226(2) 59(1)
C512 -3689(26) 3329(6) 1336(10) 32(2)
C522 -1382(9) 3723(1) 1373(2) 42(1)
C532 -786(17) 3985(3) 481(7) 37(2)
0613 7715(12) 1489(2) 7257(3) 58(1)
0623 5393(12) 2038(2) 6373(4) 61(2)
0633 10405(30) 632(5) 5119(7) 79(3)
0643 10617(11) 814(2) 6603(3) 55(1)
C613 7021(47) 1700(12) 6499(20) 39(4)
C623 8055(15) 1383(2) 5611(4) 44(2)
C633 9879(34) 901(6) 5746(11) 46(3)
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Table B2. Selected bond lengths [Â] and angles [^] for the malonate salt 
(X1439A1).

S11-C61 1.804(2) S11-C51 1.823(2)
N l l -C l l 1.320(3) N11-C31 1.385(3)
N21-C11 1.324(3) N21-C21 1.383(3)
N31-C81 1.335(3) N31-C71 1.457(3)
N41-C81 1.333(3) N41-C91 1.448(3)
N51-C101 1.309(3) N51-C81 1.340(3)
N61-C101 1.155(3) C21-C31 1.365(3)
C21-C51 1.482(3) C31-C41 1.477(3)
C61-C71 1.522(3) 0512-C512 1.276(14)
0522-C512 1.28(2) 0532-C532 1.259(11)
0542-C532 1.268(8) C512-C522 1.47(2)
C522-C532 1.486(12) 0613-C613 1.27(3)
0623-C613 1.17(3) 0633-C633 1.18(2)
0643-C633 1.29(2) C613-C623 1.60(3)
C623-C633 1.54(2)

C61-S11-C51 100.71(9) C11-N11-C31 109.6(2)
C11-N21-C21 109.2(2) C81-N31-C71 122.5(2)
C81-N41-C91 124.3(2) C101-N51-C81 118.3(2)
N11-C11-N21 108.5(2) C31-C21-N21 106.7(2)
C31-C21-C51 131.4(2) N21-C21-C51 121.9(2)
C21-C31-N11 106.1(2) C21-C31-C41 131.8(2)
N11-C31-C41 122.1(2) C21-C51-S11 113.23(13)
C71-C61-S11 113.01(13) N31-C71-C61 111.6(2)
N41-C81-N31 118.9(2) N41-C81-N51 123.8(2)
N31-C81-N51 117.3(2) N61-C101-N51 173.6(3)
0522-C512-0512 118.4(12) 0522-C512-C522 120.2(9)
0512-C512-C522 121.1(11) C532-C522-C512 115.8(6)
0532-C532-0542 120.3(9) 0532-C532-C522 120.8(6)
0542-C532-C522 118.9(6) 0623-C613-0613 129(3)
0623-C613-C623 118(2) 0613-C613-C623 112(2)
C633-C623-C613 119.9(14) 0633-C633-0643 125(2)
0633-C633-C623 121.6(13) 0643-C633-C623 113.8(13)
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Table B3. Torsion angles [®] for the malonate salt (X1439A1).

C31-N11-C11-N21 0.3(2) C21-N21-C11-N11 -0 .2 (2 )
C11-N21-C21-C31 0 .0 (2 ) C11-N21-C21-C51 178.1(2)
N21-C21-C31-N11 0 .2 (2 ) C51-C21-C31-N11 -177.6(2)
N21-C21-C31-C41 -179.4(2) C51-C21-C31-C41 2.8(4)
C11-N11-C31-C21 -0.3(2) C11-N11-C31-C41 179.3(2)
C31-C21-C51-S11 110.3(2) N21-C21-C51-S11 -67.2(2)
C61-S11-C51-C21 -81.3(2) C51-S11-C61-C71 -8 6 .8 (2 )
C81-N31-C71-C61 -85.7(2) S11-C61-C71-N31 179.44(13)
C91-N41-C81-N31 -3.2(3) C91-N41-C81-N51 177.3(2)
C71-N31-C81-N41 177.8(2) C71-N31-C81-N51 -2.6(3)
C101-N51-C81-N41 -1.2(3) C101-N51-C81-N31 179.2(2)
C81-N51-C101-N61 -176(2) 0522-C512-C522-C532 177.2(9)
0512-C512-C522-C532 2.5(14) C512-C522-C532-0532 -174.1(9)
C512-C522-C532-0542 3.8(10) 0623-C613-C623-C633 -173(2)
0613-C613-C623-C633 -4(2) C613-C623-C633-0633 171.9(14)
C613-C623-C633-0643 -5(2)
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Table B4. Anisotropic displacement parameters [Â  ̂x 10 ]̂ for the malonate salt 
(X1439A1.)
The anisotropic displacement factor exponent takes the form:

