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ABSTRACT.
The purpose of this study was to evaluate and improve some of the
available methods of assessing the surface properties of powders.
The value of an automated Wilhelmy plate contact angle m easurem ent
technique was investigated. This technique has not previously been used
extensively for powders. It was found to be a valuable and simple
approach which is suitable for a wide range of materials. The resolution
of this technique is not sufficient to allow discrimination betw een the
surface properties of powders, w hich are sim ila r in natu re.
Reproducibility of data could not be improved by controlling the
experim ental procedure extensively. Surface energies were calculated
from contact angle data using four of the available theories. The heirmonic
and geometric mean equations provided the most suitable approaches for
pharmaceutical systems.
A microcalorimetry method, using a novel cell was evaluated for the
investigation of powder/water interactions. Data obtained w as highly
reproducible and therefore, it was possible to detect differences in the
wetting behaviour of three commercial brands of a - lactose monohydrate,
which was not possible using contact angle data. A new microbalance
technique was tested, however, no reliable data were obtained using this
method.
A study was also carried out to investigate the relationship between
surface properties (contact angles against water and/or surface energies)
of pharm aceutical powders and several molecular orbital indices. A
relationship between the contact angle against water and the surface
energy and the superdelocalisability index was elucidated. Two empirical
equations were proposed which would enable workers to determine the
surface properties of pharmaceutical powders from molecular structure.
The limitations of this approach were discussed.
Calculated molecular orbital parameters provide an extrem ely good first
indication of material surface properties, but should be substantiated by
experimental methods. Contact angle m easurem ent offers a relatively
fast and simple indication of surface properties. However, where it is
necessary to discriminate between the wettability of powders of a similar
nature, flow microcalorimetry is the method of choice.
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calorimetric Gibbs free energy of adsorption
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cond
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surface free energy of a solid
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Ys
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Ysv

solid / liquid interfacial free energy
surface free energy of a solid in a vapour, v

y1
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Yc
Yi

to dipole-dipole interactions
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Yi

electron acceptor component of the surface free energy
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hydrogen bonding component of the surface free energy of
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vLW
^i

non-polar componenet of the surface free energy

^i
Y^

polar component of the surface free energy
polar component of the surface free energy of a solid

Yf

polar component of the surface tension of a liquid

rsv

interfacial excess concentration at the solid/vapour

Fgi

interface
interfacial excess concentration at the solid/liquid

Fiv

interface
interfacial excess concentration at the liquid/vapour

H
h
T|

interface
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height
viscosity

Kad
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equilibrium constant
critical stress intensity factor

1
A,12
A.2 1

length
spreading coefficient (phase 1 over phase 2)
spreading coefficient (phase 1 over phase 2)

M

molecular weight

m
p

weight
the chemical potential of the liquid phase,

N
P
p

Avogadro's number
Parachor value
perimeter of a glass plate

p^
p'

partial pressure
partial pressure of adsorbate
ambient pressure
saturated vapour pressure

yAB

Pa
Po

Po

saturated pressure of adsorbate
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Py
TCe
0

' mean yield pressure
equilibrium spreading pressure
contact angle
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8a
8e
qr

advancing contact angle
equilibrium contact angle
electron density

8r

receding contact angle

P
r
r

density

S
Sir
Ssv,
Ssl
Slv
a
2fr

Zqr
^qr(HB)
ZSIr
^SIr(HB)
^SIr,homo
^Slrjumo
T

radius
roughness factor
specific surface area
superdelocalisability index
interfacial entropy at the sofid/vapour interface
interfacial entropy at the solid/liquid interface
interfacial entropy at the liquid/vapour interface
tensile strength
total frontier electron density
total frontier electron density, for hydrogen bonding
atoms
total electron density
total electron density, for hydrogen bonding atoms
total superdelocalisability index
total superdelocalisability index, for hydrogen bonding
atoms
superdelocalisability index, at the LUMO
superdelocalisability index, at the HOMO

Vc

temperature (K)
time
volume
volume of calibration

Vm

molar volume

w
Wa
Wi

weight of sample
work of adhesion
work of immersion

Ws

work of spreading

Y

atomic orbital

t
V
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1. INTRODUCTION.
The physical characterisation of pharmaceutical powders is important,
when considering the formulation of dosage forms (e.g. York, 1983 and
B rittain et al., 1991). This work involves investigation of the surface
properties of pharmaceutical powders, which will provide information
about powder/liquid and powder/powder interactions. Such information
has proved useful in the past for the prediction of the performance of
solid dosage forms and suspensions e.g. Rowe (1989), Zajic and Buckton
(1990), Young and Buckton (1990), Parsons et al., (1992b) and Pinto,
(1993). Therefore, it was decided to evaluate and improve some of the
available methods of assessing the surface properties of powders with
the aim of making information gained from such studies more valuable.

1.1. Interfacial phenomena.
Consideration of the interaction between two phases is fundamental to
the understanding of the nature and behaviour of surfaces.

The

follow ing interfaces are relevant when considering pharm aceutical
system s,

vapour/liquid,
vapour/solid (moisture sorption by solid dosage forms),
liquid/liquid (emulsions and creams),
liquid/solid (suspensions),
solid/solid (film coating of tablets).

Since this work is concerned with the surface properties of powders, it
w ill involve assessm en t of the solid/vapour and the solid/liquid
interfaces.
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1.1.1. Surface tension of a liquid (Tlv)*
In a liquid, the molecules at the surface are not completely surrounded
by other like molecules, unlike those in the bulk of the liquid.

The

m olecules at the surface are in contact with vapour in the upward
direction.

The intermolecular forces between the liquid and vapour

m olecules are. comparatively very small.

Therefore, m olecules at the

surface are primarily subject to intermolecular interactions from either
side, resulting in a net inward pull. This results in an excess of energy
per unit area, at the surface, and is known as the surface tension.

1.1.2. Surface 6 e e energy of a solid (Ysv).
The surface free energy of a solid is similar to the surface tension of a
liquid, since it results from the same phenomena.

The solid surface,

however, differs from the liquid surface as the intermolecular forces are
far greater and therefore, the molecules are unable to move freely.

The surface free energy may vary depending on the nature of the vapour
at the interface.

For example, the surface energy of a solid will be

greater in vacuum, than in air. This is due to adsorption of the vapour
onto the solid surface, which acts to reduce the interm olecular forces
between molecules at the surface of the solid.

The difference between the surface free energy of a solid in vacuo, Ys and
in vapour Ysv is known as the equilibrium spreading pressure, K q.

TCe ~ Ys " Ysv

(1 .1 .1 .)
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1.1.3. Solid / liquid interfacial energy % i).
This also occurs due to an imbalance of forces at the interface. It will
depend on the surface free energy and surface tension of the solid and
liquid involved.

1.1.4. Wettability of powders.
The wettability of a powder represents the extent of its interaction with a
liquid. W ettability cannot be measured directly, therefore alternative,
indirect methods are used. If a drop of liquid is placed on a flat, solid
surface, such as a compressed powder plate, an angle is produced
between the powder and the liquid.

This angle is referred to as the

contact angle, 0 and represents an equilibrium of three energies, Ygy surface energy of the solid, Yiy - surface tension of the liquid and Ygj _
solid/liquid interfacial energy (see figure 1.1.1.).

Vapour
Liquid
SV

Figure 1.1.1. Diagram to illustrate the equilibrium of forces acting on a
drop of liquid on a solid.

These forces are described by Young's equation (Young, 1805),

Ysv —Ysl

Tlv ( (^os 0 ) + TCe

( 1 . 1 . 2 .)
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The spreading coefficient, K q is generally assum ed to be negligible for
non-volatile liquids, therefore the equation 1.1.2. can be shortened.

Ysv - Ysl

Ylv (

(1.1.3.)

^)

The smaller the value of 0, the greater the wettability. Thus, 0 provides
a m eans of evaluating the w ettability of powders in term s of a
measurable quantity.

1.1.4.x. The thermodynamics of wetting.
It is well recognised that wetting occurs in three stages (e.g. Parfitt,
1973). as shown in figure 1.1.2.

a).

b).

c).

Figure 1.1.2. The three stages involved in the complete wetting of a solid
cube, a). Adbesional wetting, b). Immersional wetting, c). Spreading
wetting.

I.I.4.2. Adhesional wetting.
This involves the replacement of vapour at a plane surface of the solid by
the w etting liquid. The driving force for this process is known as the
work of adhesion, W^.
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Wa= Ysl - ( Ysv + Ylv )

(1.1.4.)

Combined with Young's equation (1.1.3.), this gives the Young-Dupré
equation,

Wa= - Ylv (Cos 8 + 1)

(1.1.5.)

1.1.4.3. Im m ersional w etting.
The

total im m ersion of the solid into the liquid in volves total

replacement of vapour at the solid surface by the liquid, with no change
in the liquid/gas interface. The energy required for this process is called
the energy of immersion Wj.

Wi = 4Ysi-4Ysv

(1.1.6.)

or, combined with Young's equation (1.1.3.),

Wi = -4Yiv (Cos 6 )

(1.1.7.)

1.1.4.4. Spreading wetting.
The spreading of a drop of liquid, already in contact w ith the solid
resu lts in an increase in the solid/liquid and liquid/vapour interfacial
areas, and a decrease in the solid/vapour interfacial area. The energy
required for this process is the work of spreading, Wg .

Wg = Ysv "Ysl

Yiv

(1.1.8.)
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1.1.4.5. The conditions for spontaneous wetting.
For spontaneous wetting to occur, the energies of adhesion, im mersion
and spreading m ust be positive.

The conditions (H arkins and

Dahlstrom, 1930) for this are shown below,

a), adhesion

-

(1 + Cos 0) > 0

b). im m ersion

-

Cos 0 > 0

c). spreading

-

(Cos 0 -1 ) > 0

Since the surface tension,

is always positive, the value of Cos 0

determines whether spontaneous wetting occurs, as shown below,

a). Cos 0 > - l

i.e. 0 < 180°

b). Cos 0 > 0

i.e. 0 < 90°

c). Cos 0 > 1

i.e. 0 < 0°
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1.2. SURFACE TENSION MEASUREMENT.
There are many methods available for measuring the surface tension of
liquids.

The W ilhelmy plate technique is cited m ost frequently (e.g.

Padday and Russel, 1960; Boucher et al., 1967 and Parsons et al., 1992b).
Several of the most popular methods of surface tension m easurem ent
will be discussed here.

1.2.1. Capillary rise method.
Here a circular, uniform capillary tube of radius, r is placed vertically
in the test liquid of density, p. Depending on its surface tension, the
liquid will travel a distance, h up the capillary tube as shown in figure
1.2 . 1.
2r_

Figure 1.2.1. Diagram to illustrate the capillary rise method.

Ylv=

rhp
2Cos0

( 1 . 2 . 1.)

Assum ing that the liquid perfectly wets the glass, i.e. Cos 0 = 1 ,
rhp
Y lv = -/

( 1.2 .2 .)

Chapter 1

36

Introduction

1.2.2. Drop volume and drop w e i^ t methods.
If a drop of liquid is allowed to detach itse lf from the tip of a capillary
tube, which is held vertically, the drop volume or w eight will vary
depending on the surface tension of the liquid.

Therefore, Yjy can be determined using one of the following equations,
depending whether the drop volume, V or weight is measured, m.

Ylv = ^

A tzt

(1-2.3.)

w here,
(|) = the correction factor,
p = density of the liquid,
g = acceleration due to gravity,
r = radius of the tube.

The correction factor, (|) is required as not all of the drop will leave the
tip. The value of, ([) depends on the dimensions of the tip and tables of its
values have been compiled by Harkins and Brown, (1919).

1.2.3. Du Noüy ring tensiom eter method.
Here, the force, F required to detach a clean platinum ring from the
surface of the liquid is measured using a tensiom eter. As shown in
figure 1.2.2. The surface tension is calculated using equation 1.2.5.

Y1v = t ^
47rr

(1.2.5.)
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w here,
P = the correction factor,
r = radius of the ring.

Figure 1.2.2. Use of a du Noüy ring to measure surface tension.

The correction factor, p allows for the complex shape of the liquid
supported by the ring.

Values have been tabulated by Harkins and

Jordan (1930).

1.2.4. The Wilhelmy plate method.
There are three versions of this method: equilibrium, detachm ent and
dynam ic.

A thin rectangular plate of glass, platinum or filter paper is suspended
vertically fi*om a torsion balance above a clean beaker containing the test
liquid. The beaker is placed on a mechanical stage. For the equilibrium
method the stage is raised slowly until the plate makes contact with the
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liquid (see figure 1.2.3.), the force,

is noted and the surface tension

may be calculated using equation 1.2.6.

Torsion Balance

Liquid

Figure 1.2.3. Diagram illustrating the Wilhelmy plate method, showing
the plate at equilibrium.

^Iv

( 1 .2 .6 .)

=

w here,
p = the perimeter of the plate,
g = acceleration due to gravity.

For the detachment method, the stage is raised until the plate just dips
into the liquid. The stage is then lowered slowly until the plate is just is
at the point of detachment.

The force F^, is read from the torsion
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balance and the surface tension may be calculated using equation
(1.2.6.) replacing Fg with Fj.

The dynamic method is used more often with the advent of an automated
piece of equipment (e.g. C.A.H.N. Dynamic Contact Angle analyser or
K russ D igital T ensiom eter) which allow s surface ten sio n to be
measured more accurately and easily.

Here, the test liquid is placed on a motorised platform and the glass slide
or filter paper is attached, via a balance loop, to one arm of a
microbalance. Both the microbalance and the motorised platform are
interfaced with a personal computer. The platform is then raised, at a
constant pre-set speed, until the plate is immersed 5-10 mm into the
liquid. The platform is then lowered to its initial position. The force and
relative position of the platform are collected by the computer at one
second intervals.

A graph of the force as a function of the stage position is plotted. By
ex tra p o la tin g

the buoyancy slope back to th e

stage

p osition

corresponding to the point where the plate initially makes contact with
the liquid, the force at the zero depth of imm ersion, F^ d o.i.

be

determined as shown in figure 1.2.4.

The surface tension may then be calculated using equation 1.2.6.,
replacing Fg with F^ ^.o.i.

Extrapolation of the buoyancy slope to

determine F is much more accurate than the single point determination
used for the equilibrium and detachm ent m ethods.
dynamic Wilhelmy plate technique is used more widely.

Therefore, the
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d.o.i.

Buoyancy slope

Force
(mg)

Stage Position (mm)

Figure 1.2.4. Determination of Fz.d.o.i.

Chapter 1

41

Introduction

1.3. CONTACT ANGLE MEASUREMENT.
There have been several articles, review ing m ethods of m easuring
contact angles and highlighting their advantages and disadvantages
(e.g. Neum ann and Good, 1979 and Buckton, 1990). Some of the more
widely used methods are discussed here.

Methods of m easuring contact angles for pharmaceutical powders can
be split into two broad groups,

a). Liquid penetration techniques,
b). Methods using compressed powder plates.

1.3.1. Liquid penetration methods of measuring contact angles.
This generally involves the passage of the w etting liquid through a
packed bed of powder.

One of the first methods was developed by Bartell and Osterhoff (1927).
This involves the measurement of the minimum pressure, p, required to
prevent the w etting liquid from displacing another liquid from the
powder which has been packed into a cylinder.

The contact angle is

related to the displacement pressure (equation 1.3.1).

P"

2 y Cos0
f

The capillary radius of the powder bed, r is unknown.

(1.3.1.)

Therefore the

displacement pressure for a perfectly wetting liquid, p' is determined, in
a sim ilar manner for the same powder.
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P =

2 y'
r

(1.3.2.)

By dividing equation 1.3.1. by 1.3.2., r disappears and Cos 0 can be
calculated.

This method, however, is practically difficult (Davies and

Curtis, 1932) and therefore, it is rarely used.

Studebaker and Snow (1955) developed a method w hich involved
measuring the rate of flow of a liquid through a loosely packed bed of the
test powder in a tube. They adapted the Washburn equation (Washburn,
1921) shown below to calculate contact angles more easily.

^2 _ r YiyCosBt
2 ti

(1.3.3.)

w here,
1 = the length of flow,
t = time to travel length 1,
T| = viscosity of the wetting liquid,
r = capillary radius of the bed.

For a perfectly wetting liquid Cos 6 = 1 and equation 1.3.3. becomes.

j2^ r
2'n

(1.3.4.)

Dividing (1.3.3.) by (1.3.4.), gives equation 1.3.5., which can be used to
calculate Cos 0.
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Y ,„ i ^ o g r a d i e n t
C ose =
-----— r

Yj^^n^gradient^

(I.3.5.)

Where 1 refers to the perfectly wetting liquid and 2 to the test liquid and
the gradient is that of the graphs of 1^ against time, for each liquid.

The th in layer w icking method, which is sim ilar to the liquid
penetration method, has recently been described by van Oss et al.,
(1992a).

A thin, uniform layer of particles is deposited onto a clean

microscope slide, by sedim entation, from a liquid suspension.

The

plates are then dried and equilibrated for one hour in the vapour of the
wicking liquid. The plate is then immersed, in the vertical position, 5
mm into a suitable probe liquid. The rate of wicking of the liquid up the
glass slide is then determined.

This is repeated, using a perfectly

w etting liquid and 0 is then calculated using equation 1.3.5.

1.3.1.1. Problems associated with liquid penetration methods.
The main problems with this method are listed below,

1.

Frequently the powder under investigation will be hydrophobic and

polar liquids such as water will not penetrate into the powder bed
(Buckton and Newton, 1986a). Many workers have used alcohol/water
m ixtures and extrapolated 0 back to 0% alcohol, to obtain the contact
angle of the powder against water. However, this has been criticised
(Fell and Efentakis, 1978 and Buckton and Newton, 1986a) as on
penetration into the powder, the vapour will precede the liquid. This
vapour will contain a higher percentage of the alcohol vapour and
therefore, the extrapolation may be invalid.
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2. The powder may be soluble in the probe liquid.
3. High viscosity liquids, such as glycerol, may be unsuitable due to the
large time required for each observation.
4.

These m ethods are unsuitable for surfactant solutions.

This is

because the surfactant adsorbs onto the surface of the powder, as it
passes through the powder bed, and is depleted from the solution.
Therefore, curves of 1^ against t are not straight and a gradient cannot
be obtained (e.g. Ayala et al., 1987).
5. For the Studebaker and Snow method, the rate of flow of the liquid
may be affected by gravity.
6. As indicated by equation 1.3.5., it is necessary to have a perfectly
w etting liquid with which to compare penetration rate through the test
powder.

Choice of this perfectly w etting liquid can be a problem

(Buckton and Newton, 1985).
7. Liquid penetration methods have been criticised theoretically. Levine
and N eale (1975) have questioned the model (i.e. a bundle of parallel
capillaries used by Washburn to develop bis equation) and Carli and
Sim ioni (1978) have shown that 1, the penetration length should not
always be raised to the power of two, depending on the pore size of the
capillary bed.
8.

It is not possible to obtain receding data using liquid penetration

m ethods.

The extent of errors using this method has been discussed by Parsons et
al. (1992a). The main conclusions are listed below,

1.

The major source of error was m easurem ent of penetration rates

through the powder bed.
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2. Selection of the perfectly wetting liquid is critical for systems where
the contact angle is small.
3. Errors, expressed in Cos 0, were between 2-6%.

1.3.2. The use of compressed powder plates to determine contact angles.
Contact angles have been determined using several techniques
employing compressed powder plates.

Some of the more widely used

methods are described below.

1.3.2.x. The tilting plate method.
This method was developed by Adams and Jessop (1925). A solid powder
plate is dipped into the probe liquid and adjusted until the liquid surface
appears flat right up to the solid plate as shown in figure 1.3.1.

Figure 1.3.1. Schematic diagram of the tilting plate method.
The main advantage of this method is that the apparatus required is
simple and therefore can be constructed cheaply and easily. However,
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although the method is relatively simple, it is very operator dependant
due to the difficulty in assessing the angle at which the meniscus is flat.
It is also difficult to measure advancing and receding angles using this
method, which limits its use.

1.3 2.2. Capillary rise at a vertical plate.
This method was developed by Neumann (Padday, 1969). The plate is
immersed vertically into the liquid. The capillary rise at the surface of
the plate is recorded (see figure 1.3.2.)

I

I

Figure 1.3.2. Capillary rise method.

For an infinitely wide plate (~2 cm ) 0 can be calculated using equation
1.3.6.

Sin 0 = 1 -

Apgh"
2 Tlv

This method is also relatively simple to perform.

(1.3.6.)

However, it is not

possible to obtain advancing and receding data using this method.
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13.2.3. The sessile drop and adhering gas bubble methods.
These methods involve measurement of the contact angle from the
profile of a liquid drop or an adherent gas bubble onto a smooth,
horizontal surface, such as a powder compact (see figure 1.3.3.).
The contact angle can be measured directly as in (a) and (b), using a
telescope equipped with a goniometer eye piece or a camera. The sessile
drop method is more widely used than the adhering bubble method for
pharm aceutical powders (e.g. Zografi and Tam, 1976; Fell and
Efentakis, 1979; Buckton and Newton, 1986b).

The adhering bubble

method is used more widely for polymer systems (e.g. Lavielle and
Schultz, 1985).

B

Vapour
Liquid

^

x ::# !

Vapour
Liquid

Figure 1.3.3. The sessile drop (a and c) and the captive bubble (b)
methods.

Small drops of liquid (10 -50pl) should he employed to avoid gravitational
effects (Buckton and Newton, 1986b). When a drop of the probe liquid is
dispensed on the powder surface, it may penetrate the powder bed
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im m ed iately, m aking it difficult to m easure the contact angle
accurately.

This can be avoided by pre-soaking the compact with the

probe liquid, although this is not required for powders, with a 0 > 90®,
such as magnesium stearate, where saturation of the powder bed is not
possible.

The m ain advantages of these methods is that only a small quantity of
liquid is required and several measurements can be undertaken using
the same powder plate. The main disadvantage is that the method is
very operator dependant, due to difficulty in drawing an accurate
tangent. Advancing and receding data can be obtained by m easuring
the angle whilst the drop is being dispensed on the powder surface from
the syringe (advancing angle) and subsequently drawn back into the
syringe (receding angle).

A lternatively, the contact angle can be m easured indirectly, using
method (c), by determining the height of the drop, h and the radius of the
drop, r and calculating 0 using equation 1.3.7.

K ossen and Heertjes (1965) suggested a similar method, known as the
h-e method, where a drop of liquid was placed on a compressed powder
surface and the maximum height of the drop was measured. From this
the contact angle can be calculated using the following formulae,

a). For angles smaller than 90®,

Chapter 1

Introduction

C ose = i -

4Q

'

(B h )'

where,
h = the maximum height of the drop,
z = volume porosity of the plate.

2Y i

(1.3.9.)

w here,
p = the liquid density,
g = acceleration due to gravity.

b). for angles greater than 90°,

Cos0=-1+

/ ---- — ^ 2 >1 - 1
3 ( l - z ) VBh 2

(1.3.10.)

H eertjes and Kossen (1967) compared this method w ith two liquid
penetration methods and concluded that it was the most convenient to
use. The h-e technique and the direct sessile drop m ethod have been
compared by Fell and Efentakis (1979) who found that results obtained
using both techniques were comparable.

I.3.2.4. The Wilhelmy plate technique.
Compressed powder plates can also be employed using the W ilhelmy
plate technique to measure contact angles. The use of this method to
measure surface tension has been described in section 1.2. For contact
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angle measurement, a compressed powder plate is employed instead of
a glass slide. Obviously Cos 0 is no-longer unity, therefore, equation
1.3.11. is used.

CosG =

Fg
P7 1 V

(1.3.11)

The powder plate is suspended from a microbalance, above the probe
liquid. The motorised platform is raised until the plate makes contact
with the liquid. A typical chart recorder output is shown in figure 1.3.5.

Figure 1.3.4. A schematic diagram of the Wilhelmy plate method. 1.
Wilhelmy plate, 2. microbalance, 3. chart recorder, 4. clean beaker, 5.
probe liquid, 6. moveable platform, 7. motor.
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E

D

Figure 1.3.5. A typical chart recorder output.

A-B is the response before the plate makes contact with the liquid. At B
the plate makes contact with the liquid and response C is observed. As
the plate is im m ersed the w eight on the balance decreases due to
buoyancy effects (CD).

The best line is then drawn through CD and

extrapolated back to the perpendicular, AB, to give the true force BE.
This force is then used in equation 1.3.11. to calculate Cos 0.

This method offers several advantages over other available methods,

1. The method has been automated and therefore, it is not as operator
dependant as the sessile drop methods,
2. Advancing and receding data can be obtained very easily, allowing
the contact angle hysteresis to be studied,
3. Pre-saturation of the compact prior to measurement is not necessary.
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4. If deformation of the plate occurs during m easurement it will do so
below the surface of the liquid. Although, if this occurs it will not be
possible to obtain receding data.

The m ain disadvantage of this method, as for all techniques employing
compressed powder plates, is that the process of compaction may alter
the outer surface of the plate (Buckton and Newton, 1986b) by plastic
deformation. An increase in the compression force will coincide with a
decrease in the contact angle of the powder until plastic deformation
occurs. Indeed contact angle measurem ents using compressed powder
p la tes are generally sm aller than those obtained u sin g liquid
penetration m ethods.

For exam ple, Buckton and N ew ton (1986c)

reported that, for amylobarbitone, 0 was 100°, using Studebaker and
Snow's liquid penetration and 68° using the sessile drop technique. It is
interesting to note that Luangtana-anan and Fell (1988) have reported
that results obtained by liquid penetration methods, using both powder
and tab lets were comparable.

Luangtana-anan and F ell (1988)

su ggested that the difference in data obtained by m ethods using
compressed powders plates (h-e method) and liquid penetration methods
is due to the difference between the nature of the methods.

The h-e

m ethod being a static method where 0 is formed as a result of three
interfacial forces and the liquid penetration technique being a dynamic
method.

1.3.3. Contact angle hysteresis.
The difference between the advancing angle, 0a and the receding angle,
0r is called the contact angle hysteresis, H and is illu strated when

observing a drop of liquid on a tilted plate as shown in figure 1.3.6.
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(McDougal and Ockrent, 1942).

Both 0a and Or are different to the

equilibrium angle Gg.

Various theories for this phenomena have been suggested,

a. Surface contam ination. Presence of impurities at the liquid/vapour
or solid vapour interfaces may result in hysteresis due to changes in yiv
as the liquid advances over the solid and subsequently recedes.

Figure 1.3.6. Contact angle hysteresis,

b. Surface heterogeneity. This may arise for two reasons,

1. presence of more than one material at the surface,
2. presence of different crystallographic planes or areas at the surface
where the molecular or atomic composition differs, at a chemically
homogeneous surface.
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C assie (1948) developed an equation that enables calculation of the
overall contact angle of a liquid on a heterogeneous surface,
Cos 0 = fi Cos 01 - f2 Cos 02

(1.3.12.)

where fi is the fraction of the surface with Cos 0 i and f2 is the fraction of
the surface with Cos 02.

Cassie suggested that hysteresis occurs due to changes in f%and f2 as
the liquid advances and recedes over the solid surfaces. However, it is
now accepted that hysteresis occurs as the advancing angle tends to
reflect the lower energy regions and the receding angle reflects the
higher energy regions, as suggested by Pease (1945).

Several workers have investigated hysteresis by considering the effect of
heterogeneity on the wettability of several model heterogeneous surfaces
(e.g. Johnson and Dettre, 1964 and Shanahan, 1992).

Shanahan has

proposed the following equation to describe the effect of heterogeneity on
contact angle hysteresis,

H_

(1.3.13.)

where,
L = [ln (2 ijj/co) + 0.5]
V = the average density of the surface flaws (i.e. areas of
inhomogeneity)
CO= width of the surface flaws.
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Ysv + e = surface energy of the surface flaw,

rg = unperturbed drop contact radius,

c.

Surface roughness. This is the major cause for contact angle

hysteresis for powder surfaces, as the surface of powder plates is
comparatively rough.

Zografi and Johnson (1984) have shown that

surface roughness causes hysteresis by affecting the receding angle
much more than the advancing angle and with sufficient roughness, 0r
< 0. The effect of surface roughness on contact angle measurement is
illustrated schematically in figure 1.3.7.

Figure 1.3.7. The effect of surface roughness on contact angle
measurement.
Surface roughness has been quantified by Wenzel (1936) using the
roughness factor, r. This can be calculated from contact angle
m easurements provided the measured contact angle of the rough'
surface, 0 and the contact angle of actual or smooth surface, 0' are
known.
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r=

(1.3.14.)

Cos0

1.3.4. Factors which affect contact angle measurement.
The

effect

of surface

rou gh n ess,

h e ter o g en eity

and

su rface

contam ination on contact angle m easurem ent have been discussed in
section 1.3.3.

However, there are several other factors which affect

contact angle measurement,

1. P urity. This will affect the surface energy of the powder, particularly
i f the contam inant is surface active.

The ’chem ical' purity of

pharmaceutical powders is generally high, although the composition of
excipients obtained from natural sources may vary.

2. P hysical treatm ent of the powder. It is well established that the past
history of powders may affect their surface properties.

For example

processes such as milling or micronization of powders have been shown
to alter surface energy of powders (Buckton et al., 1988).

3. P article size. Theoretically, it might be expected that particle size
would affect contact angle m easurement.

However, several workers

have shown this not to be the case e.g. Lerk et al., (1976) and Buckton
and Beezer (1986).

4. Compaction pressure during plate preparation. This only applies to
m ethods em ploying powder compacts.

The effect o f com paction

pressure has been investigated by several workers and varies depending
on the m aterial under investigation (e.g. Fell and Efentakis, 1979 and
Kiesvaara and Yliruusi, 1991). Fell and Efentakis (1979), using the h-e
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m ethod found that, for salicylic acid, 0 decreased w ith increasing
compaction force but for aspirin compaction pressure did not affect 0.
Buckton and Newton (1986b) carried out a study, using the sessile drop
technique, for five barbiturate powders. They considered a very broad
range of compaction pressures.

The contact angle was found to

decrease w ith increasing compaction pressure, until a threshold when
a constant value was achieved. They concluded that this threshold value
corresponded to the minimum compaction pressure at which plastic
deformation occurred. Kiesvaara and Yliruusi (1991) used the sessile
drop method to consider the effect of compaction pressure on 0 for four
powders - lactose, theophylline, salicylic acid and carbam ezapine.
These workers also found that compaction pressure had a variable affect
on contact angle measurement. Surface energies were calculated from
these contact angle m easurem ents and interestingly, K iesvaara and
Yliruusi (1991) found that compaction pressure only affected the polar
com ponent of the surface energy, the dispersive com ponent was
unaffected.

Chawla et al., (1994) reported that individual powder particles were
observed (using S.E.M.) at the surface of powder compacts, of spray
dried salbutam ol and lactose, prepared at a low compaction force.
Therefore, the perimeter, calculated from the dimensions of the powder
plate would be incorrect. The true perimeter would be much greater
and therefore, the true value of Cos 0 would be much smaller than the
calculated value (0 would be much greater).

As the compaction

pressure during plate preparation is increased, so the observed force
(Fz.d.o.i.) w ill decrease, due to the decreasing perim eter, giving a

sm aller Cos 0 value. Therefore, as the compaction pressure increases
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the observed Cos 0 value will decrease giving a larger 8 value, up to a
threshold pressure. Therefore, this provides a reason for the observed 0
value to increase with increasing compaction pressure.

Chapter 1

59

Introduction

1.4. THE CALCULATION OF SURFACE ENERGIES FROM
CONTACT ANGLES.
1.4.1. Critical surface tension.
The critical surface tension, y^. of a solid is the value of the surface
tension of a w etting liquid, above which spontaneous w ettin g (i.e.
adhesion, im m ersion a n d spreading) does not occur for that solid. It
represents a measure of the wettability of the solid.

It was developed by Fox and Zisman (1950) and represents the value of
Yly , when Cos 0 is extrapolated to unity, as shown in figure 1.4.1.

1

Cos 8

Figure 1.4.1. Graph of Cos 0 vs. y%y used to determine the critical
surface tension, y^.

The critical surface tension of a solid can be m easured u sin g an
homologous series of liquids such as the alkanes (Zisman, 1950); a non-
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homologous series (Davies, 1985) aqueous surfactant solutions (B em ett
and Zisman, 1959 and Liao and Zatz, 1979) or liquid m ixtures such as
alcohol/water mixtures (Dann, 1970 and Hansford et al., 1980).

Good (1977), noted that long extrapolations of

to Cos 0 = 1, may result

in unnecessarily large errors in the value of Yc determined. Good (1977)
stated that where the sm allest value of

for which contact angle data

is available, is greater than 1.25 y. the extrapolation will result in up to a
10% error. This may explain the discrepancy in y. values obtained by
different workers using different series of liquids.
recommended that

Thus, Good

should be determined by plotting Cos 0 against y y

-0.5

The y^. v alu e determined may vary depending on the choice of liquid
series selected (Dann, 1970). This is attributed to the nature of the liquid
employed.

For example polar liquids, such as the glycols may give a

different value compared with non-polar liquids such as the alkanes.
Differences may also occur because 0 is measured in the presence of
different vapours.

This will affect the value of yjy and ygy and could

account for the differences in y^. Due to these problems this approach is
only recommended for calculation of y^ on non-polar solids, using non
polar liquids (Good, 1973).

1.4.2. The Good and Girifalco interaction parameter.
The relationship between the attractive constants between like (Aaa and
Abb) and unlike (A^b) molecules was described by Berthelot in 1898 (see
equation 1.4.1.)
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^ab
(AaaAbb)®-®
Good and Girifalco (1957) expressed this relationship in term s of the
surface free energy of a solid, and a liquid, to

Ysi = Y sv

+ T lv

give the following,

- 2 O ( Ysv Ylv

(1.4.2.)

where 0 is an interaction parameter.

