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The physical properties of the solid state seen in crystals and powders of both drugs and pharmaceutical
excipients are of interest because they can affect both the production of dosage forms and the performance
of the finished product. Powders, as Pilpel1 reminded us, ‘can float like a gas or flow like a liquid’ but
when compressed can support a weight. Fine powders dispersed as suspensions in liquids are used in
injections and aerosol formulations. Both liquid and dry powder aerosols are available and are discussed
in Chapter 10. In this chapter we deal with the form and particle size of crystalline and amorphous drugs
and the effect these characteristics have on drug behaviour, especially on drug dissolution and
bioavailability.
Crystalline solids can exist in several subphases, such as polymorphs, solvates, hydrates, and cocrystals. Polymorphs are different crystalline forms (at different free energy states) of the same molecule or
molecules. On the other hand, solvates, hydrates and co-crystals are similar in that they consist of more
than one type of molecule, one of which is the drug while the other can be either an organic solvent (to
form a solvate) or water (to form a hydrate), or another crystalline solid (to form co-crystals). Both types
of molecules participate in the short-range and long-range orders of the crystal and therefore these
subphases are regarded as single crystalline forms consisting of two types of molecules.
The nature of the crystalline form of a drug substance may affect its stability in the solid state, its
solution properties and its absorption. It is with this topic that we start, to consider later other properties
of the solid state that are important in production and formulation. Recently, nanocrystals of poorly
soluble drugs have been produced to improve their dissolution and absorption.
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1.1 Classification of solids
Na
Cl

The solid phase can be classified into two major
categories based on the order of molecular packing.
The most common type of state is the crystalline state
in which there is both short-range and long-range
order; that is, there is a regular structure that extends
throughout the crystal. This contrasts with amorphous solids in which the regularity of structure is
limited to the immediate neighbours of any particular molecule within the solid. Crystalline solids can
be further subdivided as shown in Fig. 1.1 into polymorphs, which result from different crystalline
forms of the same molecule, and multicomponent
crystals such as hydrates, solvates and co-crystals,
which consist of more than one type of type of
molecule.

1.2 Crystalline solids – structure
and properties
1.2.1 Crystal structure
Crystals contain highly ordered arrays of molecules
and atoms held together by non-covalent interactions. We can consider as a simple example the unit
cell of an inorganic salt, sodium chloride. Figure 1.2
shows the ordered arrangement of Cl ions and Naþ
ions that make up the sodium chloride crystal structure. We can draw a square on one side connecting
the chloride ions. Similar squares could be drawn on
all the sides to form a cubic repeating unit, which we
call the unit cell. Within a specific crystal, each unit
cell is the same size and contains the same number
of molecules or ions arranged in the same way. It

Cl
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Solvates and
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Figure 1.1

Classification of solids.
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Figure 1.2 Space lattice of the sodium chloride crystal. Each
sodium ion is octahedrally surrounded by six chloride ions and
each chloride ion is octahedrally surrounded by six sodium
ions.

is usually most convenient to think of the atoms or
molecules as points and the crystal as a threedimensional array of these points, or a crystal
lattice.
For all possible crystals there are seven basic or
primitive unit cells, which are shown in Fig. 1.3. We
will represent the lengths of the sides as a, b and c and
the angles as

a (between sides b and c)
b (between sides a and c)
g (between sides a and b)
Figure 1.3 shows the characteristic side lengths and
angles for these ‘primitive’ unit cells.
The structures in Fig. 1.3 have atoms or molecules
only at each corner of the unit cell. It is possible to
find unit cells with atoms or molecules also at the
centre of the top or bottom faces (end-centred),
at the centre of every face (face-centred) or with a
single atom in the centre of the cell (body-centred), as
in Fig. 1.4.
Note that these variations do not occur with every
type of unit cell: we find

*

Polymorphs

Na
Cl
Cl

*

Amorphous form

Cl
Na

*

End-centred monoclinic and orthorhombic
Face-centred cubic and orthorhombic
Body-centred, cubic, tetragonal and
orthorhombic

Altogether there are 14 possible types of unit cell and
we call these the Bravais lattices. For drugs there are
three common types of unit cell: triclinic, monoclinic
and orthorhombic.
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Figure 1.3 The seven possible primitive unit cells with atoms or molecules only at each corner of the unit cell. Drug molecules will
typically form triclinic, monoclinic and orthorhombic unit cells.