[ (ha*)2ui 1+ ... + 2 hka*b*Ui2  ]

U ll U2 2 U3 3 U23 Ui3 U 1 2

S ll 35(1) 32(1) 28(1) 4(1) 5(1) 0 (1)
N il 41(1) 26(1) 53(1) 0 (1 ) 5(1) -2 (1)
N21 40(1) 35(1) 36(1) -6 (1 ) 0 (1) 0 (1)
N31 41(1) 29(1) 31(1) -2 (1 ) 3(1) 4(1)
N41 46(1) 37(1) 31(1) -4(1) 8 (1 ) 0 (1 )
N51 53(1) 31(1) 38(1) 3(1) 7(1) 4(1)
N61 85(2) 41(1) 63(1) 16(1) 8 (1 ) -4(1)
C ll 45(1) 35(1) 50(1) -1 0 (1 ) -2 (1 ) -2 (1 )
€ 2 1 28(1) 30(1) 33(1) -1 (1 ) 1 (1 ) 5(1)
€31 35(1) 27(1) 40(1) 1( 1) 2 (1 ) 4(1)
€41 63(2) 44(1) 41(1) 9(1) 4(1) -1 (1)
€51 27(1) 35(1) 36(1) 0 (1) 1 (1 ) 1(1)
€61 26(1) 34(1) 31(1) 2 (1) 3(1) -1 (1)
€71 33(1) 34(1) 31(1) -1 (1) 5(1) -5(1)
€81 34(1) 29(1) 32(1) -5(1) 1 (1) -4(1)
€91 51(1) 44(1) 49(1) -15(1) 9(1) 1 (1)
€ 1 0 1 52(1) 33(1) 47(1) -1 (1 ) 5(1) -2 (1)
0512 6 6 (2 ) 61(2) 38(2) 0 (1 ) 1(1) -30(2)
0522 95(2) 54(2) 42(2) 1 2 (2 ) 15(2) -23(2)
0532 74(3) 49(3) 46(3) 1 (2 ) 2 (2 ) -34(3)
0542 63(2) 83(2) 30(2) 1 2 (1) -5(1) -31(2)
€512 40(5) 31(3) 24(5) 3(3) 1(4) 11(4)
€522 55(2) 42(2) 29(2) 2 (2 ) 0 (2 ) -13(2)
€532 39(3) 30(4) 40(5) -6 (2 ) 6(3) -5(3)
0613 90(4) 53(3) 31(2) -4(2) 6 (2 ) 27(2)
0623 76(3) 40(3) 67(4) 8 (2 ) 15(3) 2 2 (2 )
0633 117(9) 53(4) 69(7) -15(5) 48(6) 13(5)
0643 72(3) 46(2) 47(3) 2 (2 ) 2 (2 ) 24(2)
€613 44(9) 41(5) 33(8) -6(5) -13(5) -17(6)
€623 51(3) 41(4) 39(4) 2(3) 5(3) 7(3)
€633 48(7) 31(6) 60(12) 5(5) 16(6) 4(5)
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Table B5. Hydrogen coordinates (x 10^) and isotropic displacement 
parameters (Â^ x 10^) for the malonate salt (X1439A1).

x/a y/b z/c U(eq)

H ll 5903(74) 5304(12) 7268(22) 71(9)
H21 2283(66) 4513(11) 9178(21) 63(8)
H31 3814(57) 2585(10) 5430(17) 43(7)
H41 5056(63) 3224(11) 3506(20) 54(8)
H ll 5640(5) 5176(1) 8916(2) 52
H4A1 4726(8) 4678(6) 5782(2) 59
H4B1 1951(35) 5047(2) 5842(2) 59
H4C1 1421(30) 4462(4) 5860(2) 59
H5A1 -1112(4) 3988(1) 7033(1) 39
H5B1 -2156(4) 4082(1) 8070(1) 39
H6A1 4024(4) 3568(1) 6682(1) 37
H6B1 5037(4) 3058(1) 7145(1) 37
H7A1 628(4) 2667(1) 6578(1) 39
H7B1 -413(4) 3178(1) 6121(1) 39
H9A1 7699(28) 2568(3) 3360(5) 57
H9B1 5208(6) 2292(1) 3953(11) 57
H9C1 7962(25) 2552(3) 4459(6) 57
H512 -4221(117) 3433(19) 102(35) 65
H52A2 -1995(9) 3971(1) 1836(2) 50
H52B2 504(9) 3573(1) 1592(2) 50
H613 9525(178) 1177(30) 7145(51) 69
H62A3 6238(15) 1296(2) 5259(4) 53
H62B3 9243(15) 1606(2) 5215(4) 53
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Table Cl. Atomic coordinates [x 10 ]̂ and equivalent isotropic
displacement parameters [Â  ̂x 10 ]̂ for the sulfamate salt (X1440A2).
U(eq) is defined as one third of the trace of the orthogonalized Uy tensor.