Later, Girifalco and Good (1960) extended this relationship by combining
equation 1.4.2. with Young's equation.

Cose =

-

1

Yl

-

(1.4.3.)
Yl

The equilibrium spreading pressure, K q, is considered as negligible
where y\ » Ys (Fox and Zisman, 1952) or where a finite contact angle is
formed. Therefore, equation 1.4.3. can be shortened to give

Cose = 2<D(^)®-® - 1
Yl

(1.4.4.)

Therefore, if Cos 0, Ylv, and 0 are known, then Ys can be calculated,
using equation 1.4.4.

For regular' interfaces, where the predominant cohesive forces w ithin
each separate phase are of the same type as the interm olecular forces
occurring between phases, 0 is very close to unity. As the imbalance in
the forces within each phase increases, 0 deviates from unity. Becher
(1977) calculated 0 from literature values of Ys and Cos 0 for several low
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energy surfaces with predominately non-polar nature.

For non-polar

liquids such as bromo-naphthalene and hexa-decane, d> was very close
to unity, but was « 1, for polar liquids such as water and glycerol.

For m ost m aterials 0 can be calculated from a knowledge of various
m olecular properties of both phases i.e. m olecular polarisabilities,
dipole moments and ionisation energies (Good, 1977).

The validity of equation 1.4.4. where polar liquids and solids are
involved, has been questioned by Good (1973).

Due to difficulty in

obtaining 0 values for many materials, this approach is of lim ited value.

1.4.3. Geometric and harmonic mean equations.
Fowkes (1963) developed the theory that the surface tension of a liquid or
surface energy of a solid can be represented by the sum of its
components, as illustrated by equation 1.4.5.

Ys = Ys + Ys + Ys + Ys + Ys +

+• ••

(1.4.5.)

where each superscript refers to the following interactions,
d = dispersive forces due to van der Waals or London
dispersion forces,
h = hydrogen bonds,
p = dipole-dipole interactions,
i = dipole-dipole induced interactions,
K = K bonds,
e = electrostatic interactions.

Chapter 1

63

Introduction

This is generally simplified and these interactions are represented by
just the dispersive and polar (which include the hydrogen bonds, dipoledipole interactions, dipole-induced dipole interactions) interactions.

Ys v =Y sv + vL

(14.6.)

Several equations, which allow the calculation of the interfacial tension
betw een two phases (usually a liquid and a solid - represented by
subscripts 1 and 2) have been proposed, based on the assumption that the
interfacial tension occurs only due to interactions betw een the s a m e
type of forces.

Fowkes (1963) stated that when considering the interaction between a
liquid and a solid of completely dispersive nature, such as teflon, the
only interaction that contributes to the interfacial tension
dispersive forces.

is due to

Since the interaction between the two phases was

represented by the geometric mean of the dispersive components of each
phase, Fowkes proposed the following equation.

Yi 2 = Y i + Y2-2fY?Yof'^

(1.4.7.)

However, this equation is only valid for situations where one phase is
com pletely dispersive.

Therefore, equation 1.4.7. was subsequently

m odified to include polar forces, to give equation 1.4.8., commonly
known as Fowke s geometric mean equation.

Yi2 = Yl + Y2 - 2(y?Y2 f

- 2(yiY2 f ^

(1.4.8.)
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Wu (1971), accepted the idea of taking a m ean of the two individual
com ponents, but suggested using a harmonic m ean rather than a
geometric mean. Therefore, using Wu's harmonic m ean approach, the
interfacial tension is given by the following.

- 4
(1.4.9.)

Wu (1973) showed that for low energy system s such as organic liquids,
water, polymers and organic pigments, the harmonic m ean approach
provided a better fit betw een calculated and experim ental data,
compared w ith the geometric mean approach.

The harmonic m ean

equation, therefore, would be more suitable for pharmaceutical systems.

Wu (1973) also proposed a harmonic - geometric mean equation.

Y12 = Yi + Y 2 - 2 ( y i Y2)

-4

^ Y?Yj ^

(1.4.10.)

Y1 +Y 2

T his equation is more suitable for high energy system s such as
mercury, glass, metal oxides and graphite. Therefore, this approach is
not su itab le for considering interactions betw een pharm aceutical
powders and liquids.

Equations 1.4.8. and 1.4.9. can be combined with Young's equation to
give equation 1.4.11. (Owen and Wendt, 1969) and equation 1.4.12. (Wu
and Brzozowski, 1971), respectively.
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■

,

Q5

05'

7^(1 + Cose) = 2

(1.4.11.)

Y (1 + C os0) = 2

y l+ yl

P

P

(1.4.12.)

There are two unknowns in both of these equations - Yg

y 2'

Therefore, it is necessary to measure the contact angle of the solid
against two liquids of known surface energy and, then sim ultaneous
equations of equation 1.4.11 or 1.4.12. can be solved to determine the
surface free energy of the solid.

For example, when considering the

interaction between a solid and a liquid, the harmonic m ean equation
can be simplified to give equation 1.4.13.

(b + c - a)7g Yg + c(b - a)Yg + b(c - a)y^ - abc = 0

(1.4.13.)

w here,
a = ( ^ ) ( l+ C o s 0 )
4

b = Y?
c = vf

An iterative computer program can be used to solve two sim ultaneous
versions (one for each liquid) of this simplified equation and thus, Yg
and Yg can be determined. Generally, one polar liquid, such as water
and one non-polar liquid, such as di-iodomethane is employed.

Di-

iodomethane and bromonaphthalene are generally selected as the non
polar liquids as they both have a relatively large surface tension (50.4

Chapter 1

66

Introduction

and 44.0 mNm-l, respectively) and therefore, a Cos 0 < 1 will be obtained
for a wide range of materials.

Thus the harmonic and geometric mean equations provide a method of
calculating surface energies from contact angle m easurem ents.

The

m ain criticism of these theories, based on the concept of additive surface
ten sio n com ponents, is th at it is not valid to consider th a t the
interm olecular forces due to polar and non-polar are independent (e.g.
Moy and Neumann, 1990). However, these theories are still used more
widely than other approaches such as the equation of state (see sections
1.4.5. and 1.4.6). Both the geometric and harmonic mean equations will
be used to estimate surface energies in this work.

1.4.4. Determination of the polar and dispersive components of liquids.
This can be calculated from the surface tension of the liquid, yiv and the
contact angle between the liquid and a non-polar solid with a known
surface energy, Ysv using equations 1.4.13., 1.4.14., and 1.4.15. below
(Zografi and Yalkowsky, 1974).

The work of adhesion,

can be calculated from the surface tension of

the liquid, 1, and the Cos 0 between a non-polar solid, s, of known
surface energy and the liquid, using equation 1.4.13. Suitable solids are
paraffin where

= 25.5 and polytetraflimoethylene where

= 19.5

(Fowkes, 1964).

= Ylv + YivCos0

(1.4.13.)
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can then be substituted into equation 1.4.14 to calculate the

dispersive component of the surface energy of the liquid,

Wa =2(y^v+7^)^'^

(1.4.14.)

y ^ can then be used in equation 1.4.15 to calculate y^ ,

Ylv =7?v+'^fv

(1.4.15.)

1.4.5. Neumann’s equation of state.
This allows calculation of the surface energy of a solid from contact
angle measurements using a single liquid.

Ward and Neumann (1974) proposed the equation of state, in the form,

7sl =f(Vsv>Ylv)

(1.4.16.)

Subsequently, Neumann et al. (1974) set out toprove the existence of this
equation

on thermodynamic grounds using the three Gibbs-Duhem

equations for a three phase interfacial system,

^Ygv ~

(1.4.17.)

(1.4.18.)

(1.4.19.)

Chapter 1

68

Introduction

w here,
Ssv> Ssi and Siv are the three interfacial entropies,
T = the absolute temperature,
Fgv, Fgi and T\y are the three interfacial excess
concentrations,
jj. = the chemical potential of the liquid phase.

Equations 1.4.17. -1.4.19. indicate that each surface tension is a function
of T and p. Therefore,

7sv ~ 7sv

(1.4.20.)

'*'sl

(1.4.21.)

^Iv

(1.4.22.)

Since these three equations exist in terms of the two variables T and p,
then each equation 1.4.20. - 1.4.22. may be expressed as a linear
combination of the other. This provides proof of the equation of state
(1.4.16.)

The following equation has subsequently been developed.

0.5 _

0.5’2

• sv Mv
Ysl =
1-0.015(Y svYiv)

(1.4.23.)

Equation (1.4.23.) is only suitable for low energy system s and has some
m athem atical lim itations which can be overcome by using a Fortran
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program (N eum ann at al., 1974) or a sim ple program suitable for
calculators or computers (Taylor, 1984).

1.4.6. Wu’s equation of state.
Wu (1979) has also proposed an equation of state.

The Good and

Girifalco equation can be combined with Young's equation to give the
following,

Cose =

-1 -

Yl

(1.4.24.)

Yl

The critical surface tension, Jc has been defined as.
Yc=Lim yiv
0—>0

(1.4.25.)

Combining equations 1.4.24. and 1.4.25. gives equation 1.4.26.,

Equation 1.4.26. rapidly converges, and, therefore, may be shortened to
give equation 1.4.27.

Y c= ^ ^ Y s-" e

(1.4.27.)

Substituting equation 1.4.27 into equation 1.4.24. gives.

Cose = 2 ( ^ ) 0 ® - 1
Ylv

(1.4.28.)
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which can be re-arranged to give,

Ye =|(l+C os0)2Y ,y

E quation

(I.4.29.)

1.4.29. allow s calculation of Yc from a contact angle

m easurem ent w ith a single liquid of known surface tension. Wu (1979)
argued that if 0 = 1, for system s where 0 » 0, TCg is negligible and
therefore Yc

Ys (see equation 1.4-.27.)

Wu (1979) obtained Yc values for a wide range of materials and compared
them with data obtained using the harmonic mean equation.

Unlike

v a lu es obtained u sin g Zisman's critical surface ten sion and the
geometric m ean equation, which were too low, data obtained using Wu's
equation of state agreed well with data obtained previously, using the
harm onic m ean equation.

Therefore, this provides an alternative

approach for calculating the surface energy of solids, from contact angle
data with a single liquid.

1.4.7. Apolar and acid/base interfacial interactions.
This is an extension of the geometric and harmonic theories, developed
by van Oss et al., (1987). It has been established that the total surface
energy of a given non metallic material, i, is the sum of it polar, Y^h and
apolar, Y^^ components.

Notice that van Oss uses a different notation to describe the polar and
non-polar interactions.

LW refers to the L ifshitz van der Waals
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interactions (non-polar) and AB refers to the Lewis acid/base, or
electron-acceptor/electron donor interactions (polar).

The

is considered as a single interaction and is num erically

equivalent to

. The polar component was previously considered as a

single interaction referred to as y^. There have been criticisms that the
concept of additive surface tension components is not valid (e.g. Moy and
Neumann, 1991) as intermolecular forces due to polar and non-polar are
not independent. However, van Oss et al., (1987) are satisfied that little
or no interaction occurs between LW forces and polar forces such as
hydrogen bonds and therefore, equation 1.4.30. is valid.

The total AB or polar' interaction ( y ^ ) , for this theory, however, is
considered as two independent interactions expressed as yj" and y [,
which refer to the electron acceptor parameter and the electron donor
parameter respectively. Van Oss et al., (1987) illustrated that for most
liquids, yj*" and yj" had different values and that some liquids and solids
were strong electron donators with little electron accepting capacity.
Therefore, y ^ is represented as the geometric mean of y^ and yj" as
shown in equation 1.4.31.

= 2 - /Ÿ î^

(1.4.31.)

W hen considering the interaction between two phases, i, and, j, the
interfacial ten sion due to the Lifshitz-van der W aals interfacial
interactions is given by equation 1.4.32.
^ .yLW ^ ^LW _ 2(ypWyLW )0.5

(1.4.32.)
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If either i or j is of purely apolar nature, the total interfacial tension can
be given by,
Yij =

+Y^

(1.4.33.)

This equation is the same as the equation proposed by Fowkes' (see
equation 1.4.7.) and may be combined with Young's equation to give,

YiCl+CosO) = 2 (y['^Y™ )°®

(1.4.34.)

The situation is more complex for polar interactions since the total polar
interaction is composed of more than one interaction,

Yy® = 2 (V Ÿ Î^ + ^/ŸÎŸJ -

Therefore, if

-

VŸrŸÏ)

(1.4.35.)

combining equations 1.4.32. and 1.4.35.

gives the total interfacial tension,

Y ij=(l/Ÿ F^ + )/Ÿ P')^ +

2(VïiŸr + VŸîŸj - VŸîŸj - ^Jyïyf)

(1.4.36.)

Equation 1.4.36. can then be combined with Young's equation to give,

Y i(l+C os0) = 2[(Y ^ ^ Y ^ ^ f ^ + (Yi"Yj

If i is a liquid (where

y["^>

Yi^

+(YrYj')^'^] (1.4.37.)

Y[ ^re known) and j is a solid, then

there are three unknowns in equation 1.4.36. - Yj"^»

y|

and

yJ*

Therefore, contact angle measurements against three liquids, two polar
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liquids and one liquid with purely apolar nature, are required to solve
equation 1.4.37.

The surface ten sion com ponents of several liq u id s have been
characterised and are quoted in a recent publication by van Oss et al.
(1992a). This approachhas been used widely to characterise the surface
properties of a variety of m aterials (e.g. van Oss et at., 1992b and
Parsons, 1992). As mentioned previously, it is essential to have a contact
angle against a liquid which is non-polar in nature to solve equation
1.4.37. Di-iodomethane is the non-polar liquid with the highest surface
tension.

Therefore, if the pharmaceutical powder under investigation

gives a Cos 0 value > 1 for this liquid, then this approach is not suitable.

1.4.8.
An alternative method for determining the surface energy of powders
has been reported by Spelt (1990) and utilised by Duncan-H ewitt and
N ism an (1993). The sedimentation volume of a known weight of the test
powder is determined in a series of binary liquids, saturated w ith the
test powder. The sedimentation volume was then plotted against the
surface free energy (surface tension) of each binary solution. For each
powder, sedimentation volumes were obtained for several binary liquid
pairs. A typical graph is shown in figure 1.4.2.

The surface free energy of the powder is then read from the graph as
shown in figure 1.4.2. Depending on the binary liquid pair both maxima
and m inim a were observed,
surface free energy value.

although they both occur at the same

Results compared reasonably well

obtained using other established methods.

data
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Figure 1.4.2. A typical graph of sedimentation volume as a function of
the surface free energy obtained by Duncan-Hewitt and Nism an (1993).
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1.5. USES OF SURFACE ENERGIES.
Surface energies can be used to calculate several other param eters,
w hich can subsequently be used to predict in teraction s betw een
excipients in pharmaceutical formulation.

1.5.1. Polarity.
The surface free energy can be used to determined the surface polarity,
Po of the solid (e.g. Zografi and Tam, 1976), using the equation 1.5.1.

1.5.2. Calculation of the work of adhesion and cohesion and spreading
coef&dents.
The work of adhesion, Wa and the work of cohesion, Wc are given by
equations 1.5.2. and 1.5.3 respectively.

Wa = 4
[Yi + Yj

Yi + t4

(1.5.2.)

(1.5.3.)

Subscripts 1 and 2 refer to the two phases under investigation, which
could be a solid and a liquid or two solids.

The spreading coefficient, X is given by the difference between the work
of adhesion, Wa and the work of cohesion, Wc,
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Xl2 - Wal2 - Wcl

(1.5.4.)

X21 = Wal2 - Wc2

(1.5.5.)

where,
^12 = spreading coefficient (phase 1 over phase 2)
A-21 = spreading coefficient (phase 2 over phase 1)

Therefore,

LY1 + Y2

Yi + Y^

(1.5.6.)

A.
2
(1.5.7.)

A large positive value of X12 indicates that phase 1 will spread easily over
phase 2. A large negative value would indicate that it is unlikely that
phase 1 would spread over phase 2.

This approach has been used successfully on num erous occasions to
predict the behaviour of various formulations.

For example, binder

su b strate interactions in granulation (Rowe, 1989 and Zajic and
Buckton, 1990), the prediction of aggregation in suspension formulation
(Young and Buckton, 1990), the physical stability in non-polar, nonaqueous su sp en sion s (Parsons et al., 1992b) and som e physical
properties (i.e. density, crushing force, sphericity and porosity) of
spheroids (Pinto, 1993)
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Thus, despite the criticism s that theoretical surface scien tists have
against current methods available for calculating surface energies (e.g.
Fowkes et oZ., 1990 and Moy and Neumann, 1990), these methods can be
u sed

su cc essfu lly

to

pharm aceutical system s.

predict

the

b eh aviou r

of m a te r ia ls

in
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1.6. ALTERNATIVE METHODS OF ASSESSING THE
SURFACE PROPERTIES OF PHARMACEUTICAL
POWDERS.
Due to the problems with measuring the wettability of pharmaceutical
powders, using contact angle measurement, alternative methods have
been sought. These include the following,

1. Consideration of the thermodynamics of immersion,
2. Gravimetric adsorption studies using desiccators containing
saturated solutions and vacuum microbalance studies,
3. Determination of the enthalpy of adsorption,
4. Determination of the wettability of materials from molecular
structure.

Previous work carried out using these four alternatives to assess the
surface properties of pharmaceutical powders shall be discussed below.

1.6.1. Thermodynamics of immersioiL
The Gibbs free energy of immersion, AGimm(x=n)

be determined

from the surface tension of the probe liquid and contact angle data (e.g.
Schroder, 1984) using equation 1.6.1.

= -YlvCosG

M easurem ent of the enthalpy of immersion, AHijnm(x=n)

(1.6.1.)

carried out

by breaking a powder filled ampoule over a spike and allow ing
immersion of the powder into the probe liquid. A schematic diagram of
the apparatus is shown in figure 1.6.1. On immersion of the powder into
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the liquid, heat flow is detected by thermopiles surrounding the powder
sample. The calorimeter is maintained at constant temperature by a
thermostatically controlled heater.

■Locking Nut
Stirrer

Thermopile
Glass Ampoule
Powder Sample
■Heater
Sharp Projection
Liquid

Figure 1.6.1. Schematic diagram of an immersion calorimeter.

The entropy of immersion can then be calculated using equation 1.6.2.

^^im m(x=n) ” '^ im m (x = n ) ' ^^^im m (x=n)

(1.6.2.)

This approach has been carried out successfully by several workers (e.g.
Hollenbeck et al., 1978; Hansford et al., 1980; Storey, 1985 and Parker et
al., 1992), using powders such as microcrystalline cellulose, which
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disperse readily in water. However, many pharmaceutical powders are
hydrophobic and do not disperse easily in liquids such as water. As a
result, the powder may float on the surface of the liquid, complete
im m ersion does not occur, and an anomalous value for the heat of
im m ersion is obtained (e.g. Buckton, 1985).

Therefore, although this

m ethod is suitable for consideration of the w ettability of hydrophilic
m aterials, it is unsuitable for hydrophobic powders and consequently
alternative methods are sought.

1.6.2. Adsorption microcalorimetry/gravitnetric adsorption studies.
Buckton and Beezer (1988) reported that a combination of adsorption
m icrocalorim etry

and gravim etric adsorption

stu d ies,

u sin g

a

microbalance, to investigate powder/vapour interactions provides useful
information regarding the wettability of pharmaceutical powders. The
use of these techniques, for this purpose shall be discussed.

The process of immersion of a powder into a liquid might be considered
as being most important when evaluating the liquid/powder interaction.
H owever, adsorption of a m onolayer of liquid m olecules, from a
su rroun din g vapour is

also

sig n ifica n t w h en

con sid erin g

the

liquid/powder interaction since, theoretically, the powder is in itially
wetted by the vapour before contact with the liquid. In fact, studies by
Hollenbeck et al. (1978), using microcrystalline cellulose, showed that
the higher the relative humidity that the powder is stored prior to
immersion, the lower the heat of immersion. Consequently, assessm ent
of vapour/liquid interactions are considered to be valuable w hen
evaluating the wettability of powders.
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1.6.2.1. C lassification o f adsorption isotherm s.
Inform ation about the nature of powder/vapour interactions can be
determ ined from adsorption isotherms.

Adsorption isotherm s can be

constructed by plotting the total heat of adsorption (Eq - which may be
determined using flow microcalorimetry) or weight of vapour adsorbed
per un it w eight of powder (determined from gravimetric adsorption
studies) as a function of vapour pressure or humidity. Brunauer et al.
(1938) classified adsorption isotherms into five distinct types (I-V), as
shown in figure 1.6.2.

T y p e I or Langmuir-type isotherms are obtained when adsorption is
restricted to a monolayer and show a reasonably rapid rise in the
amount of adsorption with increasing vapour pressure up to a lim iting
value e.g. ammonia on charcoal at 273K.

T y p e II or 8-shaped isotherms are the most common for pharmaceutical
powders e.g. starch and lactose. This type of isotherm is found where
more than one layer of molecules is adsorbed. The heat of adsorption,
Qm represents the point at which monolayer adsorption has occurred.
Further, adsorption represents multilayer formation and condensation.

T y p e III isotherm s are uncommon and occur when the process of
adsorption is unfavourable e.g. bromine on silica gel at 352K.

T y p e IV and ty p e V isotherms are similar to type II and III isotherms
respectively.

However, adsorption reaches a maximum at a vapour

pressure ju st below the saturation vapour pressure.

These isotherm s

are associated with porous solids where vapour is adsorbed into pores.
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Zq

100%

100%

Humidity (%)

Humidity (%)

III

100%

Humidity (%)

100%

Humidity (%)

100%

Humidity (%)

Figure 1.6.2. Brunauers classification of adsorption isotherms.
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Most pharm aceutical powders exhibit type II behaviour, where
adsorption of the vapour (or adsorbate) onto the powder (or adsorbent)
can occur in several ways, as illustrated in figure 1.6.3.
Adsorbed water
(multilayer formation
and condensation)
Adsorbed water
(monolayer formation)

Absorbed water

Figure 1.6.3. Water vapour sorption.

Initially, the water is adsorbed onto the powder surface to form a
monolayer.

Absorbed water may subsequently be absorbed by the

powder particles. After a monolayer of water has been adsorbed onto the
powder surface, water may condense on the surface to form multilayers.
The combination of adsorbed and absorbed water, frequently observed for
pharmaceutical powders is often referred to as sorbed' water.

Techniques available to evaluate powder/vapour interactions shall be
reviewed below.

I.6.2.2. M icrobalance studies.
The potential uses of the vacuum microbalance for surface studies have
been reviewed by Czandera and Vasofsky (1979) some time ago.
Although the utilisation of the vacuum microbalance for water vapour
adsorption studies was discussed, little work has been conducted using
this technique to obtain adsorption isotherms for pharmaceutical
powders. One study, however, has been carried out by Buckton et al.
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(1986), u sin g a vacuum microbalance technique to evalu ate the
wettability of four barbiturate powders.

Buckton et al. (1986) constructed a system whereby, a known amount of
powder, equilibrated under vacuum, at constant tem perature, on the
arm a microbalance, could be exposed to water vapour. This enabled the
rate of uptake and the total (equilibrium) uptake of water vapour onto the
powder to be determined. A typical output is shown in figure 1.6.4.

Water uptake

Time
Figure 1.6.4. Diagrammatic representation of a typical trace obtained by
Buckton and Beezer (1986), showing pre-equilibrium (x) and equilibrium
(b) water uptake.

If the equilibrium water uptake is obtained at different temperatures,
th en the thermodynamic parameters of adsorption, the enthalpy of
(AH ■®’ads)> the Gibbs free energy (AG ‘^’ads) and the entropy of adsorption
(AS

ads)»

may be calculated.

At a given temperature the equilibrium constant, Kad for the powder
vapour interaction is given by equation 1.6.3.
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Kad = —

(1.6.3.)

Po

w here,
b = the equilibrium water uptake,
Po = the saturated vapour pressure of water at the
temperature (K) of the experiment.

The enthalpy of adsorption, AH

ads

can then be calculated from a van't

H off plot of In Kad as a function of the reciprocal of the temperature,
using the van't Hoff equation.

InK =

RT

+ constant

(1.6.4.)

AH'®"ads is composed of two components, the enthalpy of monolayer
form ation, AH

the m ost im portant m oiety when considering

powder/liquid interactions and the enthalpy of condensation AH "®"cond,
which represents the heat required for multilayers to form. Therefore,
provided the value of AH

'®‘c o n d

is known, then AH

‘^’m o n

can be

calculated, using equation 1.6.5.

A H ’®"mon =

^ads ■

"^cond

(1.6.5.)

The Gibbs free energy of adsorption can be calculated from equation
1.6 .6 .

AG ^ads = -R TInK ad

(1.6.6.)
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and subsequently the entropy of adsorption can be calculated from
equation 1.6.7.

AG ♦ads = AH ♦ads - TAS ♦ad s

(1.6.7.)

D ifferences in the thermodynamic param eters of vapour adsorption
obtained by Buckton et al. (1986), for the b arb itu rates,

u sin g

microbalance studies were very small. The data gave an indication of
the rank order of w ettability of these m aterials, which compared well
with contact angle data obtained using the liquid penetration technique.

Although useful^^_was^3a^ obtained using the vacuum microbalance,
gravim etric adsorption technique, this method suffers from several
drawbacks,

1.

Vaporisation of low molecular weight powders may occur under

vacuum .
2. Solution of some powders might occur at 100% RH.
3. Data obtained does not allow construction of an adsorption isotherm
of water uptake as a function of relative humidity. Therefore, it is not
possible to distinguish between stages in the adsorption process.

As

discussed previously, a value for AH ♦mon can be obtained, however,
Buckton et al. (1986) have assum ed that the portion of the heat of
adsorption attributed to multilayer formation is equivalent to the heat of
condensation for water, AH ♦cond- This assum ption may not be valid,
particularly if |water is absorbed as well as being acfsorbed.
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16.2.3. M icrocaloiimetry studies.
The applications of microcalorimetry in physical pharmacy have been
reviewed by Buckton and Beezer (1991). For this work, microcalorimetry
sh a ll

be

em ployed

for the

pharm aceutical powders.

a ssessm e n t

o f the

w e tta b ility

of

Previous, microcalorimetric work has been

carried out, for this purpose, by Buckton and Beezer (1988), using the
barbiturates.
3 - way tap
Thermostated air box

To vacuum

Water
Teservoi]
Cell
Equilibration coü

Detector

Chart
recorder

Control
unit

Amplifier

Figure 1.6.5. Diagrammatic representation of the calorimetric system,
from Buckton and Beezer (1988).

To perform an experiment, the test powder was equilibrated in the cell
(see figure 1.6.5.) overnight, under vacuum, at 25°C. The powder was
then exposed to water vapour at 100% RH. H eat flow was monitored by
the detector and a p-t (power-time) curve was obtained at the chart
recorder. The heat of adsorption in joules, AHcah was then determined
by peak integration.

This value is converted to the standard heat of

adsorption in joules/mol.'^ of water adsorbed. The quantity of water
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adsorbed, at 25®C is obtained from microbalance experim ents as
described in section 1.6.2.2.

The Gibbs free energy is calculated, from microbalance data using
equations 1.6.8. and 1.6.9.

Kad=—
Po

(1.6.8.)

w here,
b

= number of water moles adsorbed per gram,

Po = saturated water vapour pressure at 25®C.

(1.6.9.)

AGcal = -RT InKad

The entropy of adsorption can then be calculated using equation 1.6.10

AGcal = AHcal -T AScal

(1.6.10.)

The differences in thermodynamic functions
A S ‘®‘ a d s)

(A G " ^ ad s,

AH

"^ ad s

and

obtained using microbalance data exclusively, were very small,

m aking it very difficult to differentiate between the surface properties of
the barbiturates.
param eters

However, this was not the case for thermodynamic

(A G c a b H e a l

and

A S c a l)

calculated from microcalorimetric

data.

Values of

A G cal

obtained were very similar as the total amount of water

adsorbed was almost the same, foreach of the barbiturates.

However,
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there were quite striking differences in AHcal and therefore, also AScalThus, the work undertaken by Buckton and Beezer (1988), indicates that
the use of a combination of microcalorimetry and microbalance studies
is far more beneficial that the use of microbalance stu dies alone.
However, the same drawbacks associated w ith microbalance studies,
listed below, still apply to microcalorimetry experiments,

1.

Vaporisation of low molecular weight powders m ay occur under

vacuum .
2. Solution of some powders might occur at 100% RH.
3. Data obtained does not allow construction of an adsorption isotherm
of water uptake as a function of relative humidity. Therefore, it is not
possible to distinguish between stages in the adsorption process.

Although the application of microbalance and microcalorimetry for the
consideration of the w ettability of pharmaceutical powders has been
established, these techniques still need to be improved.

1.6.3. Determination of surface properties fix>m molecular structure.
The ability to predict physical properties from molecular structure has
obvious advantages, when considering the formulation of dosage forms.
Work in this area to determine the surface properties of pharmaceutical
powders falls into three categories,

1.

Determ ination of the surface free energy of a solid or liquid from

parachor values, Quayle (1953). Parachor values for a wide range of
atomic and molecular structures have been tabulated by Quayle (1953).
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(1986)

elu cidated

a relation sh ip

b etw een

variou s

thermodynamic parameters of aqueous immersion and two molecular
orbital indices, frontier electron density, Zfr and superdelocalisability
index, ZSL

Knowledge of this relationship enables the prediction of

w ettability from molecular structure.
3. Calculation of surface energies from solubility parameters (Newton et
a l , 1993).

The use of these three methods for the assessm ent of the wettability of
pharmaceutical powders shall be discussed.

1.6.3.x. The use of Parachor values for the determination of surface

energies.
E arlier in this century, much work was carried out by Chem ists to
attem pt to correlate the physical properties of organic compounds with
their molecular structure. One of the more successful products of this
work is the parachor, P. This is a physical constant determined from
the surface free energy, y, density, p and molecular weight, M of a solid
or liquid.

Parachor values for a wide range of atomic and molecular structures
have been tabulated by Quayle (1953). U sing the tabulated parachor
values, this approach was utilised by Wu and Brzozowski (1971) to assess
the various theories available to determine surface energies for a series
of organic pigments.
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Y=

(1.6.12.)

M

This approach, however, is not very accurate for this purpose, due to the
n ecessity of calculating y from the fourth power of the density and
parachor value (see equation 1.6.12.).

Another drawback is th at

know ledge of the density of the m aterials under in vestigation is
required.

1.6.3 2. Determination of thermodynamic parameters of aqueous
immersion fix>m molecular orbital indices.
T his work w as undertaken by Storey (1986), who elu cidated a
relationship between various thermodynamic param eters of aqueous
im m ersion and several molecular orbital indices.

Storey (1985) determ ined the Gibbs free energy, AGimm> enthalpy,
AHimm and entropy, ASimm of im m ersion for five im id azoles, as
described in section 1.6.1.

The following molecular orbital indices, which are defined below, were
also calculated for each of the imidazoles,

1. Electron Density, qr,
2. Frontier Electron Density, fr,
3. Superdelocalisability Index, Sir.

E lectron D ensity. The electron density of an atom, r, can be calculated
using equation 1.6.13.
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(1.6.13.)

^OCC

where Cjj. is the coefficient (eigenvector) of the atomic orbital, i, in the
atom, r.

F r o n tie r E lec tro n D en sity . This is the electron density associated with
the highest occupied molecular orbitals, (H.O.M.O.).

fr=Ef2Cfr

(1.6.14.)

where Cfr is the eigenvector of the frontier orbital, f, in atom, r.

S u p e r d e lo c a lisa b ility Index, This a measure of the electron availability
of an atom.

It represents the electron density of an atom, r, in a

m olecular orbital, j, divided by the energy (or eigenvalue, E) of the
molecular orbital which allows comparison of the electron availability of
one atom with that of atoms in other molecules.

c?.

s ir = 2 % - ^

(1.6.15.)

The sum of qr, fr and Sir for all hydrogen bonding atom s for each
m olecule, referred to as qr(HB), fr(HB) and Slr(HB) , respectively, were
calculated.

Storey (1986), suggested that, assum ing each hydrogen

bonding atom is equally available, over the entire crystal surface, that
there should be a correlation between AGimm, AHimm , ASimm and these
three molecular orbital indices.
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The following relationships were elucidated,

1.

fr(HB) &SIr(HB)

ln(AHjjnm

(r2=0.99)

2.

f r ( H B ) & S I r ( H B ) ( r 2 = 0 . 9 3 )

It would be interesting to know if these correlations were exclusive to the
im idazoles, or if the relationship could be extended to further groups of
compounds. Investigation of the relationship between molecular orbital
indices and other surface properties would also be of interest.

1.6.3 3. Calculation of surface energies from solubility parameters.
The solubility param eter, S developed by H ansen (1967) provides
information concerning the intermolecular forces within a m aterial and
is defined as the square root of the cohesive energy density (C.E.D.),

8 = VOKD =

IA E t,

=J

Vm

I AH,, —RT

7.

(1.6.16.)

V

w here,
AEy = energy of vaporisation,
Vm

= molar volume,

AHy = enthalpy of vaporisation.

The total solubility parameter can be split into three components, the
polar component 8p, the hydrogen-bonding component, 8 h and the
dispersive component, 8 d .

5 = ^5| + 5^+5|

(1.6.17.)
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The polar and hydrogen bonding components are frequently grouped
together,

5a =

+

( 1.6 . 18 .)

V alues of m any solubility parameters (Ô, ôp, Ôh and Ôd ) have been
tabulated by Hansen (1967), for a wide range of molecules and fragments
of molecules. From these tables, solubility values for any molecule can
be calculated.

H ansen and Beerbower (1971) calculated the solubility parameters from
H ansens tables, for a large number of liquids, and were able to elucidate
the following empirical relationship, between solubility parameters and
surface energy, y,

Y = 0.0715V ^ (6^ + 0 . 6 3 2 S | ) ^

(1.6.19.)