Key points
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The crystal lattice is constructed from
repeating units called unit cells; all unit
cells in a specific crystal are the same size
and contain the same number of molecules
or ions arranged in the same way.
There are seven primitive unit cells – cubic,
trigonal, orthorhombic, triclinic,
hexagonal, tetragonal and monoclinic
which have molecules or ions arranged at
each corner.
In addition, monoclinic and orthorhombic
unit cells may be end-centred; cubic and
orthorhombic unit cells may be facecentred; and cubic, tetragonal and
orthorhombic unit cells may be bodycentred.
There are therefore only 14 possible types
– the Bravais lattices.
Drug molecules usually have triclinic,
monoclinic or orthorhombic unit cells.

Variations on primitive cells.
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Miller indices
We can identify the various planes of a crystal using
the system of Miller indices. To understand how this
system is used, let us consider the plane drawn
through the cubic crystal shown in Fig. 1.5a. The
plane cuts the a axis at one unit length and also the
c axis at one unit length. It does not, however, cut the
b axis, and hence the intercept to this axis is infinity.
One way we could label planes is to denote each set
by the distances along the axes to the point where the
plane crosses the axis. So, for example, the planes
marked in Fig. 1.5a would have intercept lengths of
a ¼ 1, b ¼ ¥, c ¼ 1. This system of labelling the faces is
inconvenient because of the appearance of ¥. A way
around this problem is to take the reciprocals of the
numbers (since the reciprocal of ¥ ¼ 0). The plane
shown then becomes 1/1, 1/¥, 1/1 for the a, b and c
axes, i.e. 1, 0, 1. The Miller indices for this plane are
then written as (101).
A second example is illustrated in Fig. 1.5b. This
plane does not cut the a axis; it cuts the b axis at a unit
cell length of 12, and does not cut the c axis. The

intercept lengths are therefore a ¼ ¥, b ¼ 12, c ¼ ¥,
which on taking reciprocals become 0, 2, 0. A second
rule of Miller indices is now applied, that is to reduce
the numbers to the lowest terms – in this case by
dividing them all by 2. The Miller indices for this
plane are therefore (010).
Other rules for applying Miller indices are shown
by the following examples, which for ease of illustration are shown using a two-dimensional array (the
c axis can be imagined to be at right angles to the
page). None of the sets of planes we will consider
crosses the c axis, i.e. we consider them to intersect it
at ¥. The plane X in Fig. 1.6 has a, b and c intercepts
of 3, 2, and ¥, giving reciprocals of 13, 12 and 0. The
procedure is now to clear the fractions, in this case by
multiplying each term by 6, giving 2, 3, and 0. It is
not possible to reduce these further, and the Miller
indices are therefore (230). The plane Y in Fig. 1.6
shows an example of a negative intercept where the a
axis is crossed. The reciprocals of the a, b and c
intercepts are 1, 1, and 0. The procedure that is
now used is to write the negative number using a
bar above it, giving Miller indices for this plane of
(110). We should notice that the smaller the number
in the Miller index for a particular axis, the more
parallel is the plane to that axis, a zero value indicating a plane exactly parallel to that axis. The larger a
Miller index, the more nearly perpendicular a plane
is to that axis.

b

101 Plane

a

c

b

(a)

Y (110)

b
X
0.5b

010 Plane

a

c

a

(b)

Figure 1.5 Cubic crystal showing planes with Miller indices of
(a) (101) and (b) (010).

Y

Figure 1.6

X (230)

Planes in a two-dimensional array.
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Key points

The general rules for expressing planes using
the system of Miller indices:
*

*
*

*
*

Determine the intercepts of the plane on
the a, b and c axes in terms of unit cell
lengths.
Take the reciprocals of the intercepts.
Clear the fractions by multiplying by the
lowest common denominator.
Reduce the numbers to the lowest terms.
Indicate negative numbers with a bar
above the number.