x/a y/b z/c U(eq)

SI -5481(1) -1913(1) -5151(1) 31(1)
N1 -6587(1) -227(4) -3500(2) 31(1)
N2 -6516(1) -506(4) -4939(2) 26(1)
N3 -5871(1) -5197(4) -4149(2) 31(1)
N4 -6541(1) -5147(5) -3630(2) 32(1)
N5 -5815(1) -4438(4) -2581(2) 32(1)
N6 -6123(1) -3524(5) -1215(2) 43(1)
Cl -6811(1) -635(5) -4396(3) 32(1)
C2 -6084(1) -9(5) -4375(2) 25(1)
C3 -6132(1) 182(5) -3458(2) 28(1)
C4 -5794(2) 703(6) -2542(3) 45(1)
C5 -5677(1) 175(5) -4771(3) 30(1)
C6 -5247(1) -2971(5) -3987(3) 30(1)
C7 -5379(1) -4895(5) -4012(3) 31(1)
C8 -6083(1) -4916(5) -3439(2) 27(1)
C9 -6836(1) -5670(6) -4567(3) 35(1)
CIO -6005(1) -3993(5) -1881(3) 32(1)
S5 -7229(1) -7800(1) -2061(1) 23(1)
051 -6940(1) -9413(3) -1946(2) 26(1)
052 -6957(1) -6222(3) -2080(2) 32(1)
053 -7485(1) -7732(4) -1333(2) 34(1)
N51 -7575(1) -7966(5) -3151(2) 30(1)
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Table C2. Selected bond lengths [A] and angles [̂ ] for the sulfamate salt 
(X1440A2).

S1-C6 1.818(4) S1-C5 1.819(4)
Nl-Cl 1.320(5) N1-C3 1.376(5)
N2-C1 1.321(5) N2-C2 1.385(5)
N3-C8 1.346(5) N3-C7 1.449(5)
N4-C8 1.332(5) N4-C9 1.454(5)
N5-C10 1.317(5) N5-C8 1.330(5)
N6-C10 1.155(5) C2-C3 1.365(5)
C2-C5 1.473(5) C3-C4 1.485(5)
C6-C7 1.509(5) S5-053 1.445(2)
S5-052 1.450(3) 85-051 1.479(2)
S5-N51 1.637(3)

C6-S1-C5 1 0 0 .8 (2 ) C1-N1-C3 109.9(3)
C1-N2-C2 109.8(3) C8-N3-C7 122.1(3)
C8-N4-C9 124.5(3) C10-N5-C8 119.9(3)
N2-C1-N1 107.9(3) C3-C2-N2 105.9(3)
C3-C2-C5 131.6(3) N2-C2-C5 122.4(3)
C2-C3-N1 106.5(3) C2-C3-C4 131.3(4)
N1-C3-C4 122.2(3) C2-C5-S1 113.2(3)
C7-C6-S1 111.6(3) N3-C7-C6 113.9(3)
N5-C8-N4 124.3(3) N5-C8-N3 116.9(3)
N4-C8-N3 118.8(3) N6-C10-N5 172.2(4)
053-S5-052 1 1 2 .8 (2 ) 053-85-051 110.5(2)
052-S5-051 1 1 1 .8 (2 ) 053-85-N51 111.7(2)
052-S5-N51 105.3(2) 051-85-N51 104.3(2)
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Table C3. Torsion angles [®] for the sulfamate salt (X1440A2).