Therefore, the surface free energy can be calculated, u sin g this
approach from a knowledge, of its molecular structure and density, p
(since Vm = molecular weigbt/p).

More recently a modified equation (Podczeck, unpublished) has been
proposed, which is more accurate for powders.

Y = 0 .1 7 V ^ (8 ^ + 0 .2 1 8 |)^

(1.6.20.)
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This equation was developed by accum ulating a large database of
surface energy data from published and unpublished work, calculating
the solu bility param eters using values from H ansens tab les and
modifying the constants accordingly.
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1.7. AIMS AND OBJECTIVES.
As stated previously, the purpose of this work is to evaluate several
methods of assessing the surface properties of pharmaceutical powders,
w ith the aim of making information gained from such studies, more
valuable. The following methods will be explored, using several groups
of model powders,

1. Contact angle measurement, using the Wilhelmy plate technique and
subsequent calculation of surface energies (using several of the theories
described in section 1.4), polarities and spreading coefficients. The effect
of compaction force during plate preparation w ill be studied.

The

relationship of these properties with several other physical powder
properties will also be investigated.

2. Further development of Microcalorimetry and Microbalance methods
as described in section 1.6.1. to enable a greater depth of information to
be obtained from these studies.

3. Prediction of the surface properties of materials from their molecular
structure, by the calculation of molecular orbital indices.

97

CHAPTER 2
MATERIALS

Chapter 2

98

M a te ria ls

2. MATERIALS.
2.1. Liquids.
All liquids shown in table 2.1.1. are the probe liquids which were used
for contact angle measurements.

Table 2.1.1. Liquids used for contact an^e measurements.
Liquid

Supplier

Glycerol
Ethylene glycol
Propylene glycol
Di-iodomethane
Brom o-naphthalene
Form am ide

Sigm a
Aldrich
Sigm a
A ldrich
FSA lab. Supplies
Sigm a

2.2. Model powders.
Four different groups of materials were chosen as our model powders.
Three chemically related series and three batches of a commonly used
pharm aceutical excipient (obtained from different suppliers) were
selected,

1.

A homologous series with the same core structure, but w ith an

in c re a sin g num ber of m eth yl groups on the

side

ch ain

- 4-

hydroxybenzoic acid and its esters.
2.

A series of compounds w ith the same ring structure, but w ith

different substituents at various positions on the ring - the imidazoles.
3.

Another series of compounds with a sim ilar core structure and

minor variations in the side chains, but are more hydrophobic and have
a larger m olecular w eight than the im idazoles - the H.M.G.CoA
reductase inhibitors.
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Three batches of a - lactose monohydrate obtained from three

different suppliers.

2.2.1. Alkyl para-hydroxybenzoates.
The alkyl p-hydroxybenzoates (PHB's) are used as preservatives in the
food, cosmetic and pharmaceutical industries. They are effective in low
concentrations against bacteria and fungi. The structure of the PHB's is
shown in figure 2.2.1.
OH

ri
COO-R
Figure 2.2.1. Molecular structure of the alkyl p-hydroxybenzoates.
Where R can be methyl, ethyl, propyl, butyl, etc.

Table 2.2.1. Suppliers and batch numbers of 4-hydroxybenzoic acid (4HBA) and the alkyl p-hydroxybenzoates.
M aterial
4-HBA
Methyl PHB

Supplier

Batch No.

Sigm a
Nipa

121H0539
M12473
E2641

Ethyl PHB

Nipa

Propyl PHB
Butyl PHB
Benzyl PHB

Nipa
Nipa
Nipa

BZ91/117

Hexyl PHB

A pin

8190

Heptyl PHB

Nipa

10

P3707
N288
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This series of m aterials was chosen as it is one of the very few
homologous series that is commercially available. Also, the PHB's have
been studied extensively in the past and therefore many of their physical
properties have been previously characterised, e.g. m elting point
(Forster et al. y 1991), solubility in water, 1-octanol, hexane and 95%
ethanol/w ater (Beezer et al.y 1991) tensile strength.

G,

m ean yield

pressure, P y, Young's modulus, critical stress in ten sity factor, K jc,
critical strain energy release rate, Gjc, and fracture toughness, R,
(Mashadi, 1988). Data available are shown in tables 2.2.2., 2.2.3. and
2.2.4.

Surface areas has been determ ined for m ethyl and propyl phydroxybenzoate. This data is presented in section 5.3.2.

Table 2.2.2. Melting points of the alkyl p-hydroxybenzoates.
M aterial
4-hydroxybenzoic acid
Methyl p-hydroxybenzoate
Ethyl p-hydroxybenzoate
Propyl p-hydroxybenzoate
Butyl p-hydroxybenzoate
Benzyl p-hydroxybenzoate
Hexyl p-hydroxybenzoate
Heptyl p-hydroxybenzoate

Melting Point (°C)
213
127.5
118
98
70
112.5
53.5
47

These data were obtained using D.S.C. by Forster et at., (1991)
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TaUe 2 2 3 . Solubility (moL dm'^) for the alkyl p-hydro]grbenzoates (at
25PO.
M aterial
Methyl PHB
Ethyl PHB
Propyl PHB
Butyl PHB
Benzyl PHB
Hexyl PHB
Heptyl PHB

Water

1-Octanol

Hexane

95%EtOH/
Water

1.14X10-2
4.09X10-2

0.71

2.57X10-3
1.05X10-4

2.16

2.21X10-3
5.33X10-4
1.28X10-3

2.39

2.54X10-3

2.80
2.87
3.31
3.92

-

9.76
6.35
4.52

-

6.19X10-4
2.63X10-4

-

3.90X10-2
3.20X10-2

2.39
3.95
4.14

These data were obtained by Beezer et at., (1991)

Table 2J2A. Data obtained by Mashadi (1988) for the alkyl phydroxybenzoates (at zero porosity).
M aterial
4-HBA
Methyl PHB
Ethyl PHB
Propyl PHB
Butyl PHB

a
(MPa)

Py
(MPa)

Kic
(MN^/2)

G ic
( Nm -l )

R
(Nm )

8.4±0.184
7.4+0.382
6.6+0.055
1.0±0.084

212

9.9+0.55
13.9+0.382
8.0+0.055
4.7+0.084

56.4+0.129

1440
202
114

1.7±0.077

200

0.31±0.143
0.31+0.045
0.22+0.011
0.07±0.007
0.12+0.010

10.310.077

88.7+0.243
36.6+0.054
5.9t0.079
14.at0.025

Surface area data has been obtained for m ethyl and propyl phydroxybenzoate and is presented in section 5.3.2.
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2.2.2. Im idazoles.
Im idazoles were chosen as another series of compounds to use for
com putational chemistry studies, as contact angle data had already
been obtained by Storey (1986).

The following five im idazoles were

studied,

1. imidazole
2. 2-methyl imidazole
3. metronidazole
4. 4-nitro imidazole
5. 2-methyl 5-nitro imidazole

The structures of these five materials are shown in figure 2.2.2.
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H

CH.

B—

H -N

H

R

H

Im idazole

R

2-methyl imidazole

CH

R o — (jy—ÿ —

G
NO
Metronidazole

H

CR

O

G
NO

4-nitroimidazole

NO

2-methyl-5-nitroimidazole

Figure 2.2.2. The structures of the imidazoles.

Chapter 2

104

M a te ria ls

2.2.3. H.M.G.CoA Reductase Inhibitors
These compounds were developed by M.S.D. and are used in medicine,
to reduce heart disease by inhibiting cholesterol synthesis in the liver.
Only three compounds have been used in this study (see table 2.2.5.).

Table 2.2.5. The three HJVLG.CoA reductase inhibitors and their batch
numbers.
M aterial

Batch No.

Sim vastatin.
Lovastatin.

MK733
000G176

L-679-336.

OOODOlO

Solubility and m elting point data for these m aterials was provided by
M.S.D. and are shown in table 2.2.6.

Table 2.2.6. Solubility data for the HJNLG.CoA reductase inhibitors.
M aterial

Solubility (water)

Sim vastatin.
Lovastatin.
L-679-336.

Melting Point (°C)

30 mg ml-l
0.5 igml-l

141
174.5

50-100 |ig ml'i

128*

The m elting point data were obtained using D.S.C. (under nitrogen, using a h eating
rate of 2°C min'^). *In-house data using the same method.

The structures of the H.M.G.CoA reductase inhibitors are shown in
figures 2.2.3, 2.2.4. and 2.2.5.
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OH

,cn
CH

CH
CH

CH

Figure 2.2.3. The structure of Sim vastatin

OH

Figure 2.2.4. The structure of Lovastatin
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OH

.CH

\ /
CH

.CH

CH
OH

Figure 2.2.5. The structure of L-679-336
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2.2.4. a-Lactose Monohydrate
Lactose is widely used in pharmaceutical formulation, particularly as
an excipient in tablets and capsules.

Three branded a - l a c t o s e

monohydrate samples were chosen as model powders. The structure of
a-lactose is shown in figure 2.2.6.

CHÿH
CH^H
HO

\

H

OH

OH

Figure 2.2.6. Structure of a - lactose

Table 2.2.7. The three brands of a-lactose monohydrate.
M aterial

Batch No.

M eggle
Lactochem

WR0393
15485

D.M.V.

3484461

Surface area data has been obtained for these materials and is presented
in section 5.3.2.
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3.1. INTRODUCTION.
A description and critical assessm ent of the different m ethods for
measuring contact angles are given in section 1.3.

Contact angle measurement of smooth, homogeneous surfaces is simple
and the reproducibility of the data obtained is extremely good. Powder
surfaces are not smooth and therefore, contact angle measurement is more
difficult. Despite this, contact angle measurement is still the m ost cited
method for assessing the surface properties of pharmaceutical powders
(e.g. Zografi and Tam, 1976; Lerk et al. y 1976; Buckton and Newton,
1986a and Parsons et al., 1992b) and data obtained can be used to
calculate the surface energy of the powder and subsequently the polarity
and spreading coefficients. Therefore, it was decided to select one method
of contact angle measurem ent to assess the surface properties of four
groups of powders (described in Chapter 2).

The W ilhelm y plate

technique was chosen as this method has recently been automated and
therefore, is the least operator dependant of all methods available. In
addition, little work has been carried out to assess the suitability of the
automated Wilhelmy plate technique for pharmaceutical powders.

There were several reasons for obtaining contact angle data for the alkyl
p-hydroxybenzoates, the H.M.G.CoA reductase inhibitors and the three
commercial samples of a - lactose monohydrate,

1. To evaluate the use of contact angle measurement, using the Wilhelmy
plate technique, for the determ ination of differences in the surface
characteristics of pharmaceutical materials in a homologous series (alkyl
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p-hydroxybenzoates) or m aterials of a sim ilar m olecular structure
(H.M.G.CoA reductase inhibitors) or the same material obtained from
different sources (the three commercial samples of a - lactose mono
hydrate).
2. To obtain suitable contact angle data, for use, to calculate surface
energies (Chapter 4) using the following theories,
a. equation of state (Ward and Neumann, 1984).
b. equation of state (Wu, 1979),
c. geometric mean equation (Fowkes, 1969),
d. harmonic mean equation (Wu, 1971).
3. To compare with water vapour adsorption data, obtained using the
microcalorimeter (Chapter 5, the three commercial samples of a - lactose
monohydrate and methyl and propyl p-hydroxybenzoate only).
4. To correlate with various molecular orbital indices (Chapter 6), to
determ ine if there is a relationship between the surface properties of
powders and their molecular structure.

The effect of compaction pressure and dwell tim e on contact angle
measurement was also investigated. There were two reasons for carrying
out this study,

1. To determine if it is valid to compare contact angle measurements from
powder plates which have been manufactured using different compaction
pressures.
2. To establish if compaction pressure significantly alter the surface free
energy of tablets. Potentially, contact angle data could be used to predict
the most suitable coating agent for tablets. If the surface free energy of
th e ta b let alters w ith increasing compaction pressure, th en the
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specification of the coating agent may also change. If wetting is the rate
lim iting step for the dissolution of a tablet in the gut, then compaction
force during tabletting, may also affect the dissolution profile and
therefore, its bioavailability.
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3.2. METHODS.
3.2.1. Surface ten sion m easurem ent of the probe liquids.
The surface tensions of the liquids employed were m easured and
compared with literature values to ensure the purity of the liquids. The
surface tension was measured using the W ilhelm y plate technique
employing the Cahn Dynamic Contact Angle (D.C.A.) analyser model 312.

3.2.1.1. D escription o f the Cahn D C A. analyser.
A schem atic diagram of the apparatus is shown in figure 3.2.1.
apparatus is encased w ithin a draught-free cabinet.

The

B oth the

microbalance and the motorised platform were interfaced with a personal
computer. The motorised platform could be raised a maximum distance of
39 mm at a constant pre-set speed betw een 20 and 264 pmsec 1.
Temperature was controlled by flowing water at constant temperature
from a circulator (Gallenkamp) through a jacketed vessel.

For surface tension measurement, the probe m ust be perfectly wetted by
the test liquid. For this study a clean glass plate was employed with the
exception of the non-polar liquids, bromonaphthalene and di-iodomethane.
For these liquids strips of clean filter paper were used, as the surface
tension values obtained for glass were lower than those quoted in the
literature, suggesting that the glass is not perfectly w etted by these
liquids.

The microbalance was regularly calibrated using a 500 mg calibration
weight. A motor calibration was also undertaken at regular intervals, to
ensure accuracy of the platform speed.
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Microbalance

Computer
Il
Motorised platform

Plate

Liquid

outlet
cooling water in

Figure 3.2.1. A diagrammatic representation of the Wilhelmy plate
apparatus.

3.2.1.2. M ethod for clean in g glassw are.
Glassware was cleaned by placing it in an ultrasonic bath containing
Micro® solution (International Products Corporation, Chislehurst, Kent)
for 5 minutes at 60°C, rinsing under warm water for ~5 minutes and
finally rinsing under purified water before being dried in an oven.
3.2.1.3. E xp erim ental procedure.
To perform an experiment the vessel containing the test liquid was held in
a jacketed vessel at a temperature of 25°C. The glass plate was passed
through a hot flame prior to use, to burn away any organic material and
placed on the arm of the microbalance above the probe liquid, via a
balance loop. The platform was raised ~10 mm, at a speed of 100 pm
sec’^. Force readings were collected at one second intervals as a function
of time and stage position. The Fz.d.o.i. was determined as described in
section 1.2.1.
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The surface tension was then calculated using equation 3.2.1. There are
two unknowns in this equation, Tiy and Cos 0. As mentioned previously, a
requirem ent of surface tension m easurem ent is that the test liquid
perfectly wets the probe. Therefore, Cos 0 = 1 and yiv can be obtained
from equation 3.2.1.

Fg
Ylv =

(3.2.1)

Cos0p

where,
F = force at zero depth of immersion
g = acceleration due to gravity
p = perimeter of the glass plate

Advancing and receding data were obtained to ensure that there was no
hysteresis - to verify the purity of the liquids and ensure that the glass
plates employed were perfectly clean.

Table 3.2.1. Surface energy values for all liquids em ployed.
Liquid

Ys (mNm-!)*

W ater!

72.0 (70.0+0.3)

48.8

23.2

Ethylene glycol !
Propylene glycol !
Glycerol^

48.9 (48.8+0.4)
38.0 (37.5+0.6)
60.2 (59.2+0.7)

15.5
9.4
29.2

33.4

Formamide^

58.0 (58.1+0.3)
50.4 (50.6+1.0)
44.0 (43.2+0.7)

19.0
0
0

39.0
50.4
44.0

Di-iodome thane !
Bromo-naphthalene^

YsP (mNm-!) Ys^ (mNm-l)

28.6
31.0

1 Zografi and Tam (1976),
2 Parsons (1992),
3 Van Oss et al. (1992a).
* The values in brackets are data collected in-house as described in section 3.2.1.3.
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The surface tension of the following liquids was measured, purified water
(reverse osmosis), ethylene glycol, propylene glycol, glycerol, formamide,
di-iodomethane and bromo-naphthalene. Surface tension measurements ±
standard deviation are shown in table 3.2.1. together w ith literature
values. In each case the hysteresis was negligible (the advancing and
receding angles were the same), further confirming the purity of the
liquids employed.

3.2.2. C ontact angle m easurem ent.
This was also undertaken using the Wilhelmy plate technique using the
Cahn D.C.A. analyser.

3.2.2.1. Pow der plate preparation.
Com pressed powder plates were produced using a highly polished
rectan gular die (figure 3.2.2.), which could be dism an tled after
compression, to allow easy removal of the compact.

The plates were

prepared from 250 mg of powder which was spread evenly in the die, to
attem pt to ensure constant porosity throughout the compact. Plates were
compressed using a Specac press which can apply forces up to 15 x 10'^
kN.

The plates produced were all 1.07 x 2.00 cm and therefore the

maximum pressure is 7.5 x 10^ kPa. The compaction pressure and dwell
tim e employed for each powder group is shown in table 3.2.2.

The perimeter of the plate, p was measured using a micrometer, mounted
on a stand.
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Figure 3.2.2. Schematic diagram of the punch and die used to prepare the
powder plates.
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Table 3.2.2. The com paction pressure and dw ell time em ployed
for each powder group.
Compaction
Material (s)

pressure
(kPa X 10-^)

Alkyl p-hydroxybenzoates.
H.M.G.Co.A reductase inhibitors.
a-lactose monohydrates.

6
1.5
4

Dwell Time
(min )
3
5
3

3 2.2.2. Choice o f liquid.
Three liquids were selected from those shown in table 3.2.1 - two polar
liquids, such as water and ethylene glycol and one non-polar liquid i.e. diiodomethane or bromo-naphthalene.

3.2.2.3. Experim ental procedure.
To perform an experiment the powder plate was placed, via a balance loop
onto the arm of the microbalance. The test liquid was placed in a clean
beaker in the jacketed vessel (held at 25oC), on the motorised platform
which was then raised -10 mm at a speed of 100 pm sec-1. Force readings
were collected at one second intervals as a function of tim e and stage
position. The

Fz.d.o.i.

was then determined as described in section 1.2.1.

and the advancing and receding angles were obtained using equation
3.2.2.

CosO =

The

F z.d .o .i.

Fg
PY Iv

(3.2.2.)

for advancing data was analysed using only the straight

portion of the buoyancy slope as shown in figure 3.2.3.
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Initial experiments were carried out daily, to measure the surface tension
of water and the contact angle between water and polytetra fluoroethylene
(P.T.F.E.). This was to monitor the reproducibility of the D.C.A. analyser
and therefore, validate the system.

Force
(mg)

5

10

Platform Position (mm)
Figure 3.2.3. Showing the portion of the curve selected for analysis
method (a).

3.2.2.4. Modified method of contact angle measurement.
Plates were prepared as described in section 3.2.2.1., except for the alkyl
p-hydroxybenzoates, where plates were compressed using a lower
compaction pressure of 4 kPa x 10^. The reason for this shall be discussed
later. Contact angle data were also obtained for 4-hydroxyhenzoic acid.

Plates were then stored for two days in a desiccator at 59% RH, 19°C prior
to contact angle measurement (as described in section 3.2.2.3.), to ensure
that the storage conditions were consistent for every plate. This was
carried out as it was suspected that storage conditions might affect the
surface of the powder plates and therefore the resulting contact angle
measurement.
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The humidity of the chamber of the D.C.A. analyser was monitored using
a hair hygrometer as it was suspected that large fluctuations in humidity
could also affect contact angle measurement.

The advancing data were analysed twice, by defining two different
portions of the buoyancy slope (as shown in figures 3.2.3. and 3.2.4.).

a. The straight portion of the buoyancy slope,
b. The first 4 mm of the buoyancy slope

Force
(mg)

5

10

Platform Position (mm)
Figure 3.2.4. Showing the portion of the curve selected for analysis
method (b).

3.2.2.5. Determination of the effect of compaction pressure and
dwell time on contact angle measurement.
Four powders were considered in this study.

1. propyl p-hydroxybenzoate,
2. hexyl p-hydroxybenzoate,
3. a - lactose monohydrate,
4. 2-methyl-5-nitroimidazole.
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Plates were prepared as described in section 3.2.2.1., using the range of
compaction pressures and dwell times shown in table 3.2.3.

Contact angle measurement was undertaken using the modified method,
as described in section 3.2.2.4. Water and ethylene glycol were used as
probe liquids, w ith the exception of a-lactose monohydrate.

For th is

powder, di-iodomethane was used instead of water, due to its high
aqueous solubility.

Table 3.2.3. To show the range of com paction pressures and dw ell
tim es used.
Compaction Pressure
(kPa X 10^)

Dwell Time
(min )

1
2

3
3

3
4

3
3
3
3
1

5
6
4
4
4

6
10

3.2.2.6. D eterm ination of the effect of powder plate age and
pow der m oisture on contact angle measurement.
Three studies were undertaken using propyl p-hydroxybenzoate, w ith
water as the probe liquid.
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1. An ageing study.
Plates were prepared as described in section 3.2.2.1. and stored at 59%
RH, 19°C, for 1, 2, 3, 4, 5, 6, 14 and 28 days prior to contact angle
measurement.
2. Humidity study (powder plates).
Plates were prepared as described in section 3.2.2.1. and stored at several
humidities - 0%, 12%, 24%, 35%, 59%, 78% and 100% RH, prior to contact
angle m easurem ent, which was undertaken at daily intervals.

These

humidities were selected as they corresponded to the humidity maintained
in a desiccator containing the following saturated solutions,
lithium chloride (12% RH) RH
potassium acetate (24% RH)
magnesium chloride (35% RH)
sodium hi-sulphate (59% RH)
sodium chloride (78% RH)
potassium sulphate (100% RH)
0% RH was obtained using phosphorous pentoxide.
3. Powder storage.
The propyl p-hydroxybenzoate powder was stored in a desiccator at 59%,
19®C, prior to plate preparation as described in section 3.2.2.1. The plates
w ere then stored for two days in the sam e desiccator, prior to
measurement.
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3.2.3. Electron microscopy.
Electron micrographs (Phillips XL20) were obtained for two sets of powder
plates,

1. An example of each of the propyl p-hydroxybenzoate plates, prepared
as described in section 3.2.2.5.
2. A portion of each of five propyl p-hydroxyhenzoate plates used for
contact angle measurement, prepared and tested as described in section
3.2.2.4. (using a compaction pressure of 4 kPa x 10^).
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3.3. RESULTS AND DISCUSSION.
3.3.1. Contact angle data obtained for the alkyl phydroxybenzoates and the H.M.G.CoA reductase inhibitors.
Prelim inary advancing and receding data obtained for the alkyl phydroxybenzoates using the method as described in section 3.2.2. are
shown in tables 3.3.1. and 3.3.2. Data obtained for H.M.G.CoA reductase
inhibitors are shown in tables 3.3.3. and 3.3.4.

Powder plates were

prepared as described in section 3.2.2.1. and stored at ambient conditions
for an unspecified time lim it before use. Data was analysed by method (a)
only, using the straight portion of the buoyancy slope.

Table 3.3.1. Advancing data obtained for the alkyl phydroxybenzoates, against water and ethylene glycol (EG) ± the
standard deviation.
Powder

0 (water)

Cos 0 (water)

0(EG)

Cos 0 (EG)

Methyl PHB
Ethyl PHB
Propyl PHB

37.5+1.5
48.6±3.5
53.2+2.3
50.4+2.1

0.795+0.016
0.660+0.045
0.598+0.032

undefined
26.3+4.5
30.1+2.7

undefined
0.914+0.029
0.864+0.024

0.637+0.031

0.813+0.015

53.2±1.2

0.600+0.019
0.339+0.010
0.359+0.027

35.6+1.6
19.4+1.4

Butyl PHB
Benzyl PHB
Hexyl PHB
Heptyl PHB

70.2±0.6
68.9+1.6

42.2+1.7
36.7+4.6

0.943+0.008
0.734+0.012
0.779+0.050

It has been stated that puhhcation of receding data is often neglected and
the information it provides about the m aterials under study is ju st as
important as that provided by advancing data (Good, 1993). Since one of
the advantages of the automated Wilhelmy plate method is that receding
data can be obtained very easily (i.e. compared with the liquid penetration
method, where it is impossible to obtain receding data or the sessile drop
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method where it is very difficult to obtain receding data), it is reported
here.

Table 3.3.2. R eceding data obtained for the alkyl phydroxybenzoates against water and ethylene glycol (EG) ± the
standard deviation.
Powder

0 (water)

Cos 0 (water)

0(EG)

Cos 0 (EG)

Methyl PHB
Ethyl PHB

17.2+1.5
32.0+2.4

0.94510.021
0.84810.024

imdefined
0.82710.029

Propyl PHB

0.84610.035

Butyl PHB
Benzyl PHB
Hexyl PHB

32.113.7
45.711.3
24.219.0
50.512.0

undehned
34.113.1
34.513.2
35.611.6
16.812.5
59.911.7

Heptyl PHB

60.410.8

0.62110.030
0.95710.013
0.50110.026
0.52910.014

0.69810.016
0.90310.053
0.63510.026
0.49610.012

58.110.9

0.82410.031

3.3.1.1. P ow der plate preparation.
Where possible, a high compression force was employed to ensure
compacts had the smoothest surface possible. This was to reduce the
effect of surface roughness on contact angle m easurem ent (see section
1.3.3.).

It was necessary to use a lower compaction force for the

H.M.G.CoA reductase inhibitors, because lamination of the powder plates
occurred at higher compression force.

Table 3.3.3. Advancing contact angle data for three H.M.G.CoA
reductase inhibitors against w ater and ethylene glycol (EG) ± the
standard deviation.

Powder

0 (water)

Cos 0 (water)

0(EG)

Cos 0 (EG)

Sim vastatin
Lovastatin

70.510.9
69.512.0

0.33310.014

35.713.4

0.81110.035

0.35010.032

35.012.3

0.81910.036

L-679-336

46.417.9

0.66310.104

30.013.7

0.82010.030
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3.3.1.2. Choice o f probe liquid.
As mentioned in section 3.2.2.2. one of the aims of this study was to obtain
contact angle m easurem ents using three liquids. However, it was only
possible to acquire data with two polar liquids i.e. water and ethylene
glycol. Both non-polar liquids (di-iodomethane and bromo-naphthalene)
gave a Cos 0 of 1, for both the alkyl p-hydroxybenzoates and the
H.M.G.CoA reductase inhibitors, indicating that they perfectly wetted
these powders.

There are other non-polar liquids available (e.g. the

decanes), however, they all have a lower surface ten sion than diiodomethane and bromo-naphthalene. Therefore, these liquids would also
spread over the powder surface giving a Cos 0 of 1.

Theoretically, di-iodomethane(yj^ =

= 50.4) should not spread over a

powder unless the dispersive component of it's surface energy, y^ > 50.4.
In view of this, it was thought that di-iodomethane would not spread over
these powders (with the exception of methyl p-hydroxybenzoate), since
they gave a finite contact angle with ethylene glycol (y^^ = 48.9). The
reason for this anomaly is unknown.

Table 3.3.4. R eceding contact angle data for tbree H.M.G.CoA
reductase inbibitors against water and etbylene glycol (EG) ± tbe
standard deviation.
Powder

0 (water)

Cos 0 (water)

0(EG)

Cos 0 (EG)

Sim vastatin
Lovastatin

49.6±2.7
28.7±4.7
34.9+3.1

0.648±0.036
0.874+0.036
0.819±0.030

20.4±3.9
21.3±2.0
15.9±4.5

0.935±0.023
0.931±0.013
0.960+0.023

L-679-336

For some powders (e.g. benzyl p-hydroxybenzoate and lovastatin) the
receding angle, 0r is unusually low compared with other powders in the
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same series. Data are shown below, where values of 0r are more typical
for propyl p-hydroxybenzoate and simvastatin,

Benzyl p-hydroxybenzoate,

0a = 53.2

0r = 24.2

Propyl p-hydroxybenzoate,

0a = 53.2

0r = 32.1

Lovastatin,

0a = 69.5

0r= 28.7

Simvastatin,

0a = 70.5

0r= 49.6

The unusually low, 0r value could be due to an increase in the roughness
of powder plated composed of benzyl p-hydroxybenzoate and lovastatin, as
Zografi and Johnson, (1984) observed that the receding angle is affected
by surface roughness more extensively than the advancing angle. An
alternative explanation is that 0r reflects the higher energy regions of the
heterogeneous powder surface. Therefore, the increased hysteresis, or
difference between 0a and 0r, could be due to the greater heterogeneity of
the surface of lovastatin and benzyl p-hydroxybenzoate.

3.3.1.3. M ethyl p-hydroxybenzoate.
Since ethylene glycol gave a Cos 0 of unity, a contact angle for m ethyl phydroxybenzoate was obtained against glycerol.

0

(glycerol)

=

54.5±2.3

Cos 0

(glycerol)

=

0.582±0.032

0

(water)

=

37.5±1.5

Cos 0

(water)

=

0.79510.016

Chapter 3

127

Contact Angle Measurement

The 0 value obtained is larger than that obtained against water. Since
water has a larger surface tension than glycerol, it would be theoretically
hû,

expected that 0 would/smaller for glycerol. This unexpected result might
be due to the high viscosity of glycerol.

This contact angle data will subsequently be used to calculate surface
energies for correlation with other properties. Therefore, it is important
to obtain contact angle data for this powder against another polar liquid,
other than glycerol (or ethylene glycol), to enable a meaningful surface
energy to be calculated. The liquid would need to have a reasonably high
surface ten sion, otherw ise it would perfectly w et the m ethyl phydroxybenzoate powder, resulting in a Cos 0 value of 1. This illustrates
the difficulty of selecting a suitable probe liquid when attem pting to
obtain contact angle data for a broad range of materials.

3.3.1.4. Errors in 0 and Cos 0 values.
It is more appropriate to quote the error (± the standard deviation) in the
Cos 0 value rather than the 0 value (Parsons et al. y 1992a). This is due to
the shape of the cosine curve . As 0 increases (to 90®) and Cos 0 tends to 1,
so the gradient of the cosine curve decreases. Therefore, a given change in
Cos 0 may result in a unequal change in 0. For example, the percentage
error in 0 for methyl and butyl p-hydroxybenzoate are very similar.
However, the percentage errors in Cos 0 are very different.
0

I Cos 0

Methyl p-hydroxybenzoate

37.5±1.5(4.0%)

0.795±0.016(2.0%)

Butyl p-hydroxybenzoate

50.412.1(4.2%)

0.63710.031(4.9%)
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Errors quoted in 0 do not reflect the true accuracy of the experim ent
(Parsons et al., 1992a), and therefore, data should be quoted as Cos 6 ± the
standard deviation. In the past it is has been commonplace for workers to
express values as 0. Therefore, data is also presented as 0 ± the standard
deviation, for comparative purposes.

3.3.1.5. Reproducibility of the data.
The variability of the data is better than that obtained by Forster et al.
(1991) who measured the contact angle of the alkyl p-hydroxybenzoates
using the Wilhelmy plate method. Forster et al. (1991) employed a non
automated system (as described in section 1.3.) and standard deviations
for contact angle measurements for methyl, ethyl, propyl, butyl, amyl,
hexyl and heptyl p-hydroxybenzoates were 7.9, 5.1, 5.8, 4.4, 4.7, 3.3, and
5.3 respectively. The improvement noted in the current data has occurred
because the

Fz.d.o.i.

was determined by extrapolation of the buoyancy slope

(undertaking lea st squares analysis) rather than drawing the best
straight line through the buoyancy slope, by eye. This automated method
of analysing the data is less operator dependant and more accurate,
therefore, results obtained are more reliable.

The data are also more consistent than results obtained by Buckton and
Newton (1986b) using the sessile drop method. This is due to difficulty of
contact angle measurement, when using the sessile drop technique.

3.3.1.6. General discussion.
Despite the improved reproducibility of the data, the results do not enable
conclusions to be drawn about the difference in the wetting properties of
some of these powders (see tables 3.3.1. and 3.3.2.). For example, there is
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clearly a difference in the wetting properties of methyl p-hydroxybenzoate
and hexyl p-hydroxybenzoate and between methyl p-hydroxybenzoate and
ethyl p-hydroxybenzoate. However, it was not possible to determ ine if
there is a significant difference between ethyl, propyl, butyl and benzyl phydroxybenzoates, due to the size of the standard deviation. As these four
compounds have an increasing number of hydrophobic m ethylene groups
in their side chain, theoretically it would be expected th at 0 would
increase throughout the series. The relationship between 0 (advancing
and receding) against water as a function of carbon number is shown in
figure 3.3.1.

70-

Œ)

50-

< 4 0 -

1 =0A d va n cin g
10 -

Receding
0

1

2

3

4

5

6

7

8

Carbon Number

Figure 3.3.1. The relationship between 0 and carbon number for the alkyl
p-hydroxybenzoates.

M ethyl p-hydroxybenzoate has a significantly lower contact angle than
ethyl, propyl and butyl p-hydroxybenzoates. It is possible that th is is
because m ethyl p-hydroxybenzoate behaves sim ilarly to the parent
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molecule, 4-hydroxybenzoic acid. A large increase in 0 (advancing) from
butyl to hexyl and heptyl hydroxybenzoates is also observed.

3.3.2. The effect o f com paction pressure and dwell tim e on contact
angle m easurement.
R esults have been obtained for four powders - propyl and hexyl phydroxybenzoate, a-lactose monohydrate and 2-methyl 5-nitro imidazole.
T hese powders were chosen from three of the four groups of model
powders as they have a broad range of contact angles (~ 10-70°). Power
plates were prepared using a wide range of compaction pressures and
dwell tim es (see table 3.2.3. in section 3.2.2.5.). No H.M.G.CoA reductase
inhibitors were selected due to the difficulty of preparing compacts from
these m aterials (see section 3.3.1.1.) Receding data were also obtained.
Results are shown in tabular form in appendix 1.