C2-N2-C1-N1 0.4(4) C3-N1-C1-N2 0.1(4)
C1-N2-C2-C3 -0.7(4) C1-N2-C2-C5 177.5(3)
N2-C2-C3-N1 0.8(4) C5-C2-C3-N1 -177.3(4)
N2-C2-C3-C4 179.5(4) C5-C2-C3-C4 2.4(7)
C1-N1-C3-C2 -0.5(4) C1-N1-C3-C4 179.7(4)
C3-C2-C5-S1 110.5(4) N2-C2-C5-S1 -67.3(4)
C6-S1-C5-C2 -70.0(3) C5-S1-C6-C7 137.9(3)
C8-N3-C7-C6 -73.8(5) S1-C6-C7-N3 -66.5(4)
C10-N5-C8-N4 -6.7(6) C10-N5-C8-N3 174.1(4)
C9-N4-C8-N5 -180.0(4) C9-N4-C8-N3 -0 .8 (6 )
C7-N3-C8-N5 -3.7(5) C7-N3-C8-N4 177.1(3)
C8-N5-C10-N6 -166(3)
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Table C4. Anisotropic displacement parameters [Â  ̂x 10 ]̂ for the sulfamate salt 
(X1440A2)
The anisotropic displacement factor exponent takes the form:
-27i2 [ (ha*)2ui 1+... + 2hka*b*Ui2 ]

U ll U2 2 U3 3 U2 3 Ui3 U1 2

SI 34(1) 36(1) 27(1) 5(1) 14(1) 6 (1)
N1 38(2) 34(2) 28(2) 0 (1 ) 2 0 (2 ) 3(2)
N2 28(2) 32(2) 18(2) -2 (1 ) 5(1) 0 (1)
N3 33(2) 38(2) 24(2) -2 (1 ) 1 2 (1) -3(2)
N4 32(2) 44(2) 2 1 (2 ) -5(1) 1 1 (1) -4(2)
N5 35(2) 44(2) 18(2) -4(1) 8 (1) -6 (2 )
N6 54(2) 53(2) 24(2) -1 0 (2 ) 13(2) -17(2)
Cl 28(2) 34(2) 37(2) -1 (2 ) 13(2) -1 (2 )
0 2 27(2) 2 2 (2 ) 24(2) 1 (1 ) 5(2) 2 (2 )
C3 36(2) 24(2) 23(2) -1 (2 ) 7(2) 2 (2 )
C4 59(3) 44(2) 28(2) -4(2) 5(2) -2 (2 )
C5 33(2) 29(2) 31(2) 7(2) 14(2) -2 (2 )
C6 24(2) 33(2) 31(2) 4(2) 4(2) 1(2 )
07 31(2) 32(2) 32(2) 5(2) 14(2) 4(2)
08 32(2) 26(2) 23(2) 4(2) 9(2) 0 (2 )
09 35(2) 45(2) 25(2) -4(2) 5(2) -4(2)
CIO 34(2) 34(2) 27(2) -3(2) 4(2) -15(2)
S5 27(1) 23(1) 2 0 (1 ) -1 (1 ) 9(1) 2 (1 )
051 32(1) 24(1) 24(1) -1 (1 ) 1 0 (1) 8 (1)
052 34(1) 28(1) 35(1) 0 (1 ) 9(1) -6 (1 )
053 41(2) 39(2) 27(1) -1(1 ) 2 0 (1 ) 6 (1 )
N51 39(2) 23(2) 25(2) 2 (1 ) 5(1) 0 (2 )
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Table C5. Hydrogen coordinates (x 10 )̂ and isotropic displacement 
parameters (Â  ̂x 10 )̂ for the sulfamate salt (X1440A2).

x/a y/b z/c U(eq)

HI 6708(13) 163(56) 3052(25) 35(11)
H2 6593(13) 556(54) 5532(21) 30(11)
H3 6011(13) 5489(53) 4698(22) 30(11)
H4 6647(16) 5197(66) 3172(27) 53(15)
HIA 7126(1) 959(5) 4609(3) 38
H4A 5730(7) 301(12) 2107(8) 54
H4B 5508(4) -1093(35) 2679(4) 54
H4C 5923(4) -1656(26) 2241(11) 54
H5A 5756(1) -977(5) 5327(3) 36
H5B 5422(1) -709(5) 4279(3) 36
H6 A 5364(1) 2365(5) 3493(3) 36
H6 B 4908(1) 2865(5) 3806(3) 36
H7A 5210(1) 5448(5) 3403(3) 37
H7B 5280(1) 5473(5) 4537(3) 37
H9A 6852(7) 4715(14) 5025(5) 42
H9B 6706(5) 6709(21) 4794(9) 42
H9C 7145(3) 5935(33) 4505(5) 42
H51A 7729(14) 6971(62) 3274(30) 35(12)
H51B 7738(16) 8889(69) 3185(33) 47(14)
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Table Dl. Atomic coordinates [x 10 ]̂ and equivalent isotropic
displacement parameters [A  ̂x 10 ]̂ for the fumarate salt (X1443E1).
U(eq) is defined as one third of the trace of the orthogonalized Uÿ tensor.

x/a y/b z/c U(eq)

SI 3895(1) 7641(1) 2989(1) 39(1)
N1 594(2) 4354(2) 1439(2) 30(1)
N2 870(2) 6181(2) 1855(2) 27(1)
N3 6428(2) 8483(2) 5719(2) 30(1)
N4 7683(2) 9882(2) 6982(2) 30(1)
N5 7904(2) 9918(2) 5477(2) 33(1)
N6 9485(3) 11789(3) 6040(2) 52(1)
Cl 134(3) 5291(2) 1 2 1 0 (2 ) 29(1)
C2 1839(3) 5798(2) 2533(2) 28(1)
C3 1677(3) 4640(2) 2268(2) 31(1)
C4 2432(4) 3771(3) 2705(3) 48(1)
C5 2832(3) 6589(3) 3366(2) 37(1)
C6 4812(3) 8507(3) 4134(2) 39(1)
07 5929(3) 7957(3) 4724(2) 32(1)
C8 7357(3) 9448(2) 6070(2) 24(1)
C9 6984(3) 9484(3) 7601(2) 41(1)
CIO 8750(3) 10906(3) 5808(2) 34(1)
s r 8933(1) 2531(1) 2893(1) 40(1)
Nl' 5446(3) -680(2) 1370(2) 32(1)
N2' 5856(2) 1162(2) 1781(2) 28(1)
N3' 11414(2) 3438(2) 5634(2) 32(1)
N4' 12525(2) 4876(2) 6893(2) 29(1)
N5' 12873(2) 4920(2) 5429(2) 34(1)
N6 ' 14393(3) 6820(3) 6034(2) 49(1)
Cl' 5055(3) 283(2) 1146(2) 31(1)
C2’ 6800(3) 738(3) 2443(2) 30(1)
C3' 6559(3) -423(3) 2185(2) 33(1)
C4' 7247(4) -1340(3) 2617(3) 53(1)
C5' 7839(3) 1511(3) 3273(2) 40(1)
C6 ' 9834(3) 3424(3) 4028(2) 40(1)
CT 10952(3) 2908(3) 4642(2) 33(1)
C8 ' 12283(3) 4435(2) 5996(2) 26(1)
C9' 11790(3) 4435(3) 7479(2) 38(1)
CIO' 13685(3) 5930(3) 5785(2) 35(1)
051 11608(2) 12801(2) 9392(2) 40(1)
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052 9779(2) 11706(2) 8370(2) 40(1)
053 10081(2) 7861(2) 9259(2) 43(1)
054 12234(2) 8634(2) 9880(2) 49(1)
C51 10847(3) 11796(3) 9024(2) 32(1)
C52 11321(3) 10785(3) 9415(2) 37(1)
C53 10708(3) 9734(3) 9039(2) 41(1)
C54 11035(3) 8657(3) 9415(2) 35(1)
061 12333(2) 16636(2) 10249(2) 49(1)
062 14553(2) 17048(2) 10674(2) 40(1)
063 15661(2) 13348(2) 11685(2) 41(1)
064 13608(2) 12702(2) 10748(2) 42(1)
C61 13502(3) 16375(2) 10535(2) 32(1)
C62 13480(3) 15163(3) 10689(2) 35(1)
C63 14546(3) 14736(3) 10971(2) 35(1)
C64 14599(3) 13510(2) 11138(2) 30(1)

357
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Table D2. Selected bond lengths [Â] and angles [̂ ] for the fumarate salt 
(X1443E1).

S1-C6 1.805(3) SI-05 1.821(3)
Nl-Cl 1.318(4) Nl-03 1.382(4)
N2-C1 1.319(4) N2-02 1.379(4)
N3-C8 1.337(4) N3-07 1.457(4)
N4-C8 1.331(4) N4-09 1.446(4)
N5-C10 1.313(4) N5-08 1.339(4)
N6-C10 1.161(4) 02-03 1.361(4)
C2-C5 1.486(4) 03-04 1.487(4)
C6-C7 1.532(4) SI'-06' 1.806(3)
Sr-C5' 1.822(3) Nl'-Ol' 1.315(4)
Nl'-C3' 1.386(4) N2'-01' 1.323(4)
N2'-C2' 1.378(4) N3'-08' 1.336(4)
N3'-C7 1.456(4) N4'-08' 1.326(4)
N4'-C9' 1.447(4) N5'-O10' 1.321(4)
N5'-C8' 1.342(4) N6'-O10' 1.154(4)
C2'-C3' 1.355(4) 02'-05' 1.493(4)
C3'-C4' 1.496(4) 06'-07' 1.522(4)
051-C51 1.298(4) 052-051 1.239(4)
053-C54 1.230(4) 054-054 1.267(4)
C51-C52 1.477(4) 052-053 1.297(4)
C53-C54 1.494(4) 061-061 1.295(4)
062-C61 1.229(4) 063-064 1.237(4)
064-064 1.259(4) 061-062 1.476(4)
C62-C63 1.295(4) 063-064 1.506(4)