3.3.2.1. D ata analysis.
D ata were analysed using the two methods (methods (a) and (b), as
described in section 3.2.2.4), because it was noted that for a - lactose
monohydrate, a Cos 0 of 1 was obtained. Also, where 0 had been reported
previously (using the Wilhelmy plate method), the value was larger.
U sing the first 4 mm of the buoyancy slope rarely gave a Cos 0 of 1 and
normally gave a 0 value closer to those quoted by previous workers e.g.
data obtained for propyl p-hydroxybenzoate is sim ilar to the value
reported by Forster et al. (1991).

3.3.2.2. Previous work.
All previous work of this nature has been undertaken using the sessile
drop method. For example, a study was undertaken by Fell and Efentakis
(1979), who reported that the effect of compaction pressure on contact
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angle m easurem ent was unpredictable and depends on the m aterial
considered. Kiesvaara and Yliruusi, (1991) recently undertook a similar
study and also found that the affect of compaction force depended on the
material under investigation. Buckton and Newton (1986b) carried out a
study, using five barbiturate powders. They considered a very broad
range of compaction pressures. The contact angle was found to decrease
w ith increasing compaction pressure, until a threshold which, they
concluded, corresponded to the minimum compaction pressure at which
plastic deformation occurs. It was not possible to consider such a broad
range of compaction pressures using the Wilhelmy plate method. This is
because it is necessary to obtain a coherent plate for this technique as the
compact is held by a clip, which is not required for the sessile drop
method.

S.3.2.3. Propyl p-hydroxybenzoate.
Graphs showing the effect of compaction pressure on Cos 0 against water
and ethylene glycol are shown in figures 3.3.2. and 3.3.4. respectively. It
is difficult to make any definite conclusions due to the size of the standard
deviations involved, particularly for data obtained using ethylene glycol.
For example, there is a significant difference (based on standard deviation
values) between Cos 0 obtained, against water, using method (a) at 1 x 10^
kPa (0.584±0.016) and Cos 0 at 4 x 10^ kPa (0.635±0.021). However, there
is not a significant difference between the Cos 0 value obtained at 1 x 10^
kPa and 5 x 10^ kPa (0.642±0.045), despite the increase in the mean Cos 0
value obtained at 5 x 10^ kPa, due to the large standard deviation.
However, the results obtained using water, for data analysed using
methods (a) and (b), indicate that an increase in the compaction pressure
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results in an increase in Cos 0 (decrease in 0 ) up to a pressure of 5 x 10^
kPa (figure 3.3.2.).

This could be due to the decrease in surface roughness of the powder
plates with increasing compaction pressure. However, results indicate
that compaction force and dwell time have little or no effect on the
receding angle of propyl p-hydroxybenzoate. Based on the work carried
out by Zografi and Johnson, (1984), this would indicate that the effect of
compaction force is not due to surface roughness, as they showed that the
receding angle is most effected by surface roughness. However, the study
carried out by Zografi and Johnson, (1984) was lim ited to P.T.F.E.
Therefore, it is possible that the phenomena of surface roughness affecting
only receding data is peculiar to that material, and does not apply to the
powder systems investigated here.

Cos 0 is clearly smaller (0 is larger) using method (b), rather than method
(a), (see figures 3.3.2 and 3.3.3.).

This probably occurs due to the

increased roughness at the tip of the compact.

The extent of the

interaction between this rough portion of the plate and the probe liquid is
sm aller. Therefore, the Fz.d.o.i. obtained when the first 4 mm of the
buoyancy slope (see figures 3.2.3 and 3.2.4.) is used, is smaller, resulting
in a smaller Cos 0 value (0 is greater). This provides further evidence that
surface roughness of powder plates results in an increase in 0a, and a
decrease in the measured wettability of powder plates.

Another interesting point is that for results obtained against ethylene
glycol (see figure 3.3.4.), analysed using method (a), the receding data (Cos
0) are sm aller than the advancing data. However, for results analysed
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using method (b), Cos 0 (receding) is the same as the advancing data.
Theoretically it is impossible to accept that Cos 0 is smaller for receding
data and indicates that data analysed using method (a) gives an
anomalous result.

The surface of the powder plates prepared at increasing compaction
pressure were viewed using a Scanning Electron Microscope (S.E.M). The
resulting micrographs are shown on plate 3.3.1, and help explain the
shape of figure 3.3.2.

The micrographs show that the surface of the

compacts become increasingly more smooth until a compaction force of 5 x
10^ kPa. Above this compaction pressure, there was an increase in the
presence of particles at the surface of the plate. It was also noted that
above this compaction pressure it became increasingly more difficult to
dism antle the die.

This may explain the increased presence of these

particles at the surface of the powder plate and the large contact angle
obtained for plates compressed at 6 x 10^ kPa. This phenomena may also
explain the unpredictable results obtained by previous workers, who have
investigated the effect of compaction pressure, during plate preparation on
contact angle measurement, particularly since the range of compaction
pressures used by workers is quite variable.
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Figure 3.3.2. The effect of compaction pressure on contact angle
measurement for propyl p-hydroxybenzoate, against water.
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Figure 3.3.3. The effect of dwell time on contact angle measurement for
propyl p-hydroxybenzoate, against water.
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Figure 3.3.4. The effect of compaction pressure on contact angle
measurement, for propyl p-hydroxybenzoate, against ethylene glycol.
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Figure 3.3.5. The effect of dwell time on contact angle measurement, for
hexyl p-hydroxybenzoate, against water.
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Plate 3.3.1. Scanning electron micrographs of propyl p-hydroxybenzoate
compacts, prepared at different compaction pressures (as shown).
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3.3 2.4. H exyl p-hydroxybenzoate.
The standard deviations are larger for this material compared to propyl phydroxybenzoate.

However, the results indicate that there is a

relationship between Cos 0 (against water) and dwell time (figure 3.3.5).
There is no clear relationship between compaction pressure and Cos 6.
The receding angle, similar to propyl p-hydroxybenzoate, is unaffected by
compaction pressure and dwell time.
3.3.2.5. 2-m ethyl-5-nitroim idazole.
These results indicate that the advancing and receding angles of 2-methyl5-nitroimidazole against water and ethylene glycol are unaffected by
compaction force and dwell time.

A graph of Cos 0 as a function of

compaction pressure is shown in figure 3.3.6.
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Figure 3.3.6. The effect of compaction pressure on contact angle
measurement, for 2-methyl-5-nitroimidazole against water.
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3.3.2 6. a - lactose monohydrate.
It is difficult to make any conclusions from these results because 0 is very
small and therefore the errors are large. However, similar to 2-methyl-5nitro-imidazole, 0 appears to be unaffected by compaction pressure and
dwell time. This is consistent with the findings of Kiesvaara and Yliruusi
(1991), who, using the sessile drop technique, also found that, for
a - lactose monohydrate, 0 was not sensitive to compaction pressure or
dwell time during plate preparation.

3.3 2.7. General Discussion.
It is possible that compaction force and dwell time have a small effect on
contact angle measurement.

However, the errors involved (even the

com paratively sm all errors using the autom ated W ilhelm y plate
technique) are such that this effect is not significant, with the exception of
propyl p-hydroxybenzoate.

Surface roughness effects are the most probable cause of the effect of
compaction pressure on the advancing contact angle, for the propyl phydroxybenzoate. This, it is in contradiction with Zografi and Johnson
(1984) who observed that surface roughness affects the receding angle
more that the advancing angle.

Although this is lik ely to be the

predominant reason for this effect, alternative explanations were sought.

The S.E.M.'s obtained for propyl p-hydroxybenzoate, at each compaction
pressure, clearly show th at individual particles of the propyl phydroxybenzoate powder are not present at the surface of the compacts, as
observed by Chawla et. al. (1994) - see section 1.3.4. The particles at the
surface of the powder have clearly deformed, to give a relatively fiat
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surface, therefore, the perimeter calculated from plate dimensions will be
valid, for plates prepared at each compaction pressure. Therefore, this
effect described by Chawla et. al. (1994) will not have affected contact
angle data obtained at increasing compaction pressure.

The nature of the material employed, in terms of its compressibility i.e.
the relative plasticity, elasticity or fragmentability of the powders, may
also affect this relationship.

For example, lactose is a fragm enting

material and therefore, the effect of increasing compaction pressure would
be less likely to affect the surface properties of the compacts. Particularly
as it has been established that particle size of powders has no effect on
contact angle measurement (e.g. Buckton and Newton, 1985). However,
the effect of increasing compaction pressure for m aterials which deform
p lastically m ay effect the surface properties of the compact more
considerably. Indeed, one of the established drawbacks of contact angle
m easurem ent undertaken using compressed powder plates, is that the
compression process may affect the surface properties of the powder under
investigation by plastic deformation (Buckton and Newton, 1986b).

An X-ray diffraction method which allows evaluation of the crystallite
orientation at the surface of intact tablets has been reported (Fukuoka et
al.y 1987, 1991).

At the surface of uncompacted powder, random

orientation of crystallites was observed. Fukuoka et al. (1987) found, for
salicylic acid, that during compaction, crystallites had a tendency to align
in a particular orientation, preferentially at the surface of the tablet. The
effect of compaction force was also investigated. Preferential crystallite
orientation only occurred at low compaction forces. At higher compression
forces, crystallite orientation was variable, indicating that preferential
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orientation was not occurring. This phenomena may also explain the
variability in the results obtained by previous workers, since preferential
orientation of crystallites may result in an increase or a decrease in the
contact angle, depending on the nature of the functional groups that are
present at the surface of the tablet. If the crystallite orientation is such
that there are several hydrophilic groups which are present at the surface,
then this will result in a sm aller contact angle.

An increase in the

presence of hydrophobic functional groups may result in a larger contact
angle.

K iesvaara and Yliruusi, (1991) calculated surface energies

(geom etric m ean equation), from contact angle data obtained and
interestingly, they found that, although the total surface free energy was
affected by compaction pressure, it was only the polar component that was
affected. The dispersion component was not affected. This observation by
Kiesvaara and Yliruusi, (1991) could be explained by this phenomena of
preferential crystallite orientation, with varying compaction pressure.

Possible explanations for the effect of compaction pressure, during plate
preparation, on contact angle measurement are summarised below,

1. Surface roughness effects. This results in an increase in the contact
angle with increasing compaction pressure.
2. By affecting the real perimeter of the powder compact. This results in
a decrease in the contact angle with increasing compaction pressure.
3. Plastic deformation may occur at high compaction pressures, resulting
in a decrease in 0, (Wilhelmy plate method only).
4. By affecting the crystallite orientation at the surface of the powder
plate. Depending on the preferred orientation of the crystallites of the
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powder under investigation, this may have a varying affect on the contact
angle.

W ithout further investigation, it is impossible to elucidate the m ain cause
of compaction force (if any) on contact angle m easurem ent for propyl phydroxybenzoate. Although these reasons may help explain the variable
effect of compaction pressure on contact angle m easurem ent by other
workers.

3.3.3. The effect of powder plate storage on contact angle
m easurem ent.
Propyl p-hydroxybenzoate was used as the model powder. Data obtained
is shown in table 3.3.5.

Time of plate storage prior to contact angle measurement has no effect on
0.

However, the standard deviation increases with the length of plate

storage.

T his could be explained due to the increase in sam ple

contam ination with time. It was thought that the variable relaxation of
compacts m ight affect the contact angle, however, this does not explain
the variability in the data obtained.

The resu lts, however, vary depending on the day the plates were
produced. For example, 0 for plates prepared on the 4.8.92 (tested 1 and 3
days after preparation) are much smaller than 0 for plates prepared in
6.92. It is not possible to explain why such differences should occur, as
the plates were prepared and tested in the same way. This phenomena
had been noted previously with ethyl p-hydroxybenzoate, where
of 56.9+0.7 and 50.511.6 were obtained on different days.

results
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Table 3.3.5. Data obtained for propyl p-hydroxybenzoate for
plates stored at different time intervals.
0 vs.

Cos 0 vs.

water ± SD

water ± SD

5.8.92
10.6.92
7.8.92

42.2±4.6
50.7+1.5
42.5±2.4

14.8.92

18.8.92

46.9±2.7

0.740±0.055
0.633±0.020
0.737±0.028
0.683±0.035

5

26.6.92

1.7.92

50.3±2.5

0.639+0.034

6
14

11.8.92
10.8.92

17.8.92
24.8.92

45.5±8.9
46.9±3.6

28

26.6.92

24.7.92

54.1±4.3

0.701±0.123
0.683+0.047
0.586±0.062

No of Days
Stored.

Date
Prepared

Date Tested

1
2
3

4.8.92
8.6.92
4,8.92

4

3.3.4. Hum idity studies
U sing the method as described in section 3.2.2.6., contact angle data were
obtained for plates stored at different humidities. The method, however,
was practically difficult to perform. The main problem being, that it was
necessary to remove the powder plates from the desiccator to undertake
contact angle measurements. Therefore, results may not reflect the true
effect of humidity. Data obtained were highly inconsistent and difficult to
analyse as the buoyancy slope was frequently not straight. Therefore,
results are not shown. Ideally it would be necessary to undertake the
actual experim ent in an environment m aintained at the appropriate
humidity.

It was anticipated that 0 would decrease as a function of storage humidity.
This would be due to an increase in water adsorption at the surface of the
powder plate.

The resulting liquid/powder interaction would be more

favourable, the F z.d.o.i. would be larger and therefore, 0 would be smaller.
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Table 3.3.6. 0 for Propyl p-hydroxybenzoate using plates
produced from powder stored at constant hum idity (59% RH at
19«C)
Test.

0 vs. water

Cos 0 vs.

0 vs. water

Cos 0 vs.

(method a)

water

(method b)

water
(method b)

(method a)
1
2

57.2

0.542
0.708

3
4

44.9
51.3
51.2

5
6
7
Mean ± S.D.

62.8
50.7
56.5
56.6

0.457
0.633
0.552

51.0
43.8
42.3

0.625
0.627
0629
0.722
0.740

55.0
51.8
52.5

0.550
0.574
0.618
0.608

48.8±5.3

0.656±0.070

55.2±4.1

0.564±0.063

Where method (a) and method (b) refer to the mode of data analysis of advancing data
(see section 3.2.2.4.).

It w as considered that more consistent contact angle data m ight be
obtained using powder which has been stored at constant hum idity prior
to measurement. Therefore, using propyl p-hydroxybenzoate, plates were
produced from powder which had been stored at 19®C in a desiccator at
59% RH, prior to measurement. The results are shown in table 3.3.6. and
clearly show that there is no advantage using powder stored at constant
humidity.

3.3.5. Contact angle m easurem ent using the m odified method.
Data have been obtained for the alkyl p-hydroxybenzoates, H.M.G.CoA
reductase inhibitors and three brands of a - lactose monohydrate.
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3.3.5.1. The alkyl p-hydroxybenzoates and the H.M.G.C0A.
reductase inhibitors.
The two liquids employed for the alkyl p-hydroxybenzoates and the
H.M.G.CoA. reductase inhibitors are water and ethylene glycol (EG).
Formamide (Form) was used as the second liquid for 4-hydroxybenzoic
acid (4HBA) and methyl p-hydroxybenzoate as a Cos 0 of 1 was obtained
against ethylene glycol. Advancing data (analysed using methods a and b)
and receding data are shown.

Table 3.3.7. Advancing data (method a) obtained for the alkyl phydroxybenzoates.
Powder
4H B A
Methyl PHB
Ethyl PHB
Propyl PHB
Butyl PHB
Benzyl PHB
Hexyl PHB
Heptyl PHB

8

Cos 0

0

Cos 0

(water)

(water)

(EG/Form*)

(EG/Form*)

46.0±3.4

0.694±0.042

36.4±4.3
50.8±1.4
50.7±1.5
50.0±3.2

0.804+0.045
0.623±0.019
0.611±0.021
0.642±0.043
0.589+0.019

16.0+3.8*
11.4±2.2*
22.9±2.3
20.0+5.9
27.5±2.6
9.6+4.1

0.960+0.018*
0.980+0.007*
0.921+0.015
0.936+0.033
0.886+0.021

0.506+0.048
0.357±0.005

40.5+1.7
37.3+3.6

0.760+0.019
0.791+0.047

53.9±1.4
59.6±3.2
69.1±0.3

0.984+0.013

It is interesting to note the anomalous behaviour of m ethyl p-hydroxy
benzoate, which has a much smaller contact angle than 4-hydroxybenzoic
acid.

Theoretically, m ethyl p-hydroxybenzoate should have a greater

contact angle than 4-hydroxybenzoic acid, due to the extra hydrophobic,
methylene group in its side chain.
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Table 3.3.8. A dvancing data (m ethod b) obtained for the alkyl phydroxybenzoates.
Powder
4H B A
Methyl PHB
Ethyl PHB
Propyl PHB
Butyl PHB
Benzyl PHB
Hexyl PHB
Heptyl PHB

0

Cos

0

0

Cos

0

(water)

(water)

(EG/Form*)

(EG/Form*)

50.3±3.1

0.639+0.044
0.775+0.044

23.5±2.1*

0.917±0.015*
0.955+0.018*

0.559+0.031
0.554+0.032
0.572+0.042
0.519+0.041

35.5±3.3
33.3+3.0
29.2±1.7
26.7±2.1

0.432±0.069
0.320±0.050

50.1±1.4

39.0±4.0
56.0±2.1
56.3±2.3
55.0±2.9
58.7±2.8
64.4±4.4
70.7±3.1

17.1+3.8*

46.5+2.8

0.815±0.032
0.835+0.028
0.775+0.018
0.893±0.017
0.642+0.018
0.687+0.036

Table 3.3.9. R eceding data obtained for the alkyl phydroxybenzoates.
Powder
4H B A
Methyl PHB
Ethyl PHB
Propyl PHB

0

Cos 0

0

(water)

(water)

(EG/Form*)

(EG/Form*)

9.3+5.1
undefined
30.7±1.3
32.9±2.0

0.984+0.012

undefined*
undefined*
30.0±2.0

undefined*
undefined*
0.865±0.017

35.0±1.5
45.6+2.4

0.81910.013

45.1+3.2

undefined
0.859±0.011
0.839+0.018

Butyl PHB
Benzyl PHB
Hexyl PHB

16.3+3.8
56.5±2.9

0.705±0.040
0.958±0.018
0.552+0.042

Heptyl PHB

60.9±1.7

0.486±0.026

13.1±5.7
56.6±1.1
51.9+4.2

Cos

0

0.70010.029
0.97110.026
0.55110.017
0.61510.054

The results are very similar to those obtained using the original method of
contact angle measurement, despite the fact that the experim ent was
carried out under such strictly controlled conditions.

To summarise, the original experiments were controlled in the following
manner.
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1. The plates were prepared using the same quantity of powder and
compressed in the same die at the same compression force, using the same
dwell time.
2

. The temperature of the probe liquid was maintained at 25°C.

Experim ents performed using the modified method of contact angle
measurement were controlled in the following way,

1. The plates were prepared using the same quantity of powder and
compressed in the same die at the same compression force, using the same
dwell time.
2. Plates were stored at constant humidity and temperature (59% RH,
19°C) for two days prior to contact angle measurement.
3. The DCA analyser was checked for accuracy using a PTFE block on a
daily basis.
4. The temperature of the probe liquid was maintained at 25°C.

It has also been shown that storage of powder at constant humidity prior
to contact angle measurement does not improve the quality of the results.

The only parameter that could not be controlled was the hum idity of the
testing chamber, however, this was monitored using a hair hygrometer,
which is capable of measuring the relative humidity ± 5% RH and, in
general the humidity did not alter significantly on a day to day basis (3750% RH).

Several sets of data, for propyl p-hydroxybenzoate, were

obtained on different days. Where the humidity did vary, there was no
relationship between humidity and the contact angle obtained.
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Table 3.3.10. A dvancing contact angle data (m ethod a) for three
H.M.G.CoA reductase inhibitors.
(water)

Powder

0

Sim vastatin
Lovastatin

69.3±0.8
70.2+2.1

L-679-336

45.9+9.1

Cos

0

(water)

0.354±0.013
0.338+0.035
0.720±0.097

0

(EG)

26.0±1.9
23.6+4.4
14.7±4.4

Cos 0 (EG)
0.898±0.015
0.914+0.030
0.965±0.019

Table 3.3.11. A dvancing contact angle data (m ethod b) for three
H.M.G.CoA reductase inhibitors.
(water)

Powder

0

Sim vastatin
Lovastatin
L-679-336

71.7+0.4
74.7±1.6
53.9±3.9

Cos

0

(water)

0.314+0.006
0.265±0.026
0.594±0.056

0(EG)

Cos 0 (EG)

39.113.2
37.212.8
30.913.9

0.77410.037
0.79610.030
0.85610.035

Table 3.3.12. R eceding contact angle data for three H.M.G.CoA
reductase inhibitors.
(water)

Powder

0

Sim vastatin
Lovastatin

45.911.4
36.911.5
32.911.2

L-679-336

Cos

0

(water)

0.69510.017
0.80610.013
0.839+0.012

0

(EG)

Cos

0

(EG)

22.713.6
20.514.4

0.92110.026
0.93510.025

25.913.9

0.87810.026

3.3.5 2. a - lactose m onohydrate.
a - lactose monohydrate is highly soluble in water, and therefore, water
could not be used as the probe liquid for these powders. The two liquids
employed were ethylene glycol (EG) and di-iodomethane (DIM). Results
for a - lactose monohydrate, analysed using method (a) gave a Cos 0 of 1 .
Therefore, data for this method of analysis are not shown.
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Table 3.3.13. A dvancing contact angle data (m ethod b) for
a - lactose m onohydrate
Lactose
Meggle
D.M.V.
Lactochem

0

(EG)

9.3±3.0
12.5+2.8
9.3±1.7

Cos 0 (EG)

0(DIM)

Cos 0 (DIM)

0.986±0.009

21.1+6.7
14.9+6.0
10.9±2.6

0.929+0.042

0.975±0.009
0.987±0.005

0.962±0.026
0.981±0.010

Table 3.3.14. R eceding contact angle data for a - lactose
m onohydrate
Lactose
Meggle
D.M.V.
Lactochem

0

(EG)

18.5±4.1
22.6+4.3
19.3±6.7

Cos 0 (EG)

0 (DIM)

Cos 0 (DIM)

0.946±0.022
0.922±0.028
0.939±0.034

23.5
32.2±8.0
31.7±10.6

0.917
0.839+0.074
0.838±0.082

The m ain purpose of obtaining contact angle m easurem ents for these
a - lactose monohydrate samples, was to compare the results w ith data
obtained using microcalorimetry. A comparison of techniques shall be
discussed in Chapter 5. It is important to note that it is not possible to
determine if there are any differences in the surface characteristics of
these powders, using contact angle measurement, as values Cos

0

are not

significantly different (based on the calculated standard deviation values).

3.3.S.3. D ata analysis
It is surprising that the standard deviation's obtained for both methods of
analysis (a and b) are very similar. The first 4 mm of the buoyancy slope
(used for method b) is invariably quite jagged and the portion of the
buoyancy slope selected when using method (a) is generally very straight.
The error in the data was therefore, expected to be greater. This shape of
the advancing buoyancy slope is characteristic of pharmaceutical powders.
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due to the comparative roughness at the end of samples prepared from
powders.

D espite this, a standard method of analysis has not been

reported, although it is generally accepted that the straight portion of the
buoyancy slope should be used.

Since it is vital th at m ethods are

standardised to allow comparison of data obtained from different sources,
this problem is quite significant, particularly as other workers using this
technique have not reported the mode of analysis employed.

U se of method (b) to analyse contact angle data is therefore valid, when
comparing the surface properties of powders.

This is useful for the

consideration of pharmaceutical powders which have a relatively high
surface energy, such as lactose, providing the same method of analysis is
employed for each powder. It is important to note that 0 are generally
smaller for methods of contact angle analysis which employ compressed
powder plates compared with liquid penetration methods (e.g. Buckton,
1985; Hansford et oZ., 1980 and Parsons 1992b).

Therefore, it is

acceptable to use an alternative method of data analysis, provided the
method is consistent for all powders considered. For published work, the
method of data analysis should be reported.

It should also be noted that data analysed by method (a) frequently gives
a

0

a <

0 r>

particularly for data obtained using ethylene glycol (e.g. see

tables 3.3.7-3.3.9), which is theoretically invalid, (the factors which affect
contact angle hysteresis are discussed in section 1.3.3.). It is generally
accepted that the straight portion of the buoyancy slope should be used
(method a). However, based on the data obtained here, method (b) would
appear to be the most appropriate method of analysis.
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3.3 5.4. V ariability o f contact angle data.
The most worrying outcome of repeating contact angle measurements for
these powders, was that although the errors in the data were acceptable,
for some powders different results were obtained on different days. Some
results obtained for propyl p-hydroxybenzoate and sim vastatin are shown
in table 3.3.15.

Table 3.3.15. V ariability of contact angle m easurem ents.
Simvastatin

Propyl p-hydroxybenzoate
0

Cos 0

(water)

(water)

50.7±1.6
53.2±2.3
47.214.0*
53.212.3*
45.713.7*

0.63310.021
0.59810.032
0.67910.052*
0.59810.032*
0.69810.047*

Date
10.06.91
14.11.91
4.11.92
18.11.92
3.12.92

0

Cos

Date

0

(water)

(water)

70.510.9
70.111.5
69.310.8*

0.33310.014
0.34010.024
0.35410.013*

28.05.91
6.12.91
7.10.92

* obtained using the modified method of contact angle m easurem ent where the hum idity
in the testing chamber was monitored. N.B. There is no relationship between the
observed contact angle measurement and the humidity of the testing chamber.

Clearly results obtained for simvastatin are consistent. However, this is
not the case for the propyl p-hydroxybenzoate data.

A possible

explanation for this, is the effect of compression on the crystallite
orientation.

It is possible that this is more variable for propyl p-

hydroxybenzoate at the compression force considered. However, for the
lower compression force employed for simvastatin, preferential orientation
occurred at the surface of the powder plate. Therefore, contact angle data
were much more consistent.
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One explanation for this is that the surface roughness of the powder
plates is variable, despite being prepared by the same operator, using the
sam e procedure.

Therefore, a study was undertaken using propyl p-

hydroxybenzoate.

Powder plates were prepared (using the modified

method, see section 3.2.2.4.) H alf of the plate was used for contact angle
analysis and the surface of the remaining h alf was viewed under the
S.E.M. Contact angle data is shown in table 3.3.16. and the S.E.M.'s are
shown on plates 3.3.2.

Table 3.3.16. Contact angle data obtained for five in d ivid u al
pow der com pacts o f propyl p-hydroxybenzoate.
Plate
1
2

3
4
5

0 a (against

71.5
66.3
41.3
47.1
53.9

water)

0 r (against

water)

41.8
35.3
33.7
34.5
33.9

The contact angle of plates 1 and 2 is much greater than the contact angle
of plates 3, 4 and 5 as well as being much greater than the mean contact
angle measurement obtained previously (50.7±1.5). The surface of plates
1

and

2

are rougher than plates 3, 4 and 5. Thus, differences in the data

may be due to surface roughness. As mentioned previously, Zografi and
Johnson, (1984) reported that, for P.T.F.E. plates, surface roughness
affected the receding angle, 0r, more than the advancing angle, 0a. This
work suggests that it is the advancing angle which is affected more
strongly.

Chapter 3

Contact Angle Measurement

152

It is important to recognise that surface roughness is only one factor that
causes variability in contact angle data obtained for plates prepared in the
same way. Other effects probably include surface contamination, surface
heterogeneity, variability in the orientation of crystallites and presence of
amorphous powder at the surface of a plate produced from a material that
is largely crystalline in nature.

^m m

Compact 1.

Compact 2 .

Compact 3.

Compact 4.

Compact 5.
Plate 3.3.2. Scanning electron micrographs of the surface of powder
compacts of propyl p-hydroxybenzoate.
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3.4. CONCLUSIONS.

1.

The quality of contact angle data obtained, for these pharmaceutical

powders, is much better than data published previously, due to the use of
the automated Wilhelmy plate method.

2

. The effect of compaction pressure has varying effects on contact angle

measurement depending on the material used.

This is probably due to one of several reasons sum marised in section
3.3.2.7.

However, the error in contact angle data obtained for

pharmaceutical powders, combined with the variability of results obtained
on different days is such that this effect is normally insignificant.

3. The quality of the data cannot be improved by extensively controlling
the method of contact angle measurement. This is probably due to the
heterogeneous nature of powders and the rough' surface of the powder
plates employed. It should be emphasised that this is not the case for
idealised smooth surfaces.

4. The method of data analysis (in terms of selection of the portion of the
buoyancy slope used to determine the Fz.d.o.i.) can have a dramatic effect
on the contact angle obtained.

Therefore, it is im portant that this

procedure is standardised and where data is published, that it is reported,
to enable comparison of data with those obtained by other workers.
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4.1. INTRODUCTION.
The m ain use of contact angle m easurem ents in form ulation is to
calculate the surface energies of pharmaceutical powders.

The surface energy is a more useful value than a contact angle as it
gives an indication of the overall surface behaviour of a powder as
opposed to the extent of its interaction with a particular liquid.

The various theories available for the calculation of surface energies are
discussed in section 1.4. In this chapter the surface energies of the alkyl
p-hydroxybenzoates, H.M.G.CoA reductase inhibitors and the three
brands of a - lactose monohydrate will be calculated using several of
these theories.

The surface energies will then be used to calculate the polarity, the work
of adhesion, Wa between water and our model powders and subsequently
spreading coefficients, X.

The relationship between surface properties of powders and various
physical properties of the model powders will also be presented in this
chapter.
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4^. RESULTS AND DISCUSSION.
4.2.1. Calculation of surface energies.
The surface energies of the model powders have been calculated using
the following theories,

1. Equation of state (Ward and Neumann, 1984).
2

. Equation of state (Wu, 1979),

3. Geometric mean equation (Fowkes, 1969),
4. Harmonic mean equation (Wu, 1971).

It was also our aim to calculate surface energies using the acid/base
theory developed by van Oss et al., (1987). However, for reasons that will
be discussed later, this was not possible.

4.2.1.1. Neumann's equation of state.
The surface energies were calculated using contact angle data obtained
for both liquids (water and ethylene glycol or formamide for the alkyl phydroxybenzoates and H.M.G.CoA reductase inhibitors; ethylene glycol
and di-iodomethane for lactose).

T hese surface energies were calculated using a basic com puter
program, shown in Appendix

2

.
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Table 4.2.1. The surface energies of the alkyl p-hydroxybenzoates using
advancing data analysed by method (a).

M aterial

Ysv, water
(mNm*l)

Ysv (ethylene glycol/
formamide*)
(mNm-1)

4-hydroxybenzoic acid
Methyl PHB
Ethyl PHB

54.9±2.0
60.2t2.3
52.1+0.9

45.210.7

Propyl PHB
Butyl PHB
Benzyl PHB
Hexyl PHB

52.110.9
52.511.9
50.210.9

46.111.7
43.710.9
48.210.6

46.9tl.9
41.310.2

38.610.8
39.911.5

Heptyl PHB

55.812.9*
56.912.2*

Table 4.2.2. The surface energies of the alkyl p-hydroxybenzoates using
advancing data analysed by method (b).

(m Nm -l)

Ysv, ethylene glycol/
form amide*
(m N m -l)

4-hydroxybenzoic add
Methyl PHB
Ethyl PHB

52.411.9
58.812.3
49.011.2

53.510.8*
55.511.1*
40.711.4

Propyl PHB

41.611.2

Butyl PHB
Benzyl PHB
Hexyl PHB

48.811.3
49.611.7
47.411.7
44.112.6

39.110.8
44.010.7
34.2+0.7

Heptyl PHB

40.411.8

35.9+1.3

M aterial

Ysv, water
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Table 4.2.3. The surface energies o f the ILM.G.C0A reductase inhibitors
using advancing data analysed by method (a).

M aterial
Sim vastatin
Lovastatin
Lr679-336

Ysv, water

Ysv, ethylene glycol

(m Nm -l)

(m N m -l)

41.2+0.5
40.7±1.2
54.9+5.2

44.2+0.6
45.0±1.4
47.3+0.9

Table 4.2.4. The surface energies of the HJVLG.CoA reductase inhibitors
using advancing data analysed by method (b).
M aterial
Sim vastatin
Lovastatin
Lr679-336

Ysv, water

Ysv, ethylene glycol

(m Nm -l)

(m N m -l)

39.3±0.8
38.H0.9
50.2+2.3

39.2±1.4
40.0±1.2
42.511.5

Table 4.2.5. The surface energies of a - lactose monohydrate using
advancing data analysed by method (b).
M aterial

Ysv, ethylene glycol

Ysv, di-iodomethane

(m Nm -l)

(m N m -l)

M eggle

48.3+0.4

47.212.2

D .M .V.
Lactochem

47.810.6

48.711.5

48.310.3

49.510.5

The comparison of Ysv obtained from contact angle data, for m ost of the
alkyl p-hydroxybenzoates and L-336-679, using both liquids, is very poor.
Although the comparison between Ysv obtained, for both liquids, for 4hydroxybenzoic acid, methyl and benzyl p-hydroxybenzoate, lovastatin,
sim vastatin and the three lactose samples, is quite good.
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The liquids selected are all quite different in term s of the balance
between their polar and dispersive components (as shown below),

w ater

Ji = 72.0 ,y f = 23.2 and

= 48.8

Po = 67.8%

form am ide

71

= 58.0 ,y f = 39.0 and

= 19.0

P© = 32.7%

ethylene glycol

71

= 48.9 ,y f = 33.4 and

= 15.5

Pq = 31.6%

di-iodom ethane

71

= 50.4 ,y f = 50.4 and

yf = 0

Pq = 0%

The polarity of water > formamide > ethylene glycol > di-iodomethane.