C6-S1-C5 98.2(2) Ol-Nl-03 109.5(2)
C1-N2-C2 108.8(2) 08-N3-07 123.9(2)
C8-N4-C9 124.8(2) O10-N5-O8 117.3(2)
N1-C1-N2 108.8(3) 03-02-N2 107.1(2)
C3-C2-C5 130.5(3) N2-02-05 122.4(3)
C2-C3-N1 105.8(3) 02-03-04 131.7(3)
N1-C3-C4 122.5(3) 02-05-Sl 1 1 0 .6 (2 )
C7-C6-S1 1 1 2 .2 (2 ) N3-07-06 1 1 1 .8 (2 )
N4-C8-N3 118.5(2) N4-08-N5 124.0(2)
N3-C8-N5 117.5(2) N6-O10-N5 175.6(3)
C6'-S1'-C5' 98.2(2) 01'-Nl'-03' 109.2(3)
Cl'-N2'-C2' 108.4(2) 08'-N3'-07' 124.7(3)
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C8'-N4'-C9' 124.5(2) C10'-N5'-C8' 116.7(3)
N1’-C1'-N2' 109.1(3) C3'-C2'-N2' 107.5(3)
C3'-C2'-C5' 130.8(3) N2'-C2'-C5' 121.8(3)
C2'-C3'-N1' 105.9(3) C2'-C3'-C4' 132.0(3)
Nl'-C3'-C4' 122.0(3) C2'-C5'-Sr 1 1 1 .2 (2 )
C7'-C6'-S1' 1 1 2 .8 (2 ) N3'-C7'-C6' 112.3(2)
N4'-C8'-N3' 118.5(2) N4'-C8'-N5' 124.0(2)
N3'-C8'-N5' 117.5(3) N6'-C10'-N5' 175.3(3)
052-C51-051 120.4(3) 052-C51-C52 122.4(3)
051-C51-C52 117.1(3) C53-C52-C51 122.2(3)
C52-C53-C54 126.6(3) 053-C54-054 125.3(3)
053-C54-C53 115.5(3) 054-054-053 119.1(3)
062-C61-061 124.9(3) 062-061-062 121.3(3)
061-C61-C62 113.8(3) 063-062-061 123.1(3)
C62-C63-C64 126.0(3) 063-064-064 122.2(3)
063-C64-C63 116.3(3) 064-064-063 121.5(3)
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Table D3. Torsion angles [®] for the fumarate salt (X1443E1).

C3-N1-C1-N2 0.0(3) C2-N2-C1-N1 -0.5(3)
C1-N2-C2-C3 0.8(3) C1-N2-C2-C5 -179.5(3)
N2-C2-C3-N1 -0.7(3) C5-C2-C3-N1 179.6(3)
N2-C2-C3-C4 178.8(3) C5-C2-C3-C4 -0.9(5)
C1-N1-C3-C2 0.5(3) C1-N1-C3-C4 -179.1(3)
C3-C2-C5-S1 115.6(3) N2-C2-C5-S1 -64.0(3)
C6-S1-C5-C2 174.4(2) C5-S1-C6-C7 79.9(2)
C8-N3-C7-C6 -84.4(3) S1-C6-C7-N3 -164.8(2)
C9-N4-C8-N3 -9.0(4) C9-N4-C8-N5 171.1(3)
C7-N3-C8-N4 176.5(3) C7-N3-C8-N5 -3.7(4)
C10-N5-C8-N4 -4.6(4) C10-N5-C8-N3 175.6(3)
C8-N5-C10-N6 -161(4) C3'-N1'-C1'-N2' -0.4(3)
C2 '-N2 '-Cr-N l' -0.2(3) Cl'-N2'-C2'-C3' 0.7(3)
Cl'-N2'-C2'-C5' -178.5(3) N2'-C2’-C3'-N1’ -1.0(3)
C5'-C2'-C3'-N1' 178.2(3) N2'-C2'-C3'-C4' 179.5(3)
C5'-C2'-C3'-C4' -1.4(6) Cl'-Nr-C3'-C2' 0.9(3)
C r-N l’-C3’-C4’ -179.5(3) C3’-C2’-C5’-S r 117.4(3)
N2'-C2'-C5'-Sr -63.6(3) C6'-S1'-C5'-C2’ 171.4(2)
C5'-S1'-C6'-C7' 81.3(3) C8'-N3'-C7'-C6' -82.0(4)
Sl'-C6'-C7'-N3' -163.3(2) C9'-N4'-C8'-N3’ -8.4(4)
C9'-N4'-C8'-N5' 172.6(3) C7'-N3'-C8'-N4' 173.8(3)
C7'-N3'-C8'-N5' -7.2(4) C10'-N5'-C8'-N4' -3.9(4)
C10'-N5'-C8'-N3' 177.1(3) C8'-N5'-C10'-N6' -167(4)
052-C51-C52-C53 6.4(5) 051-C51-C52-C53 -173.0(3)
C51-C52-C53-C54 -174.9(3) C52-C53-C54-053 147.4(3)
C52-C53-C54-054 -30.9(5) 062-C61-C62-C63 -0.2(5)
061-C61-C62-C63 179.7(3) C61-C62-C63-C64 -179.7(3)
C62-C63-C64-063 -156.9(3) C62-C63-C64-064 22.3(5)
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Table D4. Anisotropic displacement parameters [Â  ̂x 10 ]̂ for the 
fumarate salt (X1443E1).
The anisotropic displacement factor exponent takes the form:
-lifl  [ (ha*)2Ui 1+ ... + 2hka*b*Ui2 ]
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U ll Ü2 2 Ü33 U23 Ui3 U i2

SI 34(1) 38(1) 31(1) 2 (1 ) 1 (1 ) -7(1)
Nl 30(1) 23(1) 32(1) -2 (1 ) 9(1) -1(1)
N2 29(1) 2 1 (1) 29(1) 4(1) 6 (1 ) 2 (1 )
N3 26(1) 30(1) 27(1) 1 (1) 7(1) -7(1)
N4 29(1) 24(1) 27(1) -4(1) 5(1) -1 1 (1 )
N5 29(1) 29(1) 32(1) 0 (1) 1 0 (1) -1 0 (1 )
N6 47(2) 43(2) 54(2) 8 (1) 15(2) -2 0 (2 )
Cl 25(2) 27(2) 29(2) 2 (1) 5(1) 0 (1 )
0 2 24(2) 31(2) 23(2) 3(1) 4(1) 2 (1)
03 31(2) 29(2) 35(2) 8 (1) 15(1) 5(1)
04 46(2) 48(2) 57(2) 2 2 (2 ) 18(2) 2 1 (2 )
C5 30(2) 43(2) 29(2) 2 (1) 2 (1 ) -2 (1)
C6 36(2) 26(2) 42(2) -3(1) 2 (2 ) -1 (1)
07 26(2) 30(2) 34(2) -2 (1) 6 (1) -1 (1)
08 17(1) 2 0 (1) 28(2) 3(1) 2 (1) -2 (1 )
09 50(2) 39(2) 32(2) 3(1) 17(2) -3(2)
OlO 32(2) 39(2) 30(2) 8 (1) 1 2 (1) 0 (2 )
SI' 31(1) 43(1) 33(1) 3(1) 1 (1 ) -7(1)
N l' 35(2) 2 1 (1 ) 35(2) -2 (1) 1 1 (1 ) -3(1)
N2' 27(1) 23(1) 30(1) 2 (1 ) 5(1) 2 (1)
N3' 28(1) 31(1) 30(1) 2 (1 ) 7(1) -1 0 (1 )
N4' 24(1) 24(1) 29(1) -2 (1 ) 5(1) -1 1 (1)
N5' 30(1) 32(2) 34(1) 2 ( 1) 1 0 (1) -1 2 (1)
N6 ' 44(2) 43(2) 49(2) 9(1) 1 2 (1) -18(2)
0 1 ' 28(2) 30(2) 30(2) 1 (1 ) 7(1) 0 (1)
0 2 ' 24(2) 32(2) 31(2) 6 (1) 7(1) 2 (1)
03' 33(2) 29(2) 41(2) 1 1 (1 ) 18(2) 7(1)
04' 55(2) 49(2) 71(3) 28(2) 29(2) 24(2)
05' 32(2) 48(2) 30(2) 2 (2 ) 2 (1) -4(2)
06' 36(2) 31(2) 41(2) 0 (1 ) 0 (2 ) 2 (1)
07' 29(2) 29(2) 35(2) -1 (1 ) 7(1) 1(1)
OS' 17(1) 24(2) 30(2) 3(1) 3(1) -3(1)
09' 38(2) 38(2) 34(2) 5(1) 15(1) -5(1)
OlO' 31(2) 43(2) 32(2) 13(2) 13(1) 1 (2 )
051 35(1) 29(1) 40(1) 1 1 (1 ) -7(1) 0 (1)
052 45(1) 2 2 (1) 35(1) 0 (1 ) -5(1) 2 (1)
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053 44(1) 2 1 (1) 6009 -1 (1) 15(1) 2 (1)
23(2) 33(2) -2 (1) 5(2) 6 (2 ) 061 38(1)
29(1) 69(2) 15(1) 4(1) 2 (1) 062 39(1)
23(1) 54(1) 4(1) 14(1) 2 (1) 063 40(1)
24(1) 41(1) 1 (1) -6 (1) 3(1) 064 320)
37(1) 45(1) 15(1) -6 (1) 3(1) C61 41(2)
19(2) 33G0 1(1) 1 2 (1) 0 (2 ) C62 3309
30(2) 3709 4(1) 8 (1) 0 (1 ) C63 29(2)
35(2) 3509 7(1) 4(1) -1 (1 ) C64 28(2)
26CQ 29(2) 1 (1) 3(1) 2 (1 )