Therefore, the difference in Ysv obtained is probably because the equation
does not take into account the differences in polarity between the various
liquids employed. This is consistent with other workers, e.g. Parsons
(1992), who suggested that Neumann's equation of state was inadequate.
The rank order of the surface energies obtained, however, is very
sim ilar for all m aterials (except, benzyl p-hydroxybenzoate) for both
liquids.

This lim ited study, however, has shown that Neum ann's equation of
state calculations are suitable for some m aterials.

Previous workers,

have suggested that Neumann's equation is only suitable for solids
which are largely dispersive in nature, using non-polar liquids as the
probe.

Chapter 4

161

Surface Energies

4.2.1.2. Wu's equation of state.
Table 4.2.6. The surface energies of the alkyl p-hydroxyhenzoates using
advancing data analysed hy method (a).

M aterial

Ys, water

Ys, ethylene glycol/

(m Nm -l)

form am ide*
(m N m -l)

Hydroxybenzoic Acid
Methyl PHB

51.7±2.6
58.6±2.8

55.8+1.2*
56.9+0.4*

Ethyl PHB

47.6+1.5
48.0+1.2

45.1+0.7

Propyl PHB
Butyl PHB
Benzyl PHB
Hexyl PHB
Heptyl PHB

48.6±2.6
45.5±1.2
40.8±2.6
33.1+0.3

46.0+1.8
43.5+1.0
48.2+0.6
37.9+0.9
39.4+1.7

Table 4.2.7. The surface energies of the alkyl p-hydroxyhenzoates using
advancing data analysed hy method (h).

M aterial

Ys, water

Ys, ethylene glycol/

(m Nm -l)

form am ide*
(m N m -l)

Hydroxybenzoic Acid
Methyl PHB

48.3+2.5
56.8+2.8

53.3+0.8*
55.5+1.2*

Ethyl PHB

43.8+1.7

40.2+1.5

Propyl PHB

43.5+1.9
44.6+2.4

41.2+1.3

41.6+2.3

43.8+0.8
32.9+0.8
34.8+1.4

Butyl PHB
Benzyl PHB
Hexyl PHB
Heptyl PHB

36.9t3.6
31.9+2.5

38.5+0.8
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Table 4.2.8. The surface energies of the ILM.G.C0A reductase inhibitors
using advancing data analysed by method (a).
Ys, water

Ys, ethylene glycol

(m Nm -l)

(m N m -l)

Sim vastatin

33.0+0.7

44.1±0.7

Lovastatin

32.3±1.8
51.8+7.1

44.9+1.6
47.3+1.1

M aterial

Lr679-336

Table 4.2.9. The surface energies of the HJVLG.CoA reductase inhibitors
using advancing data analysed by method (b).
M aterial
Sim vastatin
Lovastatin
Lr679-336

Ys» water

Ys» ethylene glycol

(m Nm -l)

(m N m -l)

31.1+0.3
28.8+1.3
45.5+3.2

38.6+1.6
39.5+1.6
42.2+1.7

Table 4.2.10. The surface energies of a - lactose monohydrate using
advancing data analysed by method (b).
Ys» ethylene glycol

Ys» di-iodomethane

(m Nm -l)

(m N m -l)

M eggle

48.3+0.5

D.M .V.
Lactochem

47.8+0.6

47.1+0.7
48.7+1.4

48.3+0.3

49.5+0.5

M aterial

The disparity in Ys obtained for the two liquids is far greater than for
data obtained using Neumann's equation of state.

This is probably

because, the equation is based on Good and Girifalco's equation (see
section 1.4.6.). Thus, for Yc

Ys» ^ must be unity. This is only the case

for regular' interfaces, where the predominant cohesive forces within
each separate phase are of the same type. Since, these system s do not
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have regular' interfaces,

0

1

and therefore, Yc ^ Ys- The difference

betw een Yc an d Ys will depend on the value of

0

for the particular

interface under investigation. Since the liquids used are all different in
terms of their polar and dispersive nature,

0

will be different for each

m aterial, depending on the liquid employed. This, therefore, explains
the increase in the disparity of Ys obtained for each liquid.

Although this approach is much simpler than Neumann's equation of
state, it is less suitable. Nevertheless, it may be used to give the rank
order of wettability for a series of powders, where it is only possible to
obtain contact angle data using only one liquid.

4.2.1.3. Geometric mean equation.
Surface energies determined using the geometric m ean and harmonic
m ean approaches were calculated using contact angle data obtained
against two liquids (water and ethylene glycol or formamide for the alkyl
p-hydroxybenzoates and H.M.G.CoA reductase inhibitors; ethylene
glycol and di-iodomethane for lactose). Since the polarity of formamide
and ethylene glycol is very sim ilar, 32.7% and
comparison of results is valid.

31.6% respectively,
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Table 4.2.11. The geom etric mean surface energies, w ith polar and
dispersive components for the alkyl p-hydroxybenzoates, using
advancing data analysed by method (a).

Ys

Ysd

YsP

(m Nm -l)

(m Nm -l)

(m N m -l)

4H B A

56.1±1.4

22.415.3

Methyl PHB
Ethyl PHB

59.7±2.1

33.715.3
27.214.1

48.5±1.1
48.8±1.5

20.512.3
21.714.0

28.013.0
27.114.5

48.6±2.6

17.513.9

31.216.1

48.8±0.7
41.112.3
39.511.9

28.312.6
16.614.1
28.513.6

20.412.7
24.516.0
10.911.9

M aterial

Propyl PHB
Butyl PHB
Benzyl PHB
Hexyl PHB
Heptyl PHB

32.615.6

Table 4.2.12. The geometric mean surface energies w ith polar and
dispersive components for the alkyl p-hydroxybenzoates, using
advancing data analysed by method (b).

Ys

Ys^

YsP

(mNm-l)

(mNm-l)

(mNm -l)

4H B A

53.411.1

33.615.1

Methyl PHB
Ethyl PHB
Propyl PHB

58.112.2

26.915.0
17.214.1
18.914.1

19.814.7
33.216.4
26.815.2

M aterial

Butyl PHB
Benzyl PHB
Hexyl PHB
Heptyl PHB

44.011.7
44.111.8
44.612.7
44.411.3
36.914.1
35.011.7

14.013.4
25.514.1
13.114.8
21.716.2

25.115.1
30.616.3
18.914.6
23.a±8.0
13.315.5
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Table 4.2.13. The geom etric m ean surface energies, w ith polar and
dispersive com ponents for the HJVLG.CoA reductase inhibitors,
calculated using advancing data analysed by m ethod (a).

Ys

Ysd

YsP

(m Nm -l)

(m Nm -l)

(m N m -l)

Sim vastatin

45.6±1.4

38.312.5

Lovastatin
1^679-336

47.4±3.8
52.016.6

41.316.1
20.019.3

7.311.1
6 .1 1 2 . 8
32.0114.2

M aterial

Table 4.2.14. The geometric mean surface energies, w ith polar and
dispersive components for the HJVLG.CoA reductase inhibitors,
calculated using advancing data analysed by method (b).
M aterial
Sim vastatin
Lovastatin
L-679-336

Ys

Ysd

YsP

(mNm-l)

(mNm-l)

(m Nm -l)

38.912.0
41.311.2
45.712.9

29.913.6

9.011.6
5.812.2
27.317.1

35.614.8
18.515.9

Table 4.2.15. The geometric mean surface energies, w ith polar and
dispersive components for a - lactose monohydrate, calculated using
advancing data analysed by method (b).

Ys

Ys(^

YsP

(m Nm -l)

(m Nm -l)

(m N m -l)

M eggle
D.M .V .

52.211.4
52.811.2

47.012.3
48.711.6

5.111.5
4.111.0

Lactochem

53.519.4

49.510.5

4.010.4

M aterial

Although it is more time consuming to obtain data using this approach,
it provides more information than data obtained using the equations of
state.

The data provide information about the relative polar and

dispersive components of the material under investigation and can be
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used to calculate the polarity. In addition, the work of adhesion, Wa,
can be calculated more accurately if polar and dispersive components
are available. Spreading coefficients, can subsequently be calculated
from Wa-

Furthermore, data obtained is less dependant on the choice of liquid
employed. Although, ideally one liquid should be polar, such as water
(P q

= 67.8%) and the other liquid should be non-polar, such as di-

iodomethane

(P q

= 0 %). Parsons et al. (1993) reported that

obtained

was dependent on the yj^ of the liquids employed. U sing di-iodomethane
as the first liquid (y f= 0 ), calculated values of y^ increased as the y f
value of the second liquid increased. Therefore, although the resulting
surface energy calculated is less dependant on the choice of liquid
compared with the two equations of state, ideally the same two liquids
should be employed when comparing data for different materials.

4.2.1.4. Harmonic mean equation.
Table 4.2.16. The harmonic mean surface energies, w ith polar and
dispersive components for the alkyl p-hydroxybenzoates, using
advancing data analysed by method (a).
Ys
(m Nm -l)

Ysd

YsP

(mNm-I)

(mNm-I)

4H B A

57.8±1.7

31.3±2.5

26.5+3.0

Methyl PHB
Ethyl PHB

61.8±1.9

29.2±1.7

50.6+1.0
50.4±1.3

22.7±1.1
23.6+1.8

32.6+2.9
27.9+1.5
26.8+2.1

20.9+1.6
26.5±1.2

30.0±3.3
24.3+1.4

18.3±1.8

25.8+3.3
17.411.1

M aterial

Propyl PHB

50.8+2.1

Butyl PHB
Benzyl PHB
Hexyl PHB

50.8±1.0
44.1+2.1

Heptyl PHB

40.6±1.5

23.2+2.5
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Table 4.2.17. The harm onic m ean surface energies, w ith polar and
dispersive components for the alkyl p-hydroxybenzoates, using
advancing data analysed by method (b).

Ys

Ys'*

YsP

(m Nm -l)

(m N m -l)

(m N m -l)

4H B A
Methyl PHB

55.0±1.5
60.1+2.0

30.4+2.5
28.6+2.2

24.6+2.8
31.5+3.5

Ethyl PHB

46.7+1.6
46.7+1.6
46.9+1.9

19.5+2.0
20.4+1.9
17.7+1.4

27.2+2.8
26.3+2.7
29.1+3.1

46.7+1.6

23.8+1.9

22.9+2.6

40.4+2.8
37.5+1.9

15.3+2.0

25.0+4.6
18.1+3.4

M aterial

Propyl PHB
Butyl PHB
Benzyl PHB
Hexyl PHB
Heptyl PHB

19.4+2.8

Table 4.2.18. The harmonic mean surface energies, w ith polar and
dispersive components for the HJVLG.CoA reductase inhibitors,
calculated using advancing data analysed by method (a).
M aterial
Sim vastatin
Lovastatin
L-679-336

Ys

Ys**

YsP

(m Nm -l)

(m N m -l)

(m N m -l)

44.2+0.7
44.9+1.3
55.2+4.6

29.3+1.5
31.0+3.6
22.8+2.9

14.9+0.9
13.9+2.1
32.4+6.8

Table 4.2.19. The harmonic mean surface energies, w ith polar and
dispersive components for the HJVLG.CoA reductase inhibitors,
calculated using advancing data analysed by method (b).

Ys

Ys**

YsP

(m Nm -l)

(m N m -l)

(m N m -l)

Sim vastatin
Lovastatin

39.5+1.2
39.8+1.3

23.7+2.1

1^679-336

48.5+1.6

15.8+1.1
13.1+1.8
28.0+4.4

M aterial

26.7+3.1
20.5+2.7
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Table 4.2.20. The harm onic m ean surface energies, w ith polar and
dispersive com ponents for a - lactose monohydrate, calculated using
advancing data analysed by method (b).
M aterial

Ys
(mNm-l)

Ys<*
(mNm-l)

YsP
(m Nm -l)

M eggle
D.M .V.
Lactochem

53.9±1.5

46.9±2.1

54.6±1.1
55.5+0.5

48.5±1.3
49.5±0.5

6.9±0.9
6 . 1 +0 . 6
6 . 1 +0 . 6

The advantages of this method of calculating surface energies are very
sim ilar to the geometric mean approach, in that data obtained provide
the sam e level of information about the materials under investigation.
A lthough, as m entioned previously the harm onic m ean approach
provided a better fit between calculated and experim ental data, for
polymers and other low energy system s similar to those encountered
here (Wu, 1973).

As for the geometric m ean approach selection of probe liquids is
im portant. A comparison of polarity values calculated using both the
geometric and harmonic mean equation is shown in table 4.2.22.

4.2.1.5. Van Oss’s acid/base theory.
It was not possible to calculate surface energies using this theory as it is
necessary to obtain contact angle data against three liquids from a list
presented in a recent paper by van Oss et al. (1992a) - two polar liquids
and one non-polar liquid. The only non-polar liquids available are diiodom ethane, bromo-naphthalene and the decanes.

As discussed in

section 3.2.1.2. it was not possible to obtain data for di-iodomethane and
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bromo-naphthalene as the Cos

0

obtained was = 1 . The decanes all have

a lower surface tension than these two liquids and therefore Cos

0

,

would also be = 1 .

Surface energy values obtained using this theory, using model system s,
have been reported to model interfacial interactions more accurately
than the geometric and harmonic mean theories (e.g. van Oss et al. 1987
and Parsons, 1992). However, due to the necessity of requiring contact
angle data against three liquids (including one non-polar liquid), this
theory is unsuitable for many pharm aceutical powders.

The m ain

reasons for being unable to acquire contact angle data are listed below,

1.

Solubility in the probe liquid (e.g. lactose in water),

2. Disintegration in the probe liquid (e.g. microcrystalline cellulose),
3. Cos

0

= 1.

D ue to th e errors involved w hen m easuring contact an gles for
pharmaceutical powders, there is probably little advantage of using this
theory anyway. Previous workers who have used this theory have used
it to calculate the surface energy of idealised surfaces and did not
consider the problems associated w ith the m easurem ent of surface
energies for pharmaceutical powders. Since these m aterials often have
a broad range of surface properties, selection of three suitable liquids is
often not possible.

However, this approach has been used successfully for some system s,
such as the determination of the most appropriate adhesive for sticking
la b e ls

to

g la ss

b o ttles,

B uckton

and

C h and aria

(1993)

and
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characterisation of the surface properties of various polymers (e.g. van
Oss et al., 1987 and Parsons, 1992). Thus, this approach should still be
considered, particularly for materials with low surface energy.

4.2.1.6. General discussion.
A summary of surface energy values obtained using the four theories is
shown in table 4.4.21. It should be noted that equation of state data
shown is calculated using contact angle data obtained using water (or
ethylene glycol for the lactose samples)

Table 4.2.21. Summary of surface energy, Ys (mNm*^) data obtained.

M aterial

Equation of state

Equation of

Geometric

H arm o n ic

(N eum ann)*

state (Wu)*

mean equation

m ean equation

(a)

(b)

(a)

(b)

(a)

(b)

(a)

(b)

54.9
60.2

52.4

48.3
56.8

56.1
59.7

53.4

58.8

51.7
58.6

57.8
61.8

55.0
60.1

52.1
52.1
52.5
50.2

49.0
48.8
49.6
47.4

47.6
48.0
48.6
45.5

43.8
43.5
44.6
41.6

44.0
44.1
44.6
44.4

44.1
40.4

40.8

46.7
46.7
46.9
46.7
40.4

40.6
44.2

Lovastatin

40.7

36.9
31.9
31.1
28.8

50.6
50.4
50.8
50.8
44.1

Heptyl PHB
Sim vastatin

46.9
41.3
41.2

48.5
48.8
48.6
48.8
41.1

37.5
39.5
39.8

1^679-336
M eggle
D.M .V.
Lactochem

54.9

HBA
Methyl PHB
Ethyl PHB
Propyl PHB
Butyl PHB
Benzyl PHB
Hexyl PHB

-

39.3
38.1
50.2

-

48.3
47.8

-

48.3

33.1
33.0
32.3
51.8
-

39.5
45.6
47.4

58.1

36.9
35.0
38.9
41.3

44.9
55.2

-

45.7
52.1

-

52.8

-

48.5
53.9
54.6

-

53.5

-

55.5

52.0

-

45.5
48.3
47.8

-

48.3

-

The Ys values obtained using the Neumann's equation of state and the
geometric and harmonic mean theories are in reasonable agreem ent,
although values obtained for the harmonic mean equation are generally
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slightly greater than those obtained using Neumann's equation of state
and the geometric mean equation, which is consistent w ith previous
workers (e.g. Wu, 1973). Values obtained using Wu's equation of state
are considerably lower, indicating that this approach is unsuitable.
Therefore, despite the sim plicity of the calculations required for this
approach, it is best avoided.

Surface energy values calculated using contact angle data analysed
using method (a) are greater than values obtained using m ethod (b).
This is because the contact angle obtained, using method (a) is always
sm aller than data obtained using method (b), for reasons th at were
discussed in section 3.3.5.1. However, the relative m agnitude of data
obtained for each method is consistent. Bearing in mind that contact
angle data obtained varies depending on the technique employed, this
justifies the use of each of these methods of analysis.

The drawbacks of using powders to obtain contact angle m easurem ents
can not be emphasised too strongly and have been discussed in Chapter
3.

One of the major difficulties of using such m aterials to assess the

various theories available to model interfaces, is that it is not possible to
obtain contact angle data against a broad enough range o f liquids.
Therefore, it is necessary to rely on the findings of other surface
scientists who have selected model materials with a low surface energy.
In m any cases, these m aterials are non-polar and are com pletely
dispersive in nature (e.g. paraffin and P.T.F.E.) and do not provide
appropriate models for pharmaceutical powders (e.g. Fox and Zisman,
1950; Good, 1972 and Spelt, 1990), although more recently workers have
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considered low energy materials with a small measure of polar nature
(e.g. Parsons, 1992).

4.2.2. Calculation of polarities.
As discussed previously, the polarity of a material, P q, can be calculated
from the surface free energy (e.g. Zografi and Tam, 1976), using the
equation 4.2.1.

Po=ÿ^

Since

X 100

(4.2.1.)

is required, P q can only be calculated if surface energies have

been calculated using the geometric or harmonic mean equations.

Table 4.2.22. The polarity, calculated using data obtained using both the
geom etric and harmonic mean equations.

M aterial

Po (%)
Geometric mean equation

Po (%)
Harmonic m ean equation

method (a)

method (b)

method (a)

method (b)

4-HBA
Methyl PHB
Ethyl PHB

39.9
54.6
57.7

37.0
53.9
60.9

45.8
52.8

44.7
52.4
58.0

Propyl PHB

55.5

56.9

55.1
53.2

Butyl PHB
Benzyl PHB
Hexyl PHB

64.2

68.6

41.8
59.6
27.6
16.0
12.9
61.5

Heptyl PHB
Sim vastatin
Lovastatin
L-679,336

56.3
62.0

42.6
64.5

59.1
47.8
58.5

49.0
61.8

38.0

42.9

48.3

33.7
31.0
58.7

M eggle

-

23.1
14.0
59.7
9.7

D.M .V.
Lactochem

-

7.8

-

40.0
32.9
57.7
12.8
11.2

-

7.5

-

11.0

-
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Although there is a reasonably good agreement between the Ys obtained
for both the harmonic and geometric mean equations, there is a
disparity between polarity values obtained, showing differences between
these theories.

Surface
Energy 4 0 -

Polarity
(%)

(mNm-i)

30Ys
..... O......
m m tm m

v w■

YsP
Ys'^

Carbon chain length
---- A-----

Po

Figure 4.2.1. The relationship between the carbon number in the side
chain of the p-hydroxybenzoates and surface free energy (harmonic
mean equation) / polarity.

As expected, there is a decrease in

with increasing carbon chain

length, for the alkyl p-hydroxybenzoates (see figure 4.2.1.).

However,

there is no clear trend in the polarity of the alkyl p-hydroxybenzoates,
with increasing carbon chain length. It was expected that the polarity
would decrease as the number of methylene groups in the side chain
increased. This would suggest that, although y^ values, determined by
the harmonic mean approach, for the alkyl p-hydroxybenzoates are
accurate, errors calculated as y^ and y^ ± the standard deviation are
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quite large compares to Ys values. Therefore, it likely that calculated
polarity values are not accurate.

4.2.3. Calculation of spreading coefficients.
Spreading coefficients of water over all the model powders, X\2 and of the
powders over water, X

21

have been calculated. Data are tabulated in

table 4.2.23. The method of calculation of these spreading coefficients is
discussed in section 1.5.2.

Table 4.2.23. Spreading coefficients (mNm-l), calculated using data
obtained using the harmonic mean equations.
^12

M aterial

^21

Harmonic mean equation

Harmonic m ean equation

method (a)

method (b)

method (a)

method (b)

-25.9
-16.2
-31.8
-32.2

6.4
6.3
15.7
15.2

8 .1

Propyl PHB
Butyl PHB
Benzyl PHB

-2 2 . 0
-14.1
-27.1
-28.0
-25.7
-29.6

16.7
1 2 .8

19.3
15.9

Hexyl PHB

-35.6

-30.9
-34.7
-41.1

2 0 .2

2 2 .2

Heptyl PHB

-46.3

-48.9

16.5

2 0 .1

Sim vastatin
Lovastatin

-46.5
-47.6
-2 0 . 1

-49.4

9.1

-53.0
-29.3

6 .6

15.6
11.4

13.5

17.7

-

-21.5
-24.7
-26.1

4-HBA
Methyl PHB
Ethyl PHB

Lr679-336
M eggle
D.M .V .
Lactochem

-

-57.7
-59.5
-59.1

-

7.6
18.4
18.4

A large positive value of ^ 1 2 indicates that phase 1 will spread easily over
phase

2

. Where phase 1 is water and phase 2 is the powder. A large

negative value would indicate that it is unlikely that phase

1

would
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Spread over phase 2.

Similarly, a large positive value of X\2 indicates

that phase 1 will spread easily over phase 2.

As expected the X\ 2 of the alkyl p-hydroxybenzoates decreases (becomes
more negative) with increasing carbon chain length, w ith the exception
of m ethyl p-hydroxybenzoate. The unusual behaviour of this m aterial
has been noted previously.

The negative value of X\ 2 obtained for the three commercial samples of
a - lactose monohydrate is particularly interesting^

particularly since

this material is well known to be poorly hygroscopic (e.g. Blair, 1990 and
Mackin et al.y 1993). The adsorption behaviour of these m aterials shall
be in v estig a ted and discussed in further d etail in C hapter 5.
Interestingly, the aqueous solubility of a - lactose monohydrate is far
greater than any of the other materials considered. Due to its relatively
high aqueous solubility one might logically expect lactose to have a
large, positive,

^12

value.

Thus, although some workers consider

solubility or rate of solubility and wettability as the same phenomena,
they m ust be evaluated separately as they describe quite different
properties of pharmaceutical powders.

4.2.4. The relationship between physical properties and surface
properties of pharmaceutical powders.
The relationship between the surface energy (harmonic m ean equation)
and contact angle m easurem ent (where appropriate) and several
physical properties of the alkyl p-hydroxybenzoates, that have previously
been characterised, has been investigated.

If any relationships exist,

this will enable prediction of the relative magnitude of such physical

Chapter 4

Surface Energies

176

properties of pharmaceutical materials from contact angle or surface
energy data and vice versa.

4.2.4.1. The relationship between melting point and surface energy.
A possible relationship between melting point and surface energy might
he expected, because as Ys increases, the work of cohesion (Wc : N.B.
Wg = 2 Ys) increases and therefore the interaction between particles
would increase, as would M.P.

Melting point data for the alkyl p-

hydroxyhenzoates has been reported previously by Forster et al. (1991),
see Chapter 2 . A graph of melting point as a function of surface energy
is shown below, for 4-hydroxybenzoic acid (4-h) and methyl (Me) ethyl
(Et), propyl (Pr), butyl (Bu), benzyl (Ben),heptyl(Hep) and hexyl (Hex) phydroxybenzoate.

250

4-hQ
200 -

150-

Melting Point
(oC)

Meo
Ben g

Pro

100 -

BUQ
50-

35

40

45

50

55

60

65

ys (mNm-1)
Figure 4.2.2. Relationship between surface energy and melting point for
the alkyl p-hydroxybenzoates.
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This graph shows that although there is not a definite correlation
between melting point and surface energy, there is definitely a trend.
There is no such trend for the H.M.G.CoA reductase inhibitors.

4.2.4^. The relationship between solubility in water and surface energy
or contact angle (water).
Work undertaken by Lippold and Ohm (1986) has shown that there was a
correlation between the
pharm aceutical

effective' surface area, Agf of several

powders

and

the

contact

angle

a g a in st

2

-

propanol/water mixtures (sessile drop technique) up to a critical contact
angle of ~ 40®. The increase in wettability results in an increase in the
'effective' surface area and an increase in the available surface area for
dissolution to occur. Since the contact angle of all materials considered
(except methyl p-hydroxybenzoate) is > 40®, this provides a possible
reason for a correlation between contact angle measurements or surface
energies and solubility rate.

l.O O E-O l
E tn
l.O O E -0 2 - M eO

Pro
Solubility
(mol.dm-3)

l.O O E -03 -

H ex D
H ep D

BuD

l.O O E -04 -

l.O O E -05
30

40

50
0

60

70

80

(water)

Figure 4.2.3. Relationship between contact angle (vs. water) and
solubility (in water) for the alkyl p-hydroxybenzoates.
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A relationship between solubility rate and 9 would be expected, if
wettability is the rate limiting step, since dissolution cannot occur
unless the wetting bas already occurred. However, solubility values, as
measured by Beezer et al. (1991) are equilibrium measurements and
consequently, the final equilibrium solubility value should be
independent of wettability.

l.O O E-01
E tD
M eO

l.O O E-02 PrD

Solubility
(mol.dm'3)

l.O O E-03 -

H ex D
H ep D

l.O O E-04 -

BuD

l.O O E-05
35

40

45

50

55

60

65

Surface Energy (mNm'^)
Figure 4.2.4. Relationship between surface energy and solubility (in
water) for the alkyl p-bydroxybenzoates.

As expected,figures 4.2.3. and 4.2.4. show that there is not a clear
relationship between aqueous solubility in water (Beezer et al., 1991 - see
Chapter 2 ) and 0 against water and surface free energy respectively, for
the alkyl p-bydroxybenzoates.
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4.2.4 3. The relationship between the mechanical properties of the alkyl
p-hydroxybenzoate powders and surface energy.
Various mechanical properties of the 4-hydroxybenzoic acid and methyl
to butyl p-hydroxybenzoate have been obtained previously by Mashadi
(1988), including the following,

1.
2

Tensile strength, O,

. Mean yield pressure, Py,

3. Critical stress intensity factor, Kjc,
4. Critical strain energy release rate, Gjc,
5. Fracture toughness, R.

4 -h D
M eO

6-

a (MPa)

2-

BuO
PrD

45

50

55

60

65

ys (mNm-1)
Figure 4.2.5. Relationship between surface energy and tensile strength
for the alkyl p-hydroxybenzoates.

A relationship between such properties and surface energy might be
expected, because as Ys increases, the work of cohesion, Wc, (w here
W c = 2 Ys) increases and therefore, the interaction between particles
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would also be expected to increase. A graph of these five properties as a
function of surface energy (calculated using the harmonic mean
equation, using contact angle data analysed by method (a)), are shown
in figures 4.2.5 - 4.2.9.

1500

1000-

Py
(MPa)
500Et&Buin

4-hD

Ys (mNm-1)
Figure 4.2.6. Relationship between surface energy and mean yield
pressure for the alkyl p-hydroxybenzoates.

The best correlation (see table 4.2.24) is between ys and critical stress
intensity, Kjc and fracture toughness, R. This would be expected as
these are the two mechanical properties (as well as critical stress energy
release rate) which reflect the toughness of a material (e.g. Newton et
al.y 1993). The other parameters provide information about the relative
plastic or elastic nature of the powder. The critical strain energy release
rate is also an indicator of toughness and since Gjc is equivalent to 2yg,
(e.g. Mashadi, 1988) for brittle, elastic materials, a good correlation
between Gjc and surface energy would be expected. However, if the
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elastic/plastic nature varied, then a deviation from linearity would be
seen.

0.4
M eO

4-hO

0.3-

EtO

0.2

-

0.1 PrO

45

50

60

55

65

Ys (mNm*l)
Figure 4.2.7. Relationship between surface energy and the critical
stress intensity for the alkyl p-hydroxybenzoates.

M eO

12.5-

10-

7.5-

BuO

4-hO

EtO

PrO

2.5
45

50

55

60

65

Ys (mNm-l)
Figure 4.2.8. Relationship between surface energy and critical strain
energy release rate for the alkyl p-hydroxybenzoates.
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( Nm )

Ys (mNm-l)
Figure 4.2.9. Relationship between surface energy and fracture
toughness for the alkyl p-hydroxybenzoates.

It is well recognised (e.g. Mashadi, 1988) that standardisation of
experimental procedures is of paramount importance for the testing of
the mechanical properties of powders. However, since these data were
obtained by the same operator, this factor should not affect the data and
therefore, does not provide an explanation for the deviation from
linearity, for some of these relationships.

Table 4.2.24. To show the correlation coefficients (r^) for the relationship
between surface
energy and several mechanical properties.
Property
O (MPa)
Py (MPa)
Kic (MNm-3/2)
Gic ( Nm-l 1
R ( Nm )

r2
0.510
0.674
0.770
0.627
0.884
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As mentioned previously, the correlation coefficients in table 4.2.24. are
for the relation sh ip betw een surface energy obtained u sin g the
harmonic mean equation.

To evaluate the four theories available for

estim atin g surface free energy the correlation coefficients for the
relationship with critical stress intensity, Kjc and fracture toughness,
R, using each theory is shown in table 4.2.25. The results indicate that
the geometric and harmonic mean equations provide the best models,
whilst Wu's equation of state, provides the worst model.

Table 4^.25. To show the range correlation of coefficients (r^ obtained
for the relationship between surface ffiee energy and two mechanical
properties.

Property
Kic(MNm-3/2)
R ( Nm )

Equation of state

Equation of

Geometric

H arm o n ic

(N eum ann)*

state (Wu)*

mean equation

m ean equation

r2

r2

r2

r2

0.618
0.844

0.597
0.823

0.775
0.862

0.770
0.884

The unexpected behaviour of methyl p-hydroxybenzoate has been noted
continu ously throughout th is work.

In particular, th e surface

properties (contact angle and surface energy) and m echanical
properties (m ean yield pressure and fracture tough ness).
phenomena will be discussed in more detail in section 6.3.

This
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4.3. CONCLUSIONS.

U sin g a combination of the findings of previous workers and data
obtained in th is study, the follow ing conclusions can be drawn
concerning the choice of theory selected to calculate surface energies
from contact angle data,

1

.

Neum ann's equation of state is not suitable for pharm aceutical

system s, which are frequently polar in nature. Although, this theory
can be used to provide the rank order of the surface energies of
m aterials, where contact angle data again st only one liquid are
available.
2

. Little work had been carried out using Wu's equation of state. It was

considered here due to its comparative simplicity. However, data clearly
shows that this approach is unsuitable for pharmaceutical system s.
3.

The geometric and harmonic mean theories are clearly the m ost

appropriate, in term s of the extent of information and accuracy of
information provided. Although, the drawbacks of these theories should
still be considered and where possible the same two liquids should be
u sed for all m aterials under investigation.

The harm onic m ean

equation would appear to be the most suitable as, in accordance with
observation made by Wu (1973), (comparing calculated and experimental
data), the surface energy obtained is generally greater and models the
system more accurately.
3.

The acid/base approach has previously been shown to be the most

appropriate theory for modelling interfaces. However, due to difficulties
in obtaining contact angle measurements against non-polar liquids, it is
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not possible to consider th is approach for m ost pharm aceutical
m aterials.

For the alkyl p-hydroxybenzoates, the m elting point and m echanical
properties (of powder compacts) tended to increase w ith increasing
surface energy.

The relationship between Ys and mechanical properties (Kjc and R) was
better for the geometric and harmonic mean equation than the two
equations of state. This supports evidence th a t geometric and harmonic
m ean equations are more accurate for calculating surface energies
from contact angle data than Neumann's and Wu's equations of state.
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5.1. INTRODUCTION.
The use of a combination of adsorption microcalorimetry and vacuum
microbalance studies bas proved useful to evaluate the w ettability of
pharm aceutical powders (Buckton and Beezer, 1988).
discussed previously (section

1 .6 ),

H owever, as

these methods suffer from several

drawbacks. The main advantage of these techniques over contact angle
measurem ent (using the sessile drop or Wilhelmy plate methods) is that
no powder pre-treatment is required, as production of a powder compact is
not necessary.

The aim of this work was to develop and evaluate sim ilar techniques
which would circumvent the problems associated w ith the methods
employed by Buckton and Beezer, (1988).

1.

A m icro ca lo rim etry m eth o d whereby the test powder can be exposed

to any humidity between 0 - 1 0 0 %, whilst still present in the channel of the
microcalorimeter, so it is maintained at constant temperature. This would
allow the heat of adsorption at increasing humidity to be monitored. An
adsorption isotherm (total heat of adsorption as a function of humidity)
could then be constructed.

2

. An analogous m ic r o b a la n c e m e th o d , where the weight of water

adsorbed as a function humidity could be monitored. For comparison,
gravimetric adsorption studies were also carried out by storing powders in
desiccators containing saturated solutions.
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U sing the data obtained from these methods, enthalpy of adsorption,
Gibbs free energy of adsorption and entropy of adsorption can be
calculated, as described in section 1 .6 .

The model powders selected for this study are as listed,

1.

The three commercial samples of a - lactose monohydrate . These were

selected for three reasons - lactose is known to adsorb moderate amounts
of water (e.g. Blair, 1990), secondly a - lactose monohydrate is the most
stable form of lactose and lastly to allow comparison of contact angle
analysis and adsorption microcalorimetry for the assessm en t of the
wettability of powders of a similar nature.

2. Methyl and propyl p-hydroxybenzoate. Methyl p-hydroxybenzoate was
selected as it is the most hydrophilic of the alkyl p-hydroxybenzoates
(from contact angle and surface energy data) therefore, of these materials,
it is the most likely to adsorb water.

Propyl p-hydroxybenzoate was

selected as it has a significantly different contact angle to m ethyl phydroxybenzoate, and extensive contact angle analysis work was carried
out using this material.
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5.2. METHODS.
5.2.1. M icrocalorimetry.
5.2.1.x. D escription of the Microcalorimeter.
All microcalorimetry studies were carried out using a 2277 Thermal
Activity Monitor (TAM), Thermometric, Sweden (see figure 5.2.1.). This is
a highly sensitive monitor capable of detecting heat changes a small as
1 0 -6

1

x

oQ The 2277 TAM consists of up to four calorimeters housed in a 25

litre water bath which can be maintained at a constant temperature
between 4- 5 °C and + 80 °C ± 2 x lQ-4.

Water bath
(25° C)
Lifting
hook

Heat sink—

Reference
— cell

Test cell —

E —-Thermopile
Calibration
resistor —

ASensor

Heater
/WV\

g

y //////////.

I

Water bath
temperature
control unit

Figure 5.2.1. Schematic diagram of a single microcalorimetric unit of the
2277 Thermal Activity Monitor.
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The TAM can detect signals as small as 0.1|xW and the sensitivity can be
adjusted to detect signals of up to 3, 10, 30, 100, 300, 1000 or 3000pW. It
is recommended that the TAM is housed in a temperature controlled
room, slightly below the operating temperature where the temperature
does not fluctuate more than ± 1 ^C.

Each individual calorimeter consists of both a test channel and a reference
channel, to maximise the sensitivity of the system by reducing baseline
drift associated with environmental heat changes. As shown in figure
5.2.1., both the test and reference vessels are held between sensitive
therm opiles known at Peltier elem ents.

The tem perature differential

betw een the sam ple vessels and the heat sink, generates heat flow
through these sensitive thermopiles, and is converted to a voltage,
proportional to the heat flow. This voltage signal is then converted to
power by reference to an electrical calibration.

5.2.1.2. Calibration.
A static or dynamic calibration can be conducted. Calibration resistors
are present in both the test and reference channels, just below the position
of the sample vessels. To undertake a calibration, suitable sample vessels
are lowered h a lf way into each channel (known as the equilibration
position), to allow equilibration at the selected temperature. The vessels
are held in position by magnets situated on the lifting hooks. After 30
m inutes, they are lowered into the measurement position, as shown in
figure 5.2.1. Prior to calibration, the appropriate sensitivity (3 - 3000 pW)
is selected and the baseline is adjusted to zero. The calibration resistors
generate heat flow, corresponding to the full scale range selected, which
passes via the sample vessels through the thermopiles to the heat sink.
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When the signal reaches steady state, the amplifiers are adjusted
accordingly.

5.2.1.3. H um idity cell design.
A novel cell designed by Professor Bakri at the University of Grenoble,
suitable for our purposes, was constructed in our laboratories. The cell
consisted of four interconnected chambers and was composed of stainless
steel (see figure 5.2.3.). The 4ml test cell could be unscrewed, which
enabled the cell to be cleaned and allowed replacement of the powder
sample. A P.T.F.E. ring was placed into the lid to ensure no air leakage
occurred during use.
Silica gel
to dry inlet

Silica gel

Figure 5.2.2. Schematic diagram of the dry inlet.
Dry air (0% relative humidity - RH) was obtained by passing air over silica
gel as shown in figure 5.2.2. Initially three flasks, in sequence, were
placed before the pump. Air then flowed directly from the pump to the dry
inlet of the humidity cell.

However, using this set-up, the humidity

control was very poor. It was therefore decided to place a silica gel filled
Pyrex column, adapted in house for our purposes, after the pump. This
system was found to be more effective and controlled the humidity to 0 ±
0.5% RH at the selected air flow rate.
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Figure 5.2.3. Diagram of the humidity cell for the microcalorimeter
(not to scale).
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Air at 100% RH was obtained by passing air through the first and second
wet cells (see figure 5.2.3.). These two cells are permanently fixed into
position. Therefore, it is necessary to carefully pump purified water into
these two cells. The combined capacity of the two wet cells is ~ 8.9ml and
therefore, ~ 7.5ml was initially pumped into the cells to ensure both cells
contained sufficient water, whilst ensuring no water is pumped into the
mixing chamber. The water level was topped up regularly to ensure both
cells always contained water.

By varying the relative flow rate of air into the dry and wet inputs, air at
any humidity between 0% and 100% RH was introduced into the test cell.
The hum idity of the test cell was determined by monitoring air escaping
from the exhaust, using a Rotronic Hydroscop (Rotronic ag, Badener
Strasse, Zürich) capable of detecting humidities of between 0-100 ± 0.5-2
%RH

Air flow rate was controlled using Gilson multi-speed peristaltic pumps
(Gilson Medical Electronics S.S., Villiers le Bel, France), with a pump
speed of 0.01-48.0 rpm. Gilson peristaltic tubing (black and white) with a
0.5 mm bore was employed. These pumps were originally designed for
liquids, however, it was found that they were also suitable for pumping
gas, provided the tubing was replaced at regular intervals. The pumps
were calibrated for air flow rate in ml per hour, by m easuring the amount
of water displaced from a measuring cylinder in given time. Figure 5.2.4.
shows there is linear relationship, indicating that, provided the total
pump speed (in rpm) into the wet and dry inlets rem ains constant, the
total air flow rate will also remain constant.
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A total air flow rate of 600ml /hour (20rpm) was selected as this flow rate
allowed sufficient control of humidity whilst having a minimum effect on
the baseline response of the calorimeter.

12501000-

750-

Flow Rate
(ml /hour)
500250-

0

10

20

30

40

50

Pump Speed (rpm)
Figure 5.2.4. Pump calibration.

The wet and dry peristaltic pumps were calibrated for humidity, by
changing the relative flow rates into the wet and dry inlets of the test cell,
whilst keeping the total flow rate at 600ml /hour. The test cell was held
in the measurement position of the microcalorimeter throughout the
calibration, to ensure that maximum control of humidity could be
achieved. The heat sink was maintained at a temperature of 25 ± 2 x 10*
4oC. As mentioned previously the exhaust was monitored using a Rotronic
Hydroscop.

Figure 5.2.5. shows the humidity obtained (% RH) as a

function of wet and dry pump speed (rpm). The pump speeds required to
obtain the appropriate humidity can then be obtained using this graph.
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Humidity
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14

12

10

Wet Speed (rpm)

Figure 5.2.5. Humidity calibration (microcalorimeter).

Such a calibration was carried out at regular intervals to maximise
accuracy of the humidity for all experiments.

It was found that re-

calihration was particularly important if the humidity cell had not been
used for time periods longer than one week - although changes in the
required pump speeds were invariably small.

5.2.1.4. Prelim inary experim ents.
These were carried out using a - lactose monohydrate (Meggle) and
methyl p-hydroxybenzoate. The following humidity changes were selected
- 0-12%, 12-24%, 24-35%, 35-59%, 59-78%, 78-90% and 90-100% RH.
These humidities were chosen because they correspond to the humidity of
the saturated solutions listed below, enabling gravimetric adsorption
studies in desiccators to be undertaken using the same humidity changes.
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0% humidity was obtained using phosphorous pentoxide.
lithium chloride (12% RH)
potassium acetate (24% RH)
magnesium chloride (35% RH)
sodium bi-sulphate (59% RH)
sodium chloride (78% RH)
zinc sulphate (90% RH)
potassium sulphate (100% RH)

However, for these preliminary experiments, three humidity changes were
employed - 0-24%, 24-59%, and 59-78% - to evaluate the extent the
response and the reproducibility of data obtained.

All powders were stored in a desiccator over phosphorous pentoxide. Prior
to each experiment, 1 ± 0.0005g of powder was swiftly weighed directly
into the test cell. The test cell was then transported in the desiccator and
tightly screwed into place on the humidity cell. Air at 0% RH was pumped
through the cell at a flow rate of 600ml/hour. The humidity cell was then
lowered to the equilibration position.

After 30 m inutes the cell was

lowered to the measurement position and left overnight to ensure that the
powder had equilibrated at 0% RH. Gloves were worn at all tim es to
ensure that no grease was transferred onto the cell. Presence of grease on
the outside of the test cell could interact with environmental water and
affect the baseline response.

The microcalorimeter was interfaced with a P.O.

The TAM software

allowed power signals to be recorded at Is-lh o u r intervals, for any
designated tim e period. For these experiments a baseline response was
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recorded for one hour and then data was collected for a further 24 hours.
Thus, once data collection was initiated, the humidity was m aintained at
0% RH for one hour to allow the baseline response to be recorded. The
humidity was subsequently increased at three hourly intervals by varying
the dry and wet air flow rate accordingly. A sensitivity was selected
allowing responses < 1000 jLlWto be collected.

Experiments were repeated 2-3 times, using Ig of powder, for all three
hum idity changes, for both a - lactose monohydrate (Meggle) and methyl
p-hydroxybenzoate to evaluate the reproducibility of the system .
further experim ent was carried out using 500m g of a

A

- lactose

m onohydrate to ensure that the air was penetrating th e powder
efficiently.

5.2.1.5. S election o f a suitable reference cell.
Initially another humidity cell with no powder in the test cell was used as
the reference.

Air at the same flow rate and hum idity was pumped

through the test and reference humidity cell using the dual channel
Gilson pumps. However, the response obtained was variable. Therefore,
an empty 4ml stainless steel cell was subsequently used as the reference
vessel.

5.2.1.6. Experim ental.
Subsequent experiments were carried out as described above for all model
powders using additional humidity changes as listed below,

1. a - lactose monohydrate (Meggle, D.M.V. and Lactochem) - 0-12% 1224%, 24-59%, 59-78%, 78-90% and 90-100%
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2. methyl and propyl p-hydroxybenzoate, 0-24%, 24-59%, 59-78%, and 78100 %.

5.2.2. M icrobalance studies.
These were only carried out for the a - lactose monohydrate samples
(Meggle, D.M.V. and Lactochem).

The set-up consists of a MK 2 vacuum microbalance (C.I. Electronics Ltd,
Salisbury), mounted to the bench. The microbalance head is interfaced
w ith a personal computer and is housed in a perspex tem perature
controlled chamber (Stuart scientific, U.K.) maintained at a temperature
o f 25±0.1®C.

The whole unit is in a tem perature controlled room

m aintained at 20±1®C.

The hum idity of the testin g chamber was

controlled in a very similar way to the microcalorimetry experim ents.
However, the maximum pump speed of 48rpm was employed.

This

increase in flow rate, compared to the microcalorimetry experiments, was
required as the volume for which humidity was being controlled was far
greater.

The tem perature of air pumped through the system was

controlled by flowing it through a coil held in a water bath (Gallenkamp)
at 25°C. The humidity was monitored by a Rotronic Hydroscop situated at
the exhaust.

Figure 5.2.6. shows the humidity obtained (% RH) as a function of wet and
dry pump speed (rpm).

The pump speeds required to obtain the

appropriate humidity can be obtained using this graph. Notice, that the
m axim um hum idity that was obtained was 94.2 % RH. Therefore, for
future experiments, the sample flask below the empty pan, was filled with
water. A humidity of 100% was then obtained.

Chapter 5

199

Microcalorimetry and Gravimetric Adsorption Studies

100

Humidity
(% RH)
40

0

5

10 15 20 25 30 35 40 45 50

Dry Pump Speed (rpm)
I- ----- 1—

50

I- - - - - - 1- - - - - - - 1- - - - - 1- - - - - 1—

45 40 35

I- - - - - - - - 1- - - - - - - - 1---- 1

30 25 20 15

10

5

0

Wet Pump Speed (rpm)
Figure 5.2.6. Humidity calibration (microbalance).

To perform an experiment the microbalance was zeroed and ~200m g of
powder was placed on the sample pan.

A 200mg counterweight was

placed on the control pan to ensure the balance did not go out of range.
The sample was then exposed to a humidity of 0% RH for a period of at
least 24 hours. The humidity was then increased at 24 hour intervals by
altering the flow rate of the wet and dry pumps accordingly.

To avoid electrostatic effects, between the sample pan and the glass of the
sample flasks, they were spayed with anti static fluid (RS components).
Prior to each experiment, the microbalance was calibrated with a lOmg
calibration weight.
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It was thought that the quality of data m ight be improved if a larger
powder sample was employed. Since it was not possible to safely place
more that -200m g on the sample pan, a new sample pan, consisting of
three individual pans was constructed.

However, the static effects

associated, with this larger pan were much greater and therefore, it was
not possible to successfully collect any data.

The software allowed a maximum of 255 data points to be collected.
Therefore, data were collected at 5 m inute intervals to allow the
experim ent to run over a time period of - 21.5hours. The microbalance
was capable of weighing 200mg ± 0.00Img. To evaluate the baseline drift
over this tim e interval several control experiments were carried out, over
a 21.5 hour period.

The first experiment was carried out using the Meggle lactose, to obtain
data for the calibration curve (see figure 5.2.6.). Further experiments
were then carried out for the three commercial sam ples of a - lactose
m onohydrate.

The powder sam ples were exposed to the following

hum idities - 0%, 12%, 24%, 58%, 78%, 90% and 100% RH.

An output of weight as a function of time was obtained for each of the
hum idity changes. Each data set was obtained in the following manner,

1. The microbalance was zeroed,
2. Data collection was initiated. As explained 255 data points (weight)
were collected at 5 minute intervals, over a period of -21.5 hours.
3. The hum idity was not increased until one hour after data collection
had been initiated, so that a baseline response could be obtained.
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5.2.3. G ravim etric adsorption studies (desiccators).
These was carried out for the three commercial brands of a - lactose
monohydrate (Meggle, D.M.V. and Lactochem), and methyl and propyl phydroxybenzoate. Samples of all powders were placed into tared glass
petri dishes with lids. Sufficient powder was employed (~3-5g, depending
on density) to cover the base of the petri dishes.

The powder samples were stored in a desiccator containing silica gel for
three weeks, in an oven maintained at 25±1®C. The lids were quickly
replaced and each sample was weighed on an analytical balance with a
resolution of ±0.000Ig.

This process was then repeated, but powder

samples were stored in desiccators containing several saturated solutions
(listed below).

lithium chloride, 12% RH,
potassium acetate, 24% RH,
sodium bisulphate, 59% RH,
sodium chloride, 78% RH,
potassium sulphate, 100% RH.

The weight of each powder sample was recorded before being transferred
to the next desiccator. From the data obtained the percentage equilibrium
moisture content (E.M.C.) was calculated for each powder at increasing
humidity. Adsorption isotherms for each powder were then constructed
for comparison with microcalorimetry data.

5.2.4. Surface area analysis.
This was carried out for all a - lactose monohydrate samples (Meggle,
D.M.V. and Lactochem), methyl and propyl p-hydroxybenzoate, using
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single point, Brunauer, Emm ett and Teller (BET) nitrogen adsorption
(30% nitrogen in helium) analysis, employing a Quantasorb surface area
analyser (Quantachrome Inc.).

The surface area was calculated using equation 5.2.1.

S = fl-^1 'A
^ Po >

'

fN A csPa'i
IwJ I RT j

(5.2.1.)

where,
S

= specific surface area (m^g-l)

p

= partial pressure of adsorbate

po = saturated pressure of adsorbate
A

= signal area

Ac = area of calibration
Vc = volume of calibration
N

= Avogadro's number

Acs = cross sectionad area of the adsorbate molecule
Pa = ambient pressure
W = weight of sample
R

= gas constant

T

= temperature (K)

Equation 5.2.1. can be shortened to give.

S=

A Yv
^ 2.84
WJ

(5.2.2.)
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For each material, the experiment was repeated 2-4 tim es, depending on
the reproducibility. A calibration was carried out between each sample to
obtain A q. A sufficient volume of nitrogen was injected to ensure that the
area of calibration was similar to the area obtained for the sample, A.
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5.3. RESULTS AND DISCUSSION.
5.3.1. Preliminary data obtained for a - lactose monohydrate and
methyl p-hydroxybenzoate.
Interpretation of microcalorimetry data must be performed with care, as it
is important to elucidate that the response observed is due to the process
under investigation. For these experiments it was necessary to ensure
that the peak observed was due to water vapour adsorption onto the test
powder sample.

A typical output is shown in figure 5.3.1.

Several

examples of raw data obtained are shown in figures 5.3.2 and 5.3.3. A
response was observed almost immediately after the humidity was
increased and smooth, narrow peaks were obtained, indicating that only
one process was being observed.

Power

Sample

Blank

Time
Figure 5.3.1. Typical output obtained.
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Figure 5.3.2. The power/time curves for 500mg of lactose and Ig of lactose.
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The h eat of adsorption, Aq, was obtained by peak integration for the
sample and blank peaks. The net beat of adsorption of the powder was
obtained by subtracting the blank response from the sample response.
Data obtained for a - lactose monobydrate and methyl p-bydroxybenzoate
is shown in tables 5.3.1. and 5.3.2. Data is expressed as the mean, net
beat of adsorption ± the standard deviation (n=2-5). Data is presented as
the heat of adsorption, Aq, and not the enthalpy of adsorption, AHcal- A
large positive value of Aq represents an exothermic process, which
indicates a favourable interaction with water.

Table 5.3.1. Prelim inary data obtained for a- lactose
m onobydrate.
Humidity Change

Heat of Adsorption
(Jg-1) Ig sample

0-3%
3-23.5%
23.5-59%
59-78%

0.321±0.015
0.314±0.012
0.308±0.013
0.188±0.008

H eat of Adsorption
(Jg-l) 500mg sample
-

0.284
0.302
0.168

For a - lactose monobydrate, data are shown (Jg l), for Ig and 500mg
powder samples. Data was obtained for powder samples of a lower weight
to ensure that the water vapour was penetrating the powder sample
efficiently. If effective vapour penetration was not occurring, the beat of
adsorption values obtained, using 500mg of a - lactose monobydrate would
be greater than for data obtained using Ig of a - lactose monobydrate.
Therefore, it can be assumed that data obtained using a Ig powder sample
is valid.
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Table 5.3.2. Prelim inary data obtained for m ethyl p-hydroxybenzoate.
Humidity Change

Heat of Adsorption (Jg^)

0-24%
24-59%

0.143±0.001
0.155±0.005
0.031±0.002

59-78%

Data obtained for both a - lactose monobydrate and methyl p-hydroxy
benzoate is very reproducible. This is particularly encouraging for methyl
p-hydroxybenzoate as it has a very small surface area of 0.292 m^g-l and
therefore, it would be expected that only a small quantity of water would
be adsorbed by this material. This indicates that the sensitivity of this
method, for a comparatively hydrophobic material with a sm all surface
area, is very good. To appreciate the benefits of this technique the reader
is referred to section 5.3.3. where data from gravim etric adsorption
studies, in desiccators (the method which would normally be employed to
characterise the adsorption behaviour of this material) has been reported.

A-B
q' p

Monolayer Formation
^Multilayer Formation/Condensation

Humidity (%RH)

100

Figure 5.3.4. Typical type II isotherm.
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Most pharmaceutical materials have type II isotherms according to the
Brunauer classification. A typical type II isotherm is shown in figure
5.3.4.

As indicated A-B represents monolayer formation and can be considered
as the most important portion of the isotherm when considering liquid
vapour/powder interactions. Portions B-C and C-D, represents multilayer
form ation and condensation,

Where m ost water adsorption occurs

between C and D.

Adsorption isotherms for both materials have been constructed and are
shown in figures 5.3.5. and 5.3.6. Clearly more data points are required,
to elucidate if these materials exhibit type II behaviour.

Î3
o
oCO

%
Id
s

o

0 10 20 30 40 50 60 70 80 90100
Humidity (%RH)
Figure 5.3.5. Adsorption isotherm for a - lactose monobydrate (Meggle)
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Figure 5.3.6. Adsorption isotherm for methyl p-hydroxybenzoate.

5.3.2. Surface area data.
In the previous section adsorption data were presented as Jg l. W hilst,
this enables evaluation of the quality of data obtained, it does not allow
quantitative evaluation of the adsorption data. To allow comparison of
data obtained for different samples, the heat of adsorption was calculated
in Jm ‘2. Therefore, surface area data were required, data obtained, as
described in section 5.2.4jareshown in table 5.3.3.

Table 5.3.3. Surface area data ± standard deviation.
Material

Specific surface area (m^g-l)

a-lactose monobydrate (D.M.V.)
a-lactose monobydrate (Lactochem)
a-lactose monobydrate (Meggle)

0.567±0.003
0.403±0.0007
0.559+0.002

Methyl p-hydroxybenzoate

0.292+0.012

Propyl p-hydroxybenzoate

0.205+0.002
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5.3.3. Final microcalorimetry data obtained for the a-lactose
monohydrates and the alkyl p-hydroxyhenzoates.
5.3.3.1. Data obtained for the three commercial samples of alactose monohydrate.
The microcalorimetry data obtained for the three commercial samples of
a - lactose monohydrate (D.M.V., Lactochem and Meggle) will be
discussed, and compared with contact angle data obtained in Chapter 3.

The adsorption isotherm shown in figure 5.3.7., gives an indication of the
two inflection points (B and C) characteristic of typical type II behaviour
(see figure 5.3.4.).
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Figure 5.3.7. Adsorption isotherm for three commercial samples of
a - lactose monohydrate.
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The heat of adsorption at B (-12% RH) is the m ost significant when
considering the powder/liquid interaction, as it represents the point at
which monolayer formation has occurred.

This heat of adsorption is

frequently called Aqm. The inflection point C (at -90% RH) represents the
humidity after which a sharp rise in the quantity of water adsorbed or the
heat of adsorption is observed. A detailed discussion of the significance of
these two inflection points is given in section 5.3.3.3.

Error bars are

within the plot symbols, therefore it is better to look at the adsorption
data shown in table 5.3.4. ± the standard deviation to determine if there
are any significant differences in the adsorption behaviour of these three
brands of a - lactose monohydrate.

Table 5.3.4. Total heat of adsorption for the three com m ercial
sam ples o f a - lactose monohydrate.
Humidity
Change
0-12%
0-24%
0-59%
0-79%
0-90%
0-100%

Total Heat of Adsorption (Jm'2)
±S.D .
D.M.V.

Lactochem

Meggle

0.716+0.042

0.433±0.020
0.650+0.023
1.203±0.033
1.785+0.039

0.555+0.012
0.891+0.019
1.441±0.030

1.940+0.045
13.848

2.039+0.033
15.388

1.200±0.047
2.074+0.047
2.996+0.054
3.491±0.054
17.480

1.777±0.033

The quality of the data shown in table 5.3.4. is not as good as that
obtained previously (i.e. the preliminary data obtained for the Meggle a lactose monohydrate, shown in table 5.3.1.). Standard deviation values
shown have been calculated, using propagation of errors, so the error in
both the heat of adsorption (Jg-l), for each humidity change, and the error [j\
the surface area have been taken into account. This explains the increase
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in the standard deviation values quoted in table 5.3.4. Differences in the
adsorption data at the two most significant points on the isotherm (B and
C) are shown in table 5.3.5. It was assumed that there was a significant
difference in Aq at inflection points B or C where values of Aq ± the
standard deviation did not overlap.

Table 5.3.5. D ifferences in Aq for the three com m ercial brands o f
a - lactose m onohydrate at the two inflection points B and C.
Inflection Point B
(-12%)

Inflection Point C
(-90%)

significant difference
significant difference
significant difference

significant difference

Lactose
D.M.V. / Meggle
D.M.V. / Lactochem
Lactochem / Meggle

significant difference
no difference

Therefore, these data indicate that there is a significant difference at
inflection point B or Aqm obtained for all three lactose sam ples. This
indicates that there are significant differences in the wettability of these
materials.

Table 5.3.6. Contact angle data for three com m ercial sam ples of
a - lactose monohydrate.

Lactose

0

0

(ethylene glycol) (di-iodomethane)
Meggle
D.M.V.
Lactochem

9.3±3.0
12.5±2.8
9.3±1.7

21.1±6.7
14.9±6.0
10.9±2.6

Ys*

Y f

Y f

56.1

9.2

46.9

57.0
57.9

8.5
8.5

48.5
49.5

*in mNm'^ calculated using the harmonic mean equation

Contact angle data obtained previously (see table 5.3.6.), indicated that
there was not a significant difference in the surface properties of these

C h a p te rs

Microcalorimetry and Gravimetric Adsorption Studies

214

three commercial samples of lactose. Thus, this confirms the value of this
m icrocalorim etric technique for evalu atin g sign ifican t, but sm all
differences in similar brands of pharmaceutical excipients such as lactose.

There is not a significant difference in adsorption data obtained for the
M eggle and Lactochem a - lactose monobydrate at inflection point C.
However, the initial interaction between the dry powder surface and
water vapour is more extensive for the Meggle, a - lactose monobydrate
compared w ith the Lactochem, a - lactose monobydrate. Adsorption
subsequent to point C is due condensation, is more ind icative of
water/water vapour interactions, and therefore, the heat of adsorption
between B and C, would be expected to be similar. However, sim ilarities
in Aq between B and C will only be observed where the concentration of
binding sites at the powder surface are similar (see figure 5.3.8.), provided
that Aq is expressed as Jm-2, thus taking surface area into account.
Therefore, differences in Aq between B and C, for the D.M.V. a - lactose
monobydrate and the other two commercial samples may occur due to
in
differences the number of binding sites available per unit.
Is

A sim ilar argument was proposed by Lippold and Ohm (1986) who have
shown that there was a correlation between the 'effective' surface area, Agf
of several pharm aceutical powders and contact angle a g a in st 2propanol/water m ixtures.

Lippold and Ohm (1986) suggested th at

increase in wettability causes an increase in the 'effective' surface and the
available surface area for dissolution to occur.
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2a. Saturation of binding sites

9—9—9—9—9
lb. Multilayer formation

2b. "Droplet" formation
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Figure 5.3.8. Diagram to show two of the proposed modes of vapour
adsorption onto a powder surface. 1. proposed by BET and 2. proposed by
Buckton and Beezer (1988).

Previously, it was mentioned that interpretation of microcalorimetry data
must be performed with care, as it is important to elucidate that the
response observed is due to the process under investigation. One of the
drawbacks of the microcalorimetry method employed by Buckton and
Beezer (1988) was that solution might occur at high humidity. Therefore,
the powder was examined after each experiment, to attempt to elucidate if
solution had occurred. From these observations, it did not appear that
solution had occurred. However, in view of the magnitude of the heat of
adsorption between 90-100% RH, it is possible that some of this heat flow
might be attributed to solution as well as adsorption. This would affect
the value of Aq between points B and C. Despite this, speculation about
the interpretation of data obtained between 90-100% RH, this does not
affect the quality of results acquired between 0-90% RH.
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5.3.3 2. Data obtained for the alkyl p-hydroxybenzoates.
The heats of adsorption obtained for methyl and propyl p-hydroxybenzoate
are shown in table 5.3.7. and adsorption isotherms are shown in figure
5.3.9.

Table 5.3.7. Total heats of adsorption for the alkyl p-hydroxybenzoates.
Total Heat of Adsorption (Jm'2) ± S.D.

Humidity
Change

Methyl PHB
0-12%
0-24%
0-59%
0-79%
0-90%
0-100%

-

0.490±0.020
1.021±0.034
1.128±0.035
1.187+0.055
2.319+0.241

Propyl PHB
0.140±0.011
0.265±0.015
0.657+0.032
1.155±0.087
1.252±0.105
5.110±0.450
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Figure 5.3.9. Adsorption isotherm for the alkyl p-hydroxybenzoates.
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Microcalorimetry data obtained, show that there is a significant difference
betw een the adsorption behaviour of m ethyl and propyl p-hydroxy
benzoate, at the lower portions of the adsorption isotherm. This would be
expected as m ethyl and propyl p-hydroxybenzoate have significantly
different contact angles,

0 for methyl p-hydroxybenzoate =

36.4±4.3

0 for propyl p-hydroxybenzoate

50.7+1.5

=

M ethyl and propyl p-hydroxybenzoate both have a particularly small
surface area, 0.292 and 0.205 m^g-l respectively.

As a result, these

m aterials would not be expected to pick up very large quantities of water.
Therefore, it is the good reproducibility of data, provided by the sensitive
microcalorimeter, which allows this technique to discriminate between the
surface properties of these m aterials.

It has been shown th at this

technique is suitable for a wide range of powders, however, more work is
required before the exact capabilities of this technique can be defined.
Therefore, it would be useful to study a series of materials with a contact
angle of > 50®, and a broad range of surface areas.

To

allow comparison of data obtained for both the three commercial

sam ples of a - lactose monohydrate and the alkyl p-hydroxybenzoates, a
graph showing the isotherms of all five materials is show in figure 5.3.10.
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Figure 5.3.10. An adsorption isotherm for the three commercial samplesof
a-lactose monohydrate and the alkyl p-hydroxybenzoates.

From this data it is difficult to locate, the point, B, at which monolayer
formation has occurred. For methyl p-hydroxybenzoate, B appears to be
at -60% RH. This is a dramatically different humidity, compared with the
a - lactose monohydrates studied. However, since methyl and propyl phydroxybenzoate are known (from contact angle data) to be much more
hydrophobic than a - lactose monobydrate, this would be expected.

It is particularly interesting to note (see figure 5.3.9.) that although there
are large differences in Aq for methyl and propyl p-hydroxybenzoate, at
the lower portion of the isotherm (0-70% RH), at inflection point C, at
- 90% RH, (see figure 5.3.4. - for definition), Aq is approximately the same
for both methyl and propyl p-hydroxybenzoate. This phenomenon has
been observed previously for Meggle and Lactochem, a - lactose
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monohydrate. In addition, a large difference in Aq (90-100% RH) was
observed for methyl and propyl p-hydroxybenzoate. Where Aq (90-100%
RH) was much greater for propyl p-hydroxybenzoate than m ethyl phydroxybenzoate. There are two possible explanations for this,

1. It was previously mentioned, that it is possible that a portion of Aq (90100% RH), could be attributed to heat of solution.

Although th is is

unlikely for the alkyl p-hydroxybenzoates, it would explain the unexpected
difference in Aq (90-100% RH). However, as expected the solubility in
water of methyl p-hydroxybenzoate (1.14x10-2 mol. dm-3) is greater than
that of propyl p-hydroxybenzoate (2.57x10-^ mol. dm-3). Therefore this
does not provide a valid explanation for this phenomena.
2. The extent of condensation, which occurs subsequent to monolayer
formation is greater for propyl p-hydroxybenzoate.

5.3.3 3. Application of m icrocalorimetry studies in form ulation.
The quality of data obtained using microcalorimetry studies has been
discussed. However, it is important to consider the uses of adsorption
microcalorimetry studies for the characterisation of the properties of
pharmaceutical powders, to emphasise the significance of this work.

A description of the previous microcalorimetry work for the assessm ent of
the wettability of pharmaceutical powders (Buckton and Beezer, 1988) is
discussed in section 1.6.2.3. This new microcalorimetry technique is more
tim e consuming than the procedure employed by (Buckton and Beezer,
1988), but an adsorption isotherm can be defined.

Therefore, it is

necessary to understand how the extra information provided by this
technique can be used to understand the wetting behaviour of m aterials
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more accurately. Buckton and Beezer, (1988) found that the enthalpy of
adsorption, AHcal obtained for the barbiturates increased (became less
negative)^ with increasing wettability (as determined by contact angle
measurement). Since a larger negative value of AHcal indicates a more
favourable process, it would be expected that AHcal would decrease
(become more negative) with increasing wettability. Thus, data obtained
gave misleading information regarding the wettability of these powders.

This phenomena was also observed for the alkyl p-bydroxybenzoates,
where Aq(o-ioo%RH) values obtained indicated that water adsorption was
more favourable for propyl p-bydroxybenzoate than for m ethyl pbydroxybenzoate.

In contrast Aq(o-60%RH) (monolayer formation was

thought to have occurred at 60% RH) indicated that water adsorption was
more favourable for m ethyl p-bydroxybenzoate than for propyl pbydroxybenzoate. Methyl p-bydroxybenzoate has a lower contact angle
than propyl p-bydroxybenzoate, confirming that Aq(o-60%RH)> which is
equivalent to Aq^, is more indicative of the wettability of pharmaceutical
powders.

The value of this technique for the assessm ent of the w ettability of
pharmaceutical powders has been outlined. However, there are further
advantages of this technique since presence of m oisture m ay have a
profound affect on the behaviour of pharmaceutical materials.

It is w ell known that many materials are chemically unstable in the
presence of water. This may occur not only in solution but if water has

^By convention a large negative enthalpy change (-AHads) represents a favoured,
exothermic process a large positive enthalpy change (+AHads) represents a disfavoured,
endothermie process.
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been adsorbed onto the surface of the material. The shape of adsorption
peaks obtained

may help predict the stability of water unstable

m aterials at increasing humidity.

Although, interpretation of data

obtained for chemically unstable materials m ust be carried out with care
to ensure that the response observed it due to water adsorption and not
hydrolysis.

Water uptake by pharmaceutical powders can result in a change in crystal
form. For example, work undertaken by Angberg et al. (1991) has studied
the effect of humidity on the mutarotation of (3 - lactose to a - lactose and
the conversion of anhydrous a - lactose to a - lactose monohydrate.
Microcalorimetry studies showed that mutarotation did not become an
extensive process until ~ 94% RH. This corresponds to the humidity of the
second inflection point, C, for the three commercial samples of a - lactose
monohydrate, where a large increase in the amount of water condensation
is observed. Assuming that this inflection point is similar for a lactose
and P lactose, th is would explain why m utarotation became more
extensive at this particular humidity. Thus knowledge of the humidity at
inflection point C may give an indication to the stab ility of the
polymorphic form.