Table D5. Hydrogen coordinates (x 10 )̂ and isotropic displacement 
parameters (Â  ̂x 10^) for the fumarate salt (X1443E1).

x/a y/b z/c U(eq)

HIN 211(36) 3707(24) 1133(25) 59(12)
H2N 720(38) 6840(23) 1840(28) 56(12)
H3N 6028(32) 8166(28) 6038(23) 45(10)
H4N 8237(26) 10483(22) 7160(21) 27(8)
HI -598(3) 5320(2) 676(2) 35
H4A 3011(16) 4102(7) 3345(6) 57
H4B 2963(17) 3548(14) 2331(9) 57
H4C 1814(4) 3096(8) 2725(14) 57
H5A 3379(3) 6140(3) 3787(2) 44
H5B 2369(3) 6992(3) 3722(2) 44
H6 A 5196(3) 9273(3) 4043(2) 47
H6 B 4200(3) 8609(3) 4481(2) 47
H7A 5595(3) 7129(3) 4674(2) 39
H7B 6661(3) 8046(3) 4469(2) 39
H9A 7274(15) 10034(9) 8182(6) 49
H9B 7174(16) 8738(8) 7750(12) 49
H9C 6035(4) 9412(17) 7287(6) 49
HIN' 5051(32) -1328(23) 1087(23) 43(10)
H2N' 5798(41) 1850(23) 1740(29) 64(13)

H3N' 10978(29) 3122(25) 5928(21) 32(9)
H4N' 13106(26) 5449(22) 7113(20) 24(8)
HI' 4325(3) 338(2) 620(2) 37
H4'l 7778(18) -1584(14) 2250(10) 64
H4'2 6589(4) -1996(9) 2617(15) 64
H4'3 7819(18) -1035(7) 3264(6) 64



H5'l 8368(3)
Appendix I  

1043(3) 3686(2) 48
H5'2 7408(3) 1937(3) 3641(2) 48
H6 'l 10210(3) 4185(3) 3925(2) 48
H6'2 9213(3) 3532(3) 4367(2) 48
H71 10637(3) 2077(3) 4594(2) 40
H7'2 11699(3) 3011(3) 4403(2) 40
H9'l 12023(15) 4980(8) 8058(7) 45
H9'2 12010(15) 3700(8) 7636(12) 45
H9'3 10843(3) 4329(16) 7136(6) 45
H51 12288(2) 12724(2) 9816(2) 47
H54 12279(2) 7991(2) 10047(2) 58
H52 12093(3) 10907(3) 9953(2) 45
H53 9983(3) 9641(3) 8472(2) 50
H61 12408(2) 17325(2) 10176(2) 59
H64 12981(2) 12963(2) 10412(2) 51
H62 12654(3) 14679(3) 10576(2) 42
H63 15362(3) 15236(3) 11082(2) 42
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