Together, with particle size and shape, the moisture content of powders
m ay affect their flow properties. Work by Armstrong et al. (1987) showed
that the flow properties of powders can be affected by their moisture
content.

Work undertaken by Chowan and Amaro (1977) found that

knowledge of adsorption and desorption isotherms proved invaluable for
selection of drug entities suitable for dry powder inhaler dosage forms.
Differences in hygroscopicity had a profound effect on the respirable
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fraction, determined using the cascade impactor as an in vito model,
(Chowan and Amaro, 1977).

Alhneck and Zografi (1991) have studied the effect of moisture adsorption
on the mechanical properties of tablets. Post compaction, tablet strength
was found to increase as a function of storage humidity, until a critical
hum idity when the tablet strength decreased.

The decrease in tablet

strength, above this critical humidity occurs because the adsorbed water
disturbs the interparticulate forces between particles.

The critical

hum idity is likely to correspond to inflection point C (of a m aterial
exhibiting type II behaviour - see figure 5.3.4.). Various explanations
were given for the increase in tablet strength with humidity. The m ost
likely explanation being that adsorbed water causes a rearrangement of
solid material at the surface of individual particles within the tablet. This
in turn results in an increase in solid bridges between adjacent particles
and/or an increase in interparticulate contact. Thus, the extent of water
adsorption as a function of humidity can have a profound effect on the
strength of tablets. Therefore, knowledge of the adsorption isotherm of a
pharmaceutical excipient may prove useful when considering the effect of
storage humidity on the hardness of tablets.

5.3.4. Gravimetric adsorption studies for a-lactose m onohydrate
and the alkyl p-hydroxybenzoates.
5.3.4.1. Data obtained using desiccators.
Results obtained for methyl and propyl p-hydroxybenzoate, compared with
the control, indicated that no water was adsorbed by these m aterials,
between 0 and 100% RH. This does not necessarily signify that no water
is adsorbed by these powders between these two humidities, but gives an
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indication of the lack of sensitivity of gravimetric uptake studies, using
desiccators.

It was possible, however, to obtain data for the three commercial brands of
a-lactose monobydrate. Results, are shown graphically below.
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Figure 5.3.11. Gravimetric adsorption isotherm for three commercial
samples of a - lactose monobydrate.

This data shows that there is very little difference in the adsorption
behaviour of these three powders. The main problem with this technique
)2L

is that samples need to^removed from the desiccator to enable the weight
of the sample to be recorded at each humidity. Although the lids of the
dishes are replaced as soon as the desiccator lid has been opened, there is
invariably a time lag. As water adsorption and desorption may occur
rapidly, the weight recorded on the balance may not be very accurate.
This is a particular problem where several samples are stored in the same
desiccator, which invariably occurs for practical reasons.
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This factor is not such a problem for very hygroscopic m aterials such as
starch and microcrystalline cellulose, because errors are comparatively
small compared with the total amount of water adsorbed. For example
work undertaken by Blair et al. (1990) showed that potato starch had an
equilibrium m oisture content (E.M.C.) of -10% at 20% RH and
m icrocrystalline cellulose had an E.M.C. of ~ 5% at 20% RH.

For

materials such as lactose which pick up relatively small amounts of water,
adsorption/desorption of water vapour during transfer to the balance, is
clearly a problem.

Powders are often dried at elevated temperature under vacuum to obtain
the weight of powder at 0% RH, prior to placing the powder sample in a
desiccator over the appropriate saturated solution. For example, Blair et
al. (1990) dried their powder samples to constant weight in a vacuum oven
at 80®C, 10 mmHg. This method may not he suitable for thermolahile
materials. In addition it does not mirror the procedure employed for the
microcalorimetry experiments. Therefore, for these reasons, the powder
was stored in a desiccator over silica gel for 3 weeks prior to obtaining the
weight of powder at 0% RH. This is similar to the method employed by
Hollenbeck et al. (1978) and was carried out here to allow comparison with
m icrocalorimetry experim ents, where powders were equilibrated by
flushing dry air, obtained by passing air over silica gel, through the
powder in the test cell overnight.

From this data, it would appear that no water is adsorbed between 12 and
90% RH. This is in agreement with the data presented in the data sheet
for Meggle and appears to contradict the microcalorimetry data. However,
there are two possible reasons for this.
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1. Gravimetric adsorption studies using desiccators are not sufficiently
sensitive to detect water adsorption occurring in this humidity range.
2. It is also possible that no water adsorption occurs between 12 and 90%
RH. The Aq (12-90%RH) obtained in the microcalorimetry experiments,
could be attributed to a 6sorption of water that had already been adsorbed
onto the powder surface.

The first explanation is most likely bearing in mind that this gravimetric
adsorption method is not sufficiently sensitive to detect water adsorption
onto m ethyl and propyl p-hydroxybenzoate.

Furthermore, the water

vapour adsorption isotherm obtained by Hollenbeck et al. (1978), for
microcrystalline cellulose, using a similar gravimetric adsorption method,
showed that water was adsorbed at interm ediate hum idities.

This

indicates that the lack of sensitivity of this gravimetric adsorption method
is the more likely explanation for the apparent discrepancy in results
obtained for this technique compared with microcalorimetry data obtained
previously.

5.3.4.2. Data obtained using the microbalance.
A typical example of adsorption data obtained for the preliminary study,
carried using Meggle, a - lactose monohydrate is shown in figure 5.3.12.

Figure 5.3.12. shows that it takes ~ 12 hours to reach equilibrium. The
m ean of all data points collected after the first 12 hours was calculated to
give the value for the total amount of water adsorbed for this particular
humidity change.
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Figure 5.3.12. The output obtained for Meggle, a - lactose monohydrate
12 - 34% RH, using the microbalance.

A similar procedure was adopted for each output, obtained to calculate the
am ount of water adsorbed for each hum idity change.

An adsorption

isotherm was then constructed, as shown in figure 5.3.13.

The data is m arkedly different compared w ith data obtained in
desiccators.

For example, these results indicate that the equilibrium

water content of Meggle, a - lactose monohydrate, at 12% RH is only
~ 0.035%. Data obtained using desiccators showed that the equilibrium
water content for this material was ~ 1%. The possible reasons for this
large discrepancy are numerous.

1.

The balance was calibrated incorrectly.

This provides a sim ple

explanation for this discrepancy, however, the m icrobalance w as
calibrated before each experiment. In addition, the value obtained for the
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initial powder weight (~200mg), was sensible. If the microbalance had
been calibrated so incorrectly that it caused the large inconsistency
detailed above, a 200mg sample of powder would only be recorded as 7mg
on the microbalance. Clearly, this would have been spotted and therefore,
this explanation can be ruled out.
2. The powder was not fully equilibrated at 0% RH at the beginning of the
experiment. This is unlikely as the powders were stored over phosphorous
pentoxide before being loaded onto the sample pan of the microbalance.
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3onten1
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0.060.050.040.030 .0 2 0. 0 1 0.00
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10 20 30 40 50 60 70 80 90 100
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Figure 5.3.13. Adsorption isotherm obtained for Meggle, a - lactose
monohydrate, using the microbalance.

3. Although both pans possess similar dimensions, it is possible that
significantly larger quantities of water are adsorbed onto the control pan
than onto the test pan as it was necessary to place a 200m g counter
weight on the control pan. This would provide a larger surface area onto
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which water may be adsorbed, but it is unlikely to account for this large
disparity.
4. Air flow, over the powder, may dislodge small quantities of powder. It
is quite possible that this could occur unnoticed, as for a 200mg sample,
ju st 2mg of powder would need to be dislodged to explain the difference
observed for these two techniques. However, control runs, where a 200mg
powder sample was placed on the arm of the microbalance and monitored,
at 0% RH for a 24hour period (see figures 5.3.14 and 5.3.15), showed that
this did not occur.
5. Air may not have penetrated the powder sample effectively.

After this prelim inary data was obtained, these problems were not
apparent, as the experiments, using desiccators were not yet finished.
Therefore, further experiments were carried out (see section 5.2.2.) for,

1. Meggle, a - lactose monohydrate to determine if this technique was
reproducible.
2. D.M.V. and Lactochem a - lactose monohydrate.

However, the quality of data obtained was extremely poor. At that time it
was thought that this may have been due to baseline drift, which was
possible, bearing in mind the large period of time over which data was
recorded. Air at 0% RH was flowed over a ~200mg of powder on sample
pan and the baseline was monitored for ~ 21.5 hours. Examples of data
obtained to show the extent of the baseline drift are shown in figures
5.3.14. and 5.3.15.
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Figure 5.3.14. An example of the baseline drift observed, over a 21 hour
period, using the microbalance.
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Figure 5.3.15. Another example of the baseline drift observed, over a 21
hour period, using the microbalance.
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As shown, a drift of ± 0.020mg occurs. A weight increase of -0 .0 1 0 0 .0 5 0 .g was obtained for Meggle, a - lactose monohydrate. Therefore, in
m ost cases, the w eight increase observed was not significant.

This

indicates that the experimental set-up employed for th is work is not
sufficiently sensitive to obtain adsorption data for poorly hygroscopic
materials such as a - lactose monohydrate.

5.3.5. Calculation of the thermodynamic param eters o f aqueous
adsorption.
Data obtained from microcalorimetry studies are heat of adsorption values
or Aq (Jm-2). However, normally it is the standard procedure to express
such values as the enthalpy of adsorption or AHcal (Jmoh^). To calculate
the enthalpy of adsorption it is necessary to know the quantity of water
adsorbed (in moles) per gram of powder. Three enthalpy values can be
calculated (Buckton and Beezer, 1988)

1. AHmon, which describes monolayer formation.
2. AHcond> which describes multilayer formation and condensation.
3. AHcal, which is equivalent to AHmon + AHcond-

Therefore, to enable each of these three parameters to be calculated it is
necessary to know the amount of water required to form a monolayer and
the total quantity of water adsorbed between 0 and 100% RH. These
values can he determined theoretically and/or experimentally.

The monolayer capacity can be calculated from equation 5.3.1.

0 . = ^

(5.3.1.)
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where,
Cjn = monolayer capacity (mol.g l),
Ag = specific surface area of the adsorbent (m^g-l),
am = area occupied by each molecule of the adsorbate (m^),
N

= Avogadro’s number.

The area occupied by each water molecule is 11.4 x lO'^O
al. 1958).

(Brunauer et

Therefore, providing the specific surface area has been

determined, it is possible to calculate the amount of water required for
monolayer formation. Equation 5.3.1. is usually employed to calculate the
specific surface area, when monolayer capacity has already been
determined (e.g. Nakai et al., 1977 and Djordjevic et al., 1992).

From the monolayer capacity. Cm, AHmon can be calculated.

However,

AHcond and AHcal values can only be calculated experim entally from
gravimetric adsorption studies.

For this study, gravimetric adsorption data could only be obtained using
desiccator studies.

Calculated thermodynamic parameters of aqueous

adsorption are shown in table 5.3.8.

The Gibbs free energy is calculated, from gravimetric data using equations
5.3.2. and 5.3.3.

Kad=|r

where,
b = number of water moles adsorbed per gram.

(5.3.2.)
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p’ = partial pressure.

(5.3.3.)

AGcal = -RT InKad

The entropy of adsorption can then be calculated using equation 5.3.4.

(5.3.4.)

^ (^ c a l — ^ H c a l " f

Table 5.3.8. The thermodynamic parameters of adsorption
(theoretical values).
Material
D.M.V. lactose
Lactochem lactose
Meggle lactose
Methyl PHB
Propyl PHB

^Gmon
(kJmol‘1 )

AHmon
(kJmol'l)

ASmon
(Jmol-lR-l)

23.76
24.60
23.79

-49.40
-30.15
-28.20

-245.4
-183.7
-207.9

29.4
30.2

-70.07
-45.30

-333.5
-253.3

Table 5.3.9. The thermodynamic parameters of adsorption
(experim ental values).
Material
D.M.V.
Lactochem
Meggle

AG m on

A G cal

AH m on

A H cal

A Sm on

A S cal

(kJmol-i)

(kJmol‘1)

(kJmol'i)

(kJmol'^)

(Jm ol-iR i)

(Jm ol-iR i)

13.28
13.61
13.76

16.8

-0.720

-8.792

-46.94

16.7
15.9

-0.356
-0.664

-4.681
-5.358

-48.86
-48.38

-85.88
-71.74
-71.59

An understanding of the thermodynamic param eters is required to
appreciate the significance of these data.
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The Gibbs free energy o f adsorption (AGcal)- A positive change in
AGcal represents a disfavoured process and gives an indication of the
extent of adsorption.

The en th alp y o f adsorption (AHcal)- A positive change in AHcal
represents a disfavoured process and gives an indication of the heat
required.

The en trop y o f adsorption (A Scal)- A positive change in AScal
represents a favoured process and gives an indication of the degree of
disorder of a system.

For a - lactose monohydrate, values of AGmon and AGcal are all very
similar since the gravimetric adsorption studies showed that each powder
adsorbed very similar quantities of water.

Calculated and theoretical AHmon and AHcal values all indicate that water
adsorption is m ost favourable for D.M.V. and lea st favourable for
Lactochem a - lactose monohydrate.

Absolute values m ay be sm all

compared to those obtained previously (Buckton and Beezer, 1988) for
pharmaceutical powders due to the choice of standard state. In addition,
the absolute values, shown in table 5.3.9. may be m isleading due to
inaccuracies in the value obtained for the quantity of water adsorbed per
mole.

Values of ASmon and AScal indicate that the system in becoming more
ordered. However, values calculated from experimental data may not be
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very accurate since they are dependant on the accuracy of data from
gravimetric adsorption studies.

Theoretical thermodynamic parameters calculated from the monolayer
capacity, Cm, obtained using equation 5.3.1. may not be very accurate.
This is because, the specific surface area of the powder, Ag, as determined
using B.E.T. adsorption studies, using nitrogen, is much smaller than the
available surface area for water adsorption to occur. This is because
water molecules (11.4 x lO'^O m^) are smaller than nitrogen m olecules
(16.2 X 1 0 ' 2 0 m 2 ), and therefore, they can access the internal surface area
of the powder (e.g. Nakai et al., 1977 and Djordjevic et al., 1992).
Therefore, the calculated value of AGcal is disproportionately small and
the value of AHcal is disproportionately large. This confirms the necessity
of requiring an accurate value for the amount of water adsorbed as a
function of humidity.
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5.4. CONCLUSIONS.

1.

A microcalorimetry method using a novel cell has been established,

suitable for probing the surface behaviour of pharmaceutical powders. At
presen t, th is m ethod has only been developed to stu dy w ater
vapour/powder interactions. Data obtained is highly reproducible. Due to
the design of the cell employed for these studies, it was possible to obtain
adsorption isotherms using this technique. Therefore, microcalorimetry
provides an alternative high resolution technique, which provides more
inform ation compared w ith previous m icrocalorimetry stu dies (i.e.
Buckton and Beezer, 1988), for the assessm ent of the surface properties of
pharmaceutical powders. It is important to recognise that this technique
is tim e consuming, the equipment is costly and therefore, requires an
experienced operator.

A more suitable probe for preliminary studies

would be contact angle measurement.

It is therefore, unsuitable for

preliminary pre-formulation studies, but will prove invaluable for more
advanced formulation problems where small differences in the surface
properties of m aterials, particularly, m aterials of a sim ilar nature, is
critical.
2. A novel microbalance technique to determine water uptake of powders
as a function of hum idity was investigated. However, at present this
method is not sufficiently sensitive to study the surface properties of
poorly hygroscopic powders such as lactose.
3. Gravimetric adsorption studies using desiccators are useful to obtain
adsorption isotherms. However, such methods are unsuitable for poorly
hygroscopic powders with a small specific surface area, such as methyl or
propyl p-hydroxybenzoate.
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6.1. INTRODUCTION.

The ability to predict physical properties from molecular structure has
obvious advantages, when considering the formulation of dosage forms.
Work in this area to determine the surface properties of pharmaceutical
powders, from molecular structure, falls into three categories,

1. Determ ination of the surface free energy of a solid or liquid from
parachor values, Quayle (1953).
2. Calculation of surface energies from solubility parameters.
3. Storey (1986) elucidated a relationship between various thermody
nam ic param eters of aqueous im m ersion and two m olecular orbital
indices, frontier electron density, Zfr and superdelocalisability index, ZSI.
Knowledge of this relationship enables the prediction of wettability from
molecular structure.

D etails of these three, quite different methods, which can be employed to
calculate the surface properties of pharmaceutical powders are described
in section 1.6.3. It is necessary to know the density of the powders under
consideration to calculate surface energies from parachor and solubility
parameters. Therefore, the method used by Storey (1986), offers a small
cf
advantage. Consequently, it was decided to investigate the use^ this
approach for the calculation of surface energies for three series of
powders.

Therefore the aim of this study was to attempt to determine an empirical
relationship between the contact angle against water,

0

and the surface
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free energy of pharmaceutical powders and their molecular orbital indices.
Three series of model powders were selected,

1.
2

the alkyl p-hydroxybenzoates.

. the imidazoles.

3. the H.M.G.CoA reductase inhibitors.

Three molecular orbital indices will be considered here,
1 ).
2

electron density, q^.

). frontier electron density, f^.

3) superdelocalisability index. Sir -

Definitions of these three molecular orbital indices are found in section
I.6.3.2.
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6.2. METHODS
6.2.1. Choice of com putational chem istry methods.
To determine the molecular orbital indices for the three groups of model
compounds selected, it was first necessary to calculate their minimum
energy conformation.

This may be carried out using.

1. Molecular mechanics, or force field calculations,
2. Molecular orbital theories, where molecular energies are calculated
using Schrodingers equation.

This equation can be solved w ith the

introduction of some approxim ations (sem i-em pirical) or w ith no
approximations at all (ab-initio).

Although the molecular mechanics approach is considered accurate for the
determination of the minimum energy conformation for small molecules, it
is not very accurate for larger molecules. In addition, the information
provided by molecular mechanics calculations is not sufficient to enable
properties such as electron density, frontier electron d ensity and
su p erd elo ca lisa b ility index to be calculated .

T herefore, only

computational chemistry programs using molecular orbital theory were
considered.

An excellent overview of the most widely used computational chemistry
packages is given in Clark (1985). Many factors need to be considered
when choosing a suitable package.

It is important that the program

selected is appropriate for the compounds under investigation.
programs are only suitable for a restricted number of elem ents.

Most
For
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exam ple, the sem i-em pirical theory MNDO (M odified N eglect of
Differential Overlap), available in the MOP AC program, can only be used
for compounds containing the elements shown in figure 6 .2 . 1 .

H
Be

B

C

N

0

F

A1

Si

P

s

Cl
Br
I

Figure 6 .2 . 1 . The elements for which MNDO is able to consider, in the
MOPAC program.

Programs using ab-initio calculations are the most accurate and therefore,
in theory, would be expected to be the most appropriate. However, abinitio m ethods may not be feasible for larger m olecules due to the
enormous amount of time and disk space required. Consequently, semiem pirical methods are generally considered to be more suitable, for
practical reasons, particularly where large molecules are being studied.
In addition , software packages required for such calculations {ab-initio
and sem i-em pirical) are very expensive. Therefore, availab ility of
computer software, disk space and computer time are always important
considerations for this type of work.

For this work, only semi-empirical methods were feasible due to the size of
the H.M.G.CoA reductase inhibitors. MOPAC, a combined package of
MINDO/3 (modified intermediate neglect of differential overlap) developed
by Bingham et al. (1975) and MNDO (Dewar and Thiel, 1977a), two of the
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m ost recently developed sem i-em pirical m ethods were availab le.
Therefore, it was decided to select one of these two methods for this work.

MNDO is superior to MINDO/3 (Dewar and Thiel, 1977a and Davis, 1985)
By comparing heat of formation values calculated by these two theories
with experimental values for a large number of molecules, Dewar and
Thiel (1977b) were able to confirm the superiority of MNDO over
MINDO/3. Therefore, MNDO molecular orbital theory was selected for
this work.

6.2.2. C alculation of the minimum energy conformation.
Initially, the molecular structure was inputted into the computer. The
structure is defined by means of a Z-matrix. This defines the position of
every atom in the molecule in terms of bond lengths, bond angles and di
hedral angles. An example is shown in figure 6 .2 .2 .

X .—

Cl
H4

1

X

2

C

1

1.00

3

H

2

1.09

1

122.0

4

H

2

1.09

1

122.0

3

180.0

Figure 6 .2 .2 . A Z-matrix for a methylene structure.

The first atom 1, X acts as a dummy atom. The position of the second
atom, C2 can be located by defining its distance (bond length) from atom 1 .
As shown in the second line of the Z-matrix, C is positioned 1.00 Â from
the dummy atom Xi.

The third atom, H 3 m ust be defined by its distance from Cg and the angle
between the dummy atom and H 3 , referred to as the bond angle. The

Chapter 6

Prediction Of Surface Properties From Molecular Structure

242

third line of the Z-matrix indicates that H 3 is positioned 1.09Â away from
C2 and it makes an angle of 1 2 2 ° with the dummy atom X.

The fourth atom H 4 is also defined by its distance C2 and its angle with
the dummy atom X i. However, to define its position uniquely, a third
parameter is required. From the bond length and bond angle given in line
4 of the Z-matrix, it is possible to define circle of points where H 4 m ust lie
(see figure 6.2.3.) The exact position of H 4 is defined by a di hedral angle.
This, is the angle between the two bonds, C - H 3 and C - H 4 . The di
hedral angle between H 3 and H 4 is 180°.

1.09Â
1 .0 0 Â

X

Figure 6.2.3. Definition of the di-hedral angle, to define the position of the
fourth atom.

The Z-matrix was then edited, using data (i.e. bond lengths, bond angles
and dihedral angles) obtained from the Cambridge D ata B ase for
molecules with similar structures to the alkyl p-hydroxybenzoates (Xianti,
1983) and the H.M.G.CoA reductase inhibitors (Stokker et al., 1986 and
Sato et al., 1984). This ensures that the starting geometry is close to the
minimum energy conformation and therefore, the molecule is more likely
to be optimised to the global minima, rather then a local minimum energy
conformation.
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The com putational tim e to optim ise large m olecules can be quite
considerable and during the process of optimisation atoms may overlap,
which results in termination of the calculation. The H.M.G.CoA reductase
inhibitors are large molecules and therefore, each molecule was split into
three portions,

1.
2

naphthalene ring,

. lactone ring

3. butanoic side chain.

These fragments were optimised separately and then merged together.
The molecule was then optimised as a whole.

The alkyl p-hydroxybenzoates and imidazoles are much smaller molecules
and therefore, the process of splitting the molecule into fragments was
unnecessary.

A flow chart, showing the process of optimisation if found in figure 6.2.4.
As described previously, the molecular geometry is input in the form of a
Z-matrix. This information is used to calculate Cartesian co-ordinates of
the atom s.

The total number of electrons and m olecular orbital

occupancies may then be determined and atomic orbitals are assigned to
each nucleus. The program then produces an initial guess or trial set of
molecular orbitals to use as a starting point for the Self Consistent Field
(SCF) calculations. In general, semi-empirical programs divide electrons
evenly amongst the atomic orbitals and allow the SCF procedure to find
more realistic molecular orbitals. This initial guess is used as the starting
point for an iterative SCF treatment. The solution to the SCF equations is
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improved cycle by cycle until the electronic energy reaches a minimum. In
sim ple term s, m olecular orbital calculations involve finding the
combination of all the atomic orbitals in the molecule that have the
appropriate symmetry and give the lowest electronic energy. This is often
referred to as the linear combination of atomic orbitals (LCAO) formalism.

Read input.
Calculate
geometry

Assign
parameters

SCF

Calculate
new
geometry
Not
optimized

Calculate
atomic
forces

Optimized

Population
analysis
Figure 6.2.4. A typical flow chart for a semi-empirical calculation.

Chapter 6

Prediction Of Surface Properties From Molecular Structure

245

Once the calculation has converged and the m inim um energy
conformation has been found, the program starts the population analysis.
This involves calculation of eigenvectors, eigenvalues, electron densities
etc. This information is compiled into a file called the LPM file. The
information in this file is used to calculate the molecular orbital indices.
Another, binary data file or QMM file is also generated w hen the
minimum energy conformation has been found.

6.2.3. C alculation of the molecular orbital indices.
As mentioned previously, an LPM data file is generated, once the molecule
h as been optim ised.

This contains a large am ount of im portant

information, including,

1.

Z-matrix and the Cartesian co-ordinates for lowest energy conform

ation,
2

. The eigenvectors or coefficients for each atomic orbital

3. The electron density for each atom in the molecule.

U sing MOPAC, it is also possible to generate the following data files, from
the QMM binary data file,

1.

M olecular orbital coefficients, C (or eigenvectors).

A list of the

eigenvectors for atomic orbitals found in both the HOMO and LUMO
(lowest unoccupied molecular orbitals).
2

. The total superdelocalisability indices, with the individual contribu

tions for all atoms.
3. The superdelocalisability index at the HOMO and LUMO w ith the
individual contributions from each atom.
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The three molecular orbital indices can be obtained/calculated from this
information. Each of the molecular orbital indices were calculated in two
different ways,

1. By adding up the contributions from ALL atoms in each molecule,
2

. Adding up the contributions from the atoms which were thought to be

involved in hydrogen bonding. Figures 6.2.5., 6.2.6. and 6.2.7. show the
relevan t atom s for the alkyl p-bydroxybenzoates, im idazoles and
H.M.G.CoA reductase inhibitors respectively.

Sections 6.2.3.1., 6.2.3.2 . and 6.2.3.3. explain bow these electron densities,
frontier electron densities and su perdelocalisability indices were
calculated for the model compounds. Extracts from the LPM file or files
generated from the QMM file, for imidazole have been reproduced to
illustrate exactly bow data was extracted and manipulated to calculate
these molecular orbital indices

(Ç Ô ^ R
Figure 6.2.5. Atoms involved in hydrogen bonding,
(alkyl p-bydroxybenzoates).
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H

CH.

H -

G
H

Imidazole

/

H

2-methyl imidazole

G
NO 9 )

H

Metronidazole

H

CH.

I
H—N

.0

NO

4-nitroimidazole

NO

2-methyl-5-nitroimidazole

Figure 6.2.6. Atoms involved in hydrogen bonding (imidazoles).
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Sim vastatin

OH

CH,

CH.

,CH,

Lovastatin

OH

,CH,
CH

CH,

CH.

CH

pH

L-679,336

CH.
CH,

CH
PH

Figure 6.2.7. Atoms involved in hydrogen bonding
(H.M.G.CoA reductase inhibitors).
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6.2.3.1. Electron density.
This describes the charge associated w ith an atom, r, and can be
calculated using equation 6.2.1.

Qr =

'occ

(6.2.1)

where Cjj. is the coefficient (eigenvector) of the atomic orbital, i, in the
atom, r.

To understand the significance of the electron density, a definition of the
coefficients, C shall be given, using a hydrogen molecule as an example.
Hydrogen (H 2 ) consists of one occupied molecular orbital, \}/, which
contains two electrons and is described by equation 6.2.2. The hydrogen
molecule consists of two atomic orbitals, \j/a and \|/b, each in the vicinity of
the two nuclei of the two hydrogen atoms, referred to here as a and b. It is
likely that each atomic orbital, \j/a and V|/b contains one electron, in the
vicinity of their nuclei.

\j/ = Ca\|/a + Cb\|/b

(6.2.2.)

The coefficients, Ca and Cb, weight the contributions from the atomic
orbitals \|/a and \|/b- The value of \j/2 represents the probability of finding
an electron in a region of space. The probability of finding an electron in a
molecular orbital is 1. The coefficients for \j/a and \|/b are the sam e,
because the molecule is symmetrical, consisting of two hydrogen atoms.
Equation 6.2.3. provides a more general expression to describe a molecular
orbital, \|/.
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\j/ = Ca

^b" "Cn \|/n

(6.2.3.)

The total electron density, Zqr was calculated by adding up the electron
densities for all the atoms, listed in the LPM file (see figure 6.2.8.) The
total electron density for all hydrogen bonding atom s, Xqj-(HB) w as
calculated by adding up all the individual electron densities for all atoms
thought to be involved in hydrogen bonding (see figures 6.2.5., 6.2.6. and
6.2.7.). For imidazole the electron density for atoms 1 (N ), 3(N) and 9(H)
were added to give Zqr(HB)-

Atom No.

Type

1

N

5.2459

2

C

3 .9464

3

N

5.2290

4

C

4.0619

5

C

4.0641

6

H

0.8725

7

H

0.8954

8

H

0.8936

9

H

0.7913

Atom Electron Density

Figure 6.2.8. Extract from the LPM file for imidazole to show how the
total electron density was calculated.

It is also possible to calculate the electron density for each atom, using
equation 6.2.1. as the individual eigenvectors for every atomic orbital are
also listed. It is important that only the eigenvectors for

the occupied

atomic orbitals are used in this calculation. The number of filled orbitals
is noted at the beginning of the output. For example, imidazole has 13
filled levels.

Therefore eigenvectors, from only the first 13 molecular

orbitals should be used in the calculation.
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6.2.3 2. F ro n tie r e le c tr o n d en sity .
This is the charge associated with the orbitals which contain the least
tightly bound electrons, called the frontier orbitals or HOMO's.

(6.2.4.)

where Cfr is the eigenvector of the frontier orbital, f, in atom, r. The
frontier electron densities for each atom, f^, were calculated using
equation 6.2.4. For example, fr, for N1 (see figure 6.2.9.) is given by,

2(-0.00262) + 2(0.00122) + 2(0.00152) + 2(0.42602)

Atom name

N1

N1

N1

N1

C2

C2

C2

Orbital type

S

PX

PY

PZ

S

PX

PY

Eigenvectors

-0.0026

0.0012

0.0015

0.4260

0 .0007

-0.0018

0.0003

Atom name

C2

N3

N3

N3

N3

C4

C4

Orbital type

PZ

S

PX

PY

PZ

S

PX

0.0001

0.0004

0.0005

0 .2020

-0.0004

Eigenvectors

-0.0026

0.0001

Atom name

C4

C4

C5

C5

C5

C5

H6

Orbital type

PY

PZ

S

PX

PY

PZ

S

Eigenvectors

0.0009

0 .3732

Atom name

H7

H8

H9

Orbital type

S

S

S

Eigenvectors

0.0008 -0 .0006 -0.0013

-0.5950 0.0000

0.0002 -0.0005 0.0032

Figure 6.2.9. An extract from a file generated from the QMM file for
imidazole to show the eigenvectors for the HOMO's.
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A basic computer program was written to allow easy calculation of the
frontier electron densities for all the molecules. The frontier electron
densities, Xfr, over all atoms were calculated by adding together fr, for
every atom in the molecule. %(HB) were calculated by adding together fr
for all the atoms in the molecule thought to be involved in hydrogen
bonding.

6 2.3.3. Superdelocalisability index.
This is a measure of the electron availability of an atom. It represents the
electron density of an atom, r, in a molecular orbital, j, divided by the
energy (or eigenvalue, E) of the molecular orbital which allows comparison
of the electron availability of the atom with those in other molecules.

c?.

(6.2.5.)

The superdelocalisability index was developed by Fukui et al. (1954), to
predict the probability of a reaction occurring at a given atomic centre of a
molecule.

The greater, the positive value of the superdelocalisability

index, the more likely that a reaction is likely to take place (Fukui et aZ.,
1954).

Subsequently SIhomo (equation 6.2.6.) and Sliumo (equation 6.2.7.) were
developed by Brown and Simas (1982), to describe the likelihood of an
electrophilic or nucleophilic reaction occurring at a particular atomic
centre in a molecule.

S I r ,h o m o = 2 Z ^ Î ^

-^homo

(6 .2 .6 .)
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S I r ,lu m o = 2 5 : § ^

(6.2.7.)

It was not necessary to calculate the total superdelocalisability indices for
all atoms in each molecule, Z 8Itotal, as this was obtained from a data file
generated from the QMM file for each molecule. The file for imidazole is
shown in figure 6.3.10. SSItotaKHB) were obtained by adding together the
individual superdelocalisability indices for the appropriate atoms. For
im id azole, ZSItotal(HB) w as

calcu lated

by

adding

tog eth er

the

superdelocalisabilities for atoms 1 (N ), 3(N) and 9(H). Similar files were
also obtained for S Ih om o and S liu m o to enable Z SIhomo, ^ Slium o,
^SIhomo(HB) and ZSIiumo(HB) to be calculated.

Total superdelocalisability over all occupied orbitals is -1.1765
The individual contributions from the atoms are :

Atom name
S 'd e l o c .

Atom name
S 'd e l o c .

N1
-0 .293

H7
0.000

C2
-0.190

H8
0 .000

N3
-0.267

C4
0.214

H6

C5
-0.212

0.000

H9
0.000

Figure 6.2.10. An extract from a file generated from the QMM file for
imidazole to show the superdelocalisabilities at each atom.

6.2.4. Correlation of m olecular orbital indices w ith surface
properties.
The aim of this study was to attempt to elucidate a relationship between
one or more of these molecular orbital indices with contact angles against
water and surface energies. Data obtained for all compounds investigated
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were input into a spreadsheet, to enable any potential relationships
betw een these molecular orbital indices and surface properties to be
found.

Surface energies used were calculated by Neumann's equation of state.
D ata calculated using this particular approach were selected for two
reasons.

Prim arily because only contact data against water were

available for the im idazoles (Storey, 1986) and therefore, it was only
possible to calculate surface energies using either Neumann's equation of
state or Wu's equation of state. Secondly, Neumann's equation of state is
considered more appropriate, for pharmaceutical system s, than Wu's
equation of state (see section 4.2.1.6.).

Surface energy data, for the

imidazoles calculated from contact angle data obtained by Storey (1986) is
shown in appendix 3.
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6.3. RESULTS AND DISCUSSION.
The total molecular orbital indices and molecular orbital indices for all
hydrogen bonding atoms calculated, are shown in tables 6.3.1. and table
6.3.2. respectively.

Table 6.3.1. Molecular orbital indices (all atoms).
Sqr

Xfr

Z S Ir

ZSIhom o

(total)

(total)

(total)

(total)

^Sllxim o
(total)

HBA

52.00

2.000

-2.2937

-0.2099

-2.8457

Methyl PHB

58.00

2.000

-0.2113

Ethyl PHB

64.00
70.00
38.00

2.000
2.000
2.000

-2.4763
-2.6697
-2.8694

-3.1651
-4.9712

80.00
88.00
94.00

2.000
2.000
2.000

-3.0795
-3.5339
-3.5154
-3.7550

26.00
32.00
50.00
42.00
48.00

2.000
2.000
2.000
2.000

-1.1765
-1.3603
-2.0081
-1.8492

2.000

-2.0415

168.00
162.00
178.00

2.000
2.000
2.000

-6.4517
-6.2512

Material

Propyl PHB
Butyl PHB
Benzyl PHB
Hexyl PHB
Heptyl PHB
Imidazole (I)
2 methyl I
Metronidazole
4 nitro I
2 methyl 5 nitro I
Sim vastatin
Lovastatin
L-679-336

-6.6659

-0.2116
-0.2115
-0.2156
-0.2100
-0.2157
-0.2156

-5.0473
-9.9510
-5.0592
-9.9886
-10.1019

-0.2202

2.1977

-0.2175
-0.2169
-0.1886
-0.1920

2.3776
2.7108
-1.4410
-2.7479

-0.2166
-0.2165
-0.1720

7.0194
7.3372
1.9568

As expected the total electron density, Eqr, has a value of 2 x the number
of filled levels or occupied molecular orbitals for each molecule.

For

example imidazole has 13 filled levels and since each molecular orbital
contains two electrons, the electron density is 26. This serves as a good
check. Similarly the total frontier electron density, Zfr, has a value of 2
since there are two electrons in the highest occupied molecular orbital
(HOMO) in each molecule.
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As expected, there is no correlation between these molecular orbital
indices and the surface properties. This is because these values represent
the electron availability over each molecule as a whole, rather than the
electron availability of the atomic centres most likely to be involved in
hydrogen bonding.

Table 6.3.2. Molecular orbital indices (hydrogen bonding atoms).
Material
HBA
Methyl PHB
Ethyl PHB

2qr

Zfr

Z S Ir

(HB)

(HB)

(HB)

23.2694

0.2762
0.3404

-1.055
-1.068
-1.060
-1.060
-1.058
-1.049
-1.493
-1.733

Propyl PHB

23.3035
23.2756
23.2781

Butyl PHB
Benzyl PHB
Hexyl PHB

23.3205
23.2106
23.3205

0.3066
0.3078
0.2963
0.2151
0.2961

Heptyl PHB

23.3206

0.2966

Imidazole (I)
2 -methyl I
Metronidazole
4-nitro I
2 methyl 5 nitro I

11.2262
11.4302
17.6203
28.3484

0.4446
0.1412
0.1130
0.2364

28.2929

0.2207

-0.560
-0.559
-0.869
-1.305
-1.315

Sim vastatin
Lovastatin

39.7359
39.7288

0.0029
0.0029

-1.572
-1.565

L-679-336

46.8790

0.6908

-1.886

ZSIhom o
(HB)

^ S llu m o
(HB)

-0.036
-0.036
-0.031
-0.032

-0.293
-0.345
-0.240
-0.248
-0.441
-0.224
-0.480
-0.479

-0.031
-0.021
-0.031
-0.031
-0.012
-0.013
-0.014

0.489
0.598
0.621

-0.018
-0.021

-0.720
-1.385

0.000
0.000
-0.064

0.001
0.000
0.713

It is w ell known that hydrogen bonding is not the only process which
occurs in liquid/powder interactions. However, polar liquids such as water
are commonly used for most pharmaceutical systems. Therefore, selection
of atoms involved in hydrogen bonding was considered most appropriate.
Initially it was hoped that it would be possible to examine the powder
surface of each m aterial to elucidate which atoms in each m olecule
predominate at the surface of the powder. This would enable calculation
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of the total molecular orbital indices, for each molecule, of atoms found at
the surface of a powder or the atoms which would be most likely to
participate in powder/liquid interactions.

This was thought to be

particularly important in the light of the work carried out by Fukuoka et
al. (1987) who found that crystallites had a tendency to align in a
particular orientation at the surface of a powder compact. In addition it is
well known that for some crystal forms, that not every part of a molecule
is represented equally at the surface of the material.

There is no relationship between 5^qr(HB) and %(HB) and contact angle, 6
against water or surface energy, Ysv- However, there is a relationship
between 0 and Ysv> and ZSIr(HB) (see figures 6.3.1. and 6.3.2.). This is
consistent w ith Storey (1986) who found that there was a correlation
betw een Z SI and several therm odynam ic param eters of aqueous
immersion, for the imidazoles.
The relationship is quite clear throughout the three groups of powders
(with the exception of methyl p-hydroxybenzoate and L-679,336) and
allows calculation of 0 and Ysv from the molecular structure of a material
using equations 6.3.1. and 6.3.2 respectively.

0 = -2 3 .203£SIr(HB) + 29.215

(6.3.1.)

Ys = 1 3 .3 8 1 ^ SI,( hb ) + 64.504

(6.3.2.)
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= 0. 80 8

75706560555045-

L-679,336

4035Me

-2.00

-1.75 -1.50 -1.25 -1.00 -0.75 -0.50

^SIr(HB)
Figure 6.3.1. To show the relationship between 0 and ZSIr(HB).

y = 13.381X + 64.504 r - = 0. 812

6560-

4540-

-2.00 -1.75 -1.50 -1.25 -1.00 -0.75

-0.50

^SIr(HB)
Figure 6.3.2. To show the relationship between Ys and XSIr(HB).
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Knowledge of such a relationship may prove useful for predicting the
w etta b ility of pharm aceutical powders at an early stage during
formulation development. However, it is necessary to be aware of the
assumptions and/or limitations of this study, which are listed below.

1. Buckton et al. (1988) reported the previous history of a powder has a
substantial effect on 0. Therefore, this approach is only suitable for
powders which have been processed in a similar manner.
2. Most pharmaceutical materials are crystalline in nature. Therefore,
orientation of crystallites m ust be such that all atoms involved in
hydrogen bonding are represented, at random, over the entire crystal
surface.

Since it is well recognised that the previous history of a powder can have
major effects on the surface properties of pharmaceutical powders it is
perhaps surprising that a relationship betw een ESIr(HB) w as found.
Particularly considering that three quite different groups of drug
compounds were used.

Methyl p-hydroxybenzoate and L-679,336 do not follow the trend of the
other compounds investigated. However, the predicted contact angle in
each case would be higher than the experimental value. Thus, although it
is recognised that this approach is not a universal method for estim ating
surface properties from molecular structure, for all pharm aceutical
m aterials, it does provide the maximum, expected contact angle or
minimum surface free energy value, likely to be obtained.
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The unusual behaviour of methyl p-hydroxybenzoate and L-679,336 could
be due to several reasons. In the case of L-679,336, it is probable that the
size of the molecule is such that MNDO was unable to find the correct
minimum energy conformation.

The anomalous behaviour of methyl p-hydroxybenzoate has been noted on
many occasions. Examples of the unusual behaviour of methyl p-hydroxybenzoate are discussed below.

Methyl p-hydroxybenzoate has a much lower contact angle with water and
therefore, a higher surface energy than 4-hydroxybenzoic acid.

Since

m ethyl p-hydroxybenzoate has an extra methylene group, it would be
expected to be more hydrophobic and therefore, have a higher contact
angle with water and a lower surface energy.

Several of the mechanical properties, namely the fracture toughness, R,
critical stress intensity factor, Kjc, and critical strain energy release rate,
G ic, are greater for methyl p-hydroxybenzoate compared with 4 hydroxybenzoic acid (see section 4.2.42.). This would be expected since methyl phydroxybenzoate has a higher surface energy (experim ental data).
However, the general trend shows a decrease in the mechanical properties
of the 4-hydroxybenzoic acid and its esters with increasing carbon chain
length.

Thus, th is provides an additional example of the unusual

behaviour of methyl p-hydroxybenzoate.

The molar surface free energies of 4-hydroxybenzoic acid and its esters
(methyl, ethyl, propyl and butyl), have been calculated theoretically using
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This unusual surface

behaviour was not predicted by solubility parameters.

Therefore, although theoretical methods (i.e. use of solubility parameters
and superdelocalisability indices) for predicting surface energies may be
useful for many pharmaceutical powders, it m ust be emphasised that they
have lim itations for some materials, methyl p-hydroxybenzoate being a
prim e exam ple.

This indicates, therefore, th at data obtained by

theoretical m ethods should be substantiated by experim ental data,
obtained from contact angle measurements, for example.

Initially it was thought that the low experimental contact angle value
obtained for m ethyl p-hydroxybenzoate occurred due to preferential
crystallite orientation at the surface of the compact.

If crystallite

orientation was such that the hydroxyl and carbonyl group were
preferentially present at the surface of the compact, then this would result
in a low contact angle due the increase!water powder interaction. This,
however, would not explain the magnitude of the mechanical properties of
methyl p-hydroxybenzoate, observed by Newton et al. (1993).

However, X-ray diffraction studies, carried out by Yalkowsky et al. (1972),
using the alkyl p-ammobenzoates showed that there were differences in
the crystalline structure of methyl p-aminobenzoate and higher homologs.
Yalkowsky et al. (1972) reported the d spacing (the distance between
adjacent molecular planes of the unit cell) for m ethyl p-aminobenzoate
was particularly small. Thus, the methyl p-aminobenzoate has a length
that would not allow the methyl group to be any further away from the
amine group than the ester oxygen. This would allow overlap of aromatic
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orbitals and a maximum dipole - dipole interaction between adjacent
molecules.

Methyl p-hydroxybenzoic acid has a similar molecular structure to methyl
p-aminobenzoate (see figure 6.3.3.). Therefore, it is highly probable that
these observations reported by Yalkowsky et al. (1972), would also apply
to methyl p-hydroxybenzoate. This would explain the lower than expected
contact angle and higher than expected surface free energy value obtained
as

w ell

as

the

superior m echanical properties

o f m eth yl

p-

hydroxybenzoate. This is because maximum dipole - dipole interactions
would result in an increase in the surface free energy and mechanical
properties, due to the increased intermolecular forces.
NH

OH

.C

.C
O

CH

Methyl p-aminobenzoate

Methyl p-hydroxybenzoate

Figure 6.3.3. The molecular structures of methyl p-aminobenzoate and
methyl p-hydroxybenzoate.
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6.4. CONCLUSIONS.
A relationship between ZSIr(HB) contact angle against water and surface
energy has been elucidated. Knowledge of such a relationship should
prove useful for the prediction of surface properties from m olecular
structure of new drug compounds.

It should, however, be emphasised that there are exceptions to this
relationship, as there is with other theoretical methods of predicting
surface properties, such as the use of solubility parameters.
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7.1. CONCLUSIONS.

The conclusions are split into two different areas,
1. Consideration of each of the available techniques for the assessm ent of
the surface properties of pharmaceutical powders, investigated in this
study,
a. Contact angle measurement using the Wilhelmy plate technique,
b. Calculation of surface energies from contact angles,
c. Flow microcalorimetry and gravimetric adsorption studies,
d. The use of molecular orbital indices for the prediction of powder
surface properties.
2.

Overall conclusions, addressing the choice and suitability of these

methods for assessing powder surface properties.

7.1.1. C ontact angle m easurem ent, u sin g the W ilhelm y p late
technique.
It has been shown that the quality of contact angle data obtained for
pharmaceutical powders, using an automated Wilhelmy plate method is
much better than data published previously, obtained using a non
autom ated W ilhelmy plate method.

Presumably, this is because the

autom ated technique is less operator dependant and therefore, more
accurate.

The quality of the data cannot be improved by extensively controlling the
method of contact angle measurement, due to the heterogeneous nature of
powders and the rough' surface of the powder plates employed.

The effect of compaction pressure during plate preparation w as
investigated and has varying effects on contact angle m easurem ent
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depending on the material used. However, for the powders investigated in
this study this effect was found to be insignificant.

7.1.2. C alculation o f surface energies from con tact angles.
Contact angle data were used to calculate surface energies using four of
the available theories.

Both Wu's equation of state and Neumann's equation of state are not
suitable for pharmaceutical systems, which are frequently polar in nature.
Although, these theories can be used to provide the rank order of the
surface energies of materials, where contact angle data against only one
liquid are available. Neumann's equation of state should always be used
in preference to Wu's equation of state.

The geom etric and harmonic m ean theories are clearly the m ost
appropriate, for pharmaceutical powders, in term s of the exten t of
information and accuracy of information provided.

For the alkyl p-hydroxybenzoates, the m elting point and m echanical
properties (of powder compacts) tended to increase with increasing surface
energy.

The relationship between % and mechanical properties was better for the
geometric and harmonic mean equations compared with the two equations
of state. This supports evidence that the geometric and harmonic m ean
equations are more accurate for calculating surface energies fi*om contact
angle data.
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7.1.3. Flow m icrocalorim etry and gravim etric adsorption stu d ies
A microcalorimetry method using a novel cell has been established,
suitable for probing the surface behaviour of pharmaceutical powders. At
p resen t, th is m ethod has only been developed to stu dy w ater
vapour/powder interactions.

Microcalorimetry w as shown to be an

alternative high resolution technique, for probing powder surfaces, which
provides more information compared with previous microcalorimetry
studies (i.e. Buckton and Beezer, 1988).

A novel microbalance technique to determine water uptake of powders as
a function of humidity was investigated. However, at present this method
is not sufficiently sensitive to study the surface properties of poorly
hygroscopic powders such as lactose.

Gravimetric adsorption studies using desiccators are useful to obtain
adsorption isotherm s.

However, such m ethods are un su itab le for

hydrophobic powders (0 > 40®) with a small specific surface area.

7.1.4. The use o f m olecular orbital in dices for the p red iction o f
pow der surface properties.
A relationship between ZSIr(HB) and contact angle against water and
surface energy has been elucidated. Knowledge of such a relationship
should prove useful for the prediction for surface properties from the
molecular structure of new drug compounds.

It should, however, be emphasised that there are exceptions to this
relationship, as there is with other theoretical m ethods of predicting
surface properties from molecular structure, such as the use of solubility
parameters.
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7.1.5. O verall C onclusions.
Several m ethods for the evaluation of the surface properties of
pharmaceutical powders have been investigated. Each method provides a
varying depth of information about the surface behaviour of powders and
therefore, the application of each method, in the pharmaceutical industry
will be different.

Although calculated molecular orbital parameters provide a good indicator
o f m aterial surface properties, they should be su b stan tiated by
experim ental methods. Contact angle measurements offer a relatively
fast and sim ple method for probing the surfaces of pharm aceutical
powders, for preliminary pre-formulation studies. However, where it is
necessary to discriminate between the wettability of powders of a similar
nature, flow microcalorimetry is the method of choice. This novel, high
resolution technique, will prove invaluable for more advanced formulation
problems where small differences in the surface properties of m aterials,
particularly, materials of a similar nature, are critical.
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A. 1.1. Propyl p-hydroxybenzoate.
Table A.1.1. The advcaicing angle data (0 and Cos 0 ± S.D.) for propyl phydroxybenzoate, using water and ethylene glycol as the two probe
liquids. Analysed using method (a).

Plate Preparation.

0
Water

Cos 0
Water

0
Ethylene
glycol

Cos 0
Ethylene
glycol

1 Pa X 10‘5, 3mins

54.2±1.7

0.584+0.016

23.5+3.0

0.916+0.020

2 Pa
3 Pa
4 Pa
5 Pa

52.5+1.0

0.600+0.013
0.611+0.021
0.635+0.021

22.1+3.1

0.925+0.020
0.920+0.024
0.936+0.033
O.930±O.O32

X
X
X
X

10'^,
10'^,
10‘5,
10’^,

3mins
3mins
3mins
3mins

6 Pa X 10"^, 3mins
4 Pa X 10’®, Imin
4 Pa X 10'^, 6mins
4 Pa X 10’^, lOmins

52.3+1.6
50.7+1.6
50.0+3.5
52.6+4.4
52.5+3.0
50.9+1.5
50.6+4.8

0.642+0.045
0.606+0.060
0.608+0.042
0.631+0.021
0.633+0.066

22.9+3.5
20.0+5.9
19.3+6.2
20.6+2.4
18.8+3.0
20.9+4.4
16.3+4.0

0.935+0.014
0.946+0.017
0.932+0.026
0.958+0.017

Table A. 1.2. The advancing an^e data (0 and Cos 0 ± S.D.) for propyl phydroxybenzoate, using water and ethylene 0ycol as the two probe
liquids. Analysed using method (b).

Plate Preparation.
1 Pa X 10'^, 3mins
2 Pa X lO'S, 3mins

0
Water
58.5+1.1
56.9+1.0
56.3+2.3
56.2+2.1

Cos0
Water

0

Cos0

Ethylene
glycol

Ethylene

0.522+0.016

35.9+2.1

0.810+0.021

0.546+0.015
0.554+0.032

34.8+1.7
34.7+2.2
32.7+2.9

0.821+0.017
0.822+0.022
0.850+0.032

3 Pa X 10‘5, 3mins
4 Pa X 10"5, 3mins
5 Pa X 10-5, 3mins

54.0+3.0

0.557+0.031
0.58710.042

6 Pa X 10-5, 3mins

59.4+1.6

4 Pa X 10-5, Imin
4 Pa X 10-5, 6mins
4 Pa X 10-5, lOmins

glycol

0.836+0.029

0.508+0.024

33.1+3.0
32.2+1.4

56.8+2.4

0.547+0.035

31.7+2.0

0.850+0.018

56.2+1.3
55.7+2.8

0.55610.019
0.565+0.040

32.2+3.2
32.6+2.4

0.856+0.033
0.842+0.022

0.846+0.013
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Table A. 1.3. The Receding angle data (0 and Cos 0 ± SJ>.) for propyl phydroxybenzoate, using water and ethylene ÿ ycol as the two probe
liquids.
0

Cos 0

Ethylene
glycol

Ethylene
glycol

0.846+0.020

35.9+2.0

0.810+0.021

32.6+2.4

0.842+0.022

35.0+2.5

3 Pa X 10'^, 3mins

32.9+2.0

33.6+2.4

4
5
6
4
4
4

31.1+1.3
32.2+4.0
32.0+1.4

0.839+0.018
0.856+0.012

0.818+0.026
0.832+0.024

0
Water

Cos 0
Water

1 Pa X 10"^, 3mins
2 Pa X 10"^, Smins

32.2±2.2

Plate Preparation.

Pa
Pa
Pa
Pa
Pa
Pa

X
X
X
X
X
X

10'^,
10*^,
10'^,
10'^,
10'^,
10‘5,

3mins
3mins
3mins
Imin
6mins
lOmins

31.6+2.1
31.4+1.4
31.1+1.4

0.844+0.040
0.848+0.013
0.851+0.018
0.855+0.018
0.856+0.013

35.0+1.6

0.841+0.040
0.823+0.031
0.818+0.016

34.6+2.0
35.0+2.1

0.823+0.018
0.818+0.022

-

-

32.5+4.6
34.6+3.3

A. 1.2. Hexyl p-hydroxybenzoate.
Table A. 1.4.. The advcmcing angle data (0 and Cos 0 ± S.D.) for hexyl phydroxybenzoate, using water and ethylene ^yool as the two probe
liquids. Analysed using method (a).

Plate Preparation.

0
Water

Cos 0
Water

0

Cos 0

Ethylene

Ethylene

glycol

glycol

43.6+4.0

0.723+0.048
0.704+0.022

1 Pa X 10’^, 3mins
2 Pa X 10'^, 3mins

59.3+1.6
60.0+3.9

0.525+0.023
0.499+0.059

3
4
5
6
4

59.4+6.1
62.2+4.5
63.5+5.5
61.1+3.1
64.5+2.8

0.501+0.089
0.466+0.068
0.455+0.086
0.482+0.047

37.5+1.9
38.5+2.6
40.0+3.2

0.728+0.037
0.793+0.020
0.782+0.028
0.765+0.036

0.429+0.045

41.0+2.3

0.745+0.027

59.8+2.0
58.0+4.5

0.519+0.039
0.528+0.066

42.0+1.4

0.743+0.016
0.776+0.022

Pa X
Pa X
Pa X
Pa X
Pa X

10"^,
10'^,
10'^,
10'®,
10'^,

3mins
3mins
3mins
3mins
Imin

4 Pa X 10'^, 6mins
4 Pa X 10’®, lOmins

45.3+1.8
43.2+3.2

39.1+2.0
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Table A. 1.5. The advancing angle data (0 and Cos 0 ± S.D.) for hexyl phydroxybenzoate, using water and ethylene glycol as the two probe
hquids. Analysed using m ethod (b).

Plate Preparation.
1 Pa X 10*®, Smins
2 Pa X 10*®, Smins

0

Cos 0

0

Cos 0

Water

Water

Ethylene

Ethylene

glycol

glycol

51.5+2.6
5S.0±2.2

0.454±0.012

S Pa X 10 ®, Smins

GS.OiG.8
62.8±2.2
64.7±4.2

0.4571G.0S5
0.427±0.066

52.5±1.9

0.62S10.0S5
0.60HO.0S0
0.62S10.025

4 Pa X 10 ®, Smins

6S.7±S.9

0.428+0.069

46.1+0.8

0.69S10.010

5 Pa X 10 ®, Smins

68.7±6.6

0.S6S±0.107

0.66910.024

6 Pa X 10 ®, Smins
4 Pa X 10 ®, Imin

65.S±S.8
68.0±S.9

0.418+0.060
0.S7S+0.061

48.0+1.8
49.2±2.2

4 Pa X 10 ®, Grains
4 Pa X 10 ®, lOmins

6S.O±S.O
61.5±S.9

0.479+0.0S7
0.477+0.060

0.65S10.028
0.64410.022

49.9+1.6
50.511.2

0.6S610.016

47.711.1

0.67210.016

Table A. 1.6. The receding angle data (0 and Cos 0 ± S.D.) for hexyl phydroxybenzoate, using water and ethylene ^ycol as the two probe
liquids.

Plate Preparation.

0
Water

Cos 0
Water

0
Ethylene
glycol

Cos 0
Ethylene
glycol

1 Pa X 10 ®, Smins

57.810.5

0.54810.007

52.712.2

0.60510.0S1

2 Pa X 10 ®, Smins

57.410.9

57.511.8

S Pa X 10 ®, Smins
4 Pa X 10 ®, Smins

56.812.7
55.012.2

0.5S810.01S
0.54710.040
0.57S10.0S2

0.5S410.027
0.5S710.042

5 Pa X 10*®, Smins
6 Pa X 10 ®, Smins
4 Pa X 10 ®, Im in
4 Pa X 10 ®, Gmins

55.011.5
55.615.7
55.711.4
55.412.1

4 Pa X 10 ®, lOmins

56.211.6

57.512.9
56.511.5
59.612.4

0.55110.022

0.56810.0SO

55.715.2
57.0tl.S
56.111.7

0.56210.077
O.520tO.O21
0.55810.024

0.55510.02S

55.412.6

0.59610.0S6

0.57S10.022
0.56410.055
0.56410.021

0.50610.0S6
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A. 1.3. 2-methyl-5-mtroimidazole.
Table A.1.7. The advancing an^ e data (0 and Cos 6 ± S.D.) for 2methyl-5-mtroimidazole, using water and ethylene 0y co l as the two
probe liquids. Analysed using method (a).

Plate Preparation.

0
Water

Cos 0
Water

0
Ethylene
glycol

1 Pa X 10'®, Smins

58.5±2.1

0.524±.0S1

1S.S±5.1

2 Pa X 10'^, Smins

57.9±2.0

0.5S1±.0S0

10.9±6.1

0.970+0.022
0.978±0.022

S Pa X
4 Pa X
5 Pa X
6 Pa X

57.5±2.0
54.S±4.0
57.9±1.9

1S.4±5.5
17.7+2.4
16.8±S.O

0.969+0.024
0.952±0.014
0.957±0.014

57.2±1.S

0.5S8±.028
0.576±.056
0.5S2±.028
0.524±.020

56.S±1.1
57.0±2.1
55.9±2.8

0.555±.016
0.545±.0S0
0.561±.040

21.6±2.9
15.2+5.2
15.4±4.1
16.5±6.4

0.929+0.018
0.962+0.025
0.962+0.020
0.954+0.0S2

10'^,
10"^,
10'^,
10'^,

Smins
Smins
Smins
Smins

4 Pa X 10'^, Imin
4 Pa X 10"^, Gmins
4 Pa X 10'^, lOmins

Cos 0
Ethylene
glycol

Table A. 1.8. The advancing angle data (0 and Cos 6 ± S.D.) for 2methyl-5-nitroimidazole, using water and ethylene ^yool as the two
probe liquids. Analysed using method (b).

Plate Preparation.

0
Water

Cos 0
Water

1 Pa X 10'5, Smins

60.9±2.1

0.486+0.0S2

2 Pa X 10'^, Smins
S Pa X 10'^, Smins

0.488+0.02S
0.490+0.027

4 Pa X 10'5, Smins

60.8±1.8
60.6±1.8
58.9+S.4

5 Pa X 10’®, Smins
6 Pa X 10'^, Smins
4 Pa X 10‘5, Imin

61.1+1.8
61.0+l.S
60.0+1.2

0.482+0.028
0.485+0.020
0.499+0.019

4 Pa X 10'^, 6mins

60.5+1.4

0.492+0.022

4 Pa X 10’5, lOmins

59.4+2.9

0.509+0.04S

0.506+0.048

0
Ethylene

Cos 0
Ethylene

glycol

glycol

27.6+S.5
27.5+S.O
29.4+S.4

0.885+0.028
0.886+0.024

SO.6+1.0
26.5+4.1
S2.5+2.4

0.860+0.009
0.89S+0.0S1
0.84S+0.022

29.4+S.S

0.871+0.028

29.8+2.5
S0.1+S.2

0.867+0.022

0.870+0.0S0

0.865+0.028
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Table A.1.9. The receding angle data (0 and Cos 0 ± S.D.) for 2-methyl-5nitroim idazole, using water and ethylene ^ ycol as the two probe liquids.

P late Preparation.

0
Water

Cos 0
Water

0
Ethylene
glycol

Cos 0
Ethylene
glycol

1 Pa X ID'S, Smins
2 Pa X 10"5, Smins
S Pa X 10'^, Smins

14.4±9.7
1S.4±6.0
12.1+4.4

0.95710.050
0.96710.0S0
0.979+0.016

-

-

17.S16.8

0.95010.0S0

-

-

4 Pa X 10'^, Smins

15.9±6.S

0.95610.0S6

17.712.4

0.952+0.014

5 Pa X 10'^, Smins
6 Pa X lQ-5, Smins
4 Pa X 10'^, Imin

15.11S.7
16.1±1.6
1S.1±4.4

19.810.8
24.011.2

0.94110.005
0.91S10.009

-

-

4 Pa X IQ'5, Gmins

14.212.1

0.96610.016
0.96110.008
0.97110.015
0.96910.009

4 Pa X 10"^, lOmins

12.812.7

0.97510.011

21.S12.S
22.01S.0

0.9SH0.015
0.92510.020

A. 1.4. a - lactose monohydrate.
Table A.1.10. The advancing angle data (0 and Cos 0 ± S.D.) for a lactose monohydrate, using propylene glycol and di-iodomethane as the
two probe liquids. Analysed using method (b).
0
Propylene

Cos 0
Propylene

glycol

glycol

1 Pa X 10"^, Smins
2 Pa X 10"^, Smins
S Pa X 10"^, Smins

14.114.5
12.S14.5
11.814.4

0.9671.0024
0.9741.0016
0.9751.0017

4 Pa X 10’^, Smins
5 Pa X 10"^, Smins
6 Pa X 10'^, Smins

18.412.S
IS.411.8
1S.S14.0

0.9401.0016
0.9721.0008
0.9711.0016

26.414.7
21.116.7

0.97410.011
0.89510.0S6
0.9S010.042

4 Pa X 10'^, Imin

14.81S.7

0.9581.0018

24.512.7

0.90810.018

4 Pa X 10’^, Gmins

1S.81S.9

22.41S.2

4 Pa X 10"^, lOmins

undefined

0.9691.0016
undefined

0.92S10.019
0.9S2±0.020

P late Preparation.

0
Di-

Cos 0
Di-

iodom ethane iodom ethane
17.818.S
10.114.1

0.94510.05S
0.98S10.012

20.612.7
12.S1S.4

0.9S510.017

21.11S.7

275

Appendix 1

Table A.1.11. The receding angle data (0 and Cos 0 ± SX).) for a lactose m onohydrate, using propylene 0y co l and di-iodom ethane as the
two probe liquids.

Plate Preparation.
1 Pa X 10'^, 3mins
2 Pa X 10'^, 3mins
3 Pa X IQ'5, 3mins
4
5
6
4

Pa
Pa
Pa
Pa

X
X
X
X

10‘®, 3mins
10'^, 3mins
10'^, 3mins
10"^, Imin

4 Pa X 10'^, Gmins
4 Pa X 10’^, lOmins

0
Propylene

Cos 0
Propylene

glycol

glycol

19.4±9.3
17.2+5.1
18.1±5.7
27.2±3.7
21.7+0.4

0.935+0.051
0.953+0.025
0.947+0.029

5.5
19.0
25.1+5.1

0.995
0.946
0.903+0.041

0.877+0.029

22.4+7.8
25.0+8.4

0.917+0.054

16.2+5.6
21.2+3.6

0.929+0.003
0.954+0.026
0.931+0.021

13.2+9.9
undefined

0.941+0.058
undefined

0
Di-

Cos 0
Di-

iodom ethane iodom ethane

23.5
32.4+2.9
32.3+5.2
28.6+6.8

0.898+0.056
0.920
0.843+0.027
0.842+0.047
0.873+0.049
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A.2.1. N eu m an n 's e q u a tio n o f sta te.
This program is suitable for basic and was written with reference to a
communication from Taylor (1984^
10 CLS
20 INPUT "SURFACE TENSION",K
30 INPUT "CONTACT ANGLE",T
40 IF K<50 GOTO 60
50 IF K>50 GOTO 350
60 IF T>90 GOTO 80
70 IF T<90 GOTO 210
80 TH=T*(PI/180)
90 B=0.015
100 H=(2*B*K)+((B^2)W 2)*(COS(TH)))
110 G=((B^2)*(K^2))+((B^2)W2)*(COS(TH)))
120 A=(H/3)/^0.5
130 C=G/(2*(A^3))
140 F=((ACS(C))+PI)/3
150 Z=(2*A)*(C0S(F))
160 SE=(Z^2)/((B^2)*K)
170 IE=SE-(K*(COS(TH)))
180 PRINT "The Surface Energy is",SE
190 PRINT "The Interfacial Tension is",IE
200 GOTO 20
210 O=180-T
220 TH=O*(PI/180)
230 B=0.015
240 H=(2*B*K)+((B^2)*(K^2)*(COS(TH)))
250 G=((B^2)*(K^2))+((B^2)*(K^2)*(COS(TH)))
260 A=(H/3)^0.5
270 C=G/(2*(A^3))
280 F=((ACS(C))+PI)/3
290 Z=(2*A)*(C0S(F))
300 SE=(Z^2)/((B^2)*K)
310 IE=SE-(K*COS(TH))
320 PRINT "The Interfacial Tension is", SE
330 PRINT "The Surface Energy is", IE
340 GOTO 20
350 B=0.015
360 Zl=0.1
370 Zl=0.1+0.1
380 Z=(((-B*K)*((B*K)-2))/2)/(((Zl-2.5)*Zl)+2)
390 IF Z<Z1+0.001 GOTO 420
400 IF Z>Z1-0.001 GOTO 420
410 GOTO 370
420 V=(((Z^3)+((B*K)*((B*K)-2)))/(Z-l))-(2*B*K)
430 U=V/((B^2)*(K^2))
440 F=ACS(V)
450 IF T>90 GOTO 470
460 IF T<90 GOTO 570
470 TH=T*(PI/180)

Appendix 2

480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670

IF TH<F GOTO 500
IF TH>F GOTO 80
S=(Z^2)/((B^2)*K)
P=S-((K/2)*(U))
SE=P+((K/2)*(C0S(TH)))
IE=P-((K/2)*(C0S(TH)))
PRINT "The Surface Energy is", SE
PRINT "The Interfacial Tension is", IE
GOTO 20
O=180-T
TH=O*(PI/180)
IF TH<F GOTO 610
IF TH>F GOTO 210
SF=(Z^2)/((B^2)*K)
P=SF-((K/2)*(U))
SE=P+((K/2)*(C0S(TH)))
IE=P-((K/2)*(C0S(TH)))
PRINT "The Interfacial Tension is", SE
PRINT "The Surface Energy is", IE
GOTO 20

278

279

APPENDIX 3

280

Appendix 3

A.3.1. C ontact angle and surface energy data for the im idazoles.
The contact angle data were obtained from Storey (1985) and the surface
energies were subsequently calculated using Neumann's equation of state

Table A.3.1. C ontact angle and surface energy data (mNm‘^ for
th e im idazoles.
Material

Contact angle

Surface energy

44

Imidazole
2 methyl-imidazole

48

56.0
53.7

Metronidazole
4 nitroimidazole
2-methyl-5 nitroimidazole

50
59
64

52.5
47.2
44.3
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