Example 1.1 Use of Miller indices

Draw a two-dimensional lattice array and indicate the planes with the following Miller indices:
(i) (100); (ii) (010); (iii) (110); (iv) (120); (v)
(230); and (vi) (410).
Answer
(230)

(120)

(010)
(110)

filtration, flow, tableting, dissolution and bioavailability. These are described below. In addition, crystallisation can sometimes occur in vivo, often, as in the
case of gout (see below), with painful consequences.
The crystals of a given substance may vary in size,
the relative development of the given faces and the
number and kind of the faces (or forms) present; that
is, they may have different crystal habits. The habit
describes the overall shape of the crystal in rather
general terms and includes, for example, acicular
(needle-like), prismatic, pyramidal, tabular, equant,
columnar and lamellar types. Figure 1.8 shows the
crystal habits of a hexagonal crystal.
Although there may not be significant differences in
the bioavailability of drugs with different crystal habits,
the crystal habit is of importance from a technological
point of view. The ability to inject a suspension containing a drug in crystal form will be influenced by the
habit: plate-like crystals are easier to inject through a
fine needle than are needle-like crystals. The crystal
habit can also influence the ease of compression of a
powder and the flow properties of the drug in the solid
state. The plate-like crystals of tolbutamide, for example, cause powder bridging in the hopper of the tablet
machine and also capping problems during tableting.
Neither of these problems occurs with tolbutamide in
other crystal habits. The habits acquired depend on the
conditions of crystallisation, such as the solvent used,
the temperature, the concentration and presence of
impurities. Ibuprofen crystallises from hexane as elongated needle-like crystals, which have been found to
have poor flow properties; crystallisation from methanol produces equidimensional crystals with better flow
properties and compaction characteristics, making
them more suitable for tableting. The crystal morphology of the excipients (such as powdered cellulose)
included in tablet formulations can also have a significant influence on the strength and disintegration time
of tablets.

(100)

(410)

Crystallisation and factors affecting
crystal form2

1.2.2 Crystal form
The solid state is important for a variety of reasons,
summarised in Fig. 1.7: morphology, particle size,
polymorphism, solvation or hydration can affect

Crystallisation from solution can be considered to be
the result of three successive processes:
*
*
*

Supersaturation of the solution
Formation of crystal nuclei
Crystal growth round the nuclei
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Figure 1.7

The solid state in pharmaceutical science: potential causes and effects of structural change (after A.J. Florence).

Clinical point Gout – a painful example of crystallisation

Gout usually manifests itself as a sudden excruciating pain in the big toe (usually of men), although other
joints such as the ankle, heel, instep, knee, wrist, elbow, fingers or spine may be affected. It is a
consequence of the precipitation of needle-like crystals of uric acid, in the form of monosodium urate,
on the articular cartilage of joints when the levels of uric acid in blood serum exceed a critical solubility
level (approximately 6.7 mg/dL); the crystals inside the joint cause intense pain whenever the affected area
is moved. Uric acid is a normal component of blood serum and is a product of the metabolism of purines,
which are generated by the body via breakdown of cells in normal cellular turnover, and also are ingested
as part of a normal diet in foods such as liver, sardines, anchovies and dried peas and beans. The uric acid
is normally filtered out of the blood by the kidneys and excreted in the urine. Sometimes, however, too
much uric acid is produced by the body or the kidneys are not sufficiently efficient at removing it and it
accumulates in the blood, a condition known as hyperuricaemia. Precipitation of uric acid is also
markedly enhanced when the blood pH is low (acidosis), a consequence of reduced solubility under such
conditions. Patients with long-standing hyperuricaemia can have uric acid crystal deposits called tophi in
other tissues such as the helix of the ear. High levels of uric acid in the urine can lead to uric acid crystals
precipitating in the kidneys or bladder, forming uric acid kidney stones.

Supersaturation can be achieved by cooling, by evaporation, by the addition of a precipitant or by a chemical reaction that changes the nature of the solute.
Supersaturation itself is insufficient to cause crystals

Tabular

Figure 1.8

to form; the crystal embryos must form by collision of
molecules of solute in the solution, or sometimes by
the addition of seed crystals, or dust particles, or even
particles from container walls. Deliberate seeding is

Prismatic

Acicular

Crystal habits of a hexagonal crystal.
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often carried out in industrial processes; seed crystals
do not necessarily have to be of the substance concerned but may be isomorphous substances (i.e. of the
same morphology). As soon as stable nuclei are
formed, they begin to grow into visible crystals.
Crystal growth can be considered to be a reverse
dissolution process and the diffusion theories of Noyes
and Whitney, and of Nernst, consider that matter is
deposited continuously on a crystal face at a rate proportional to the difference of concentration between
the surface and the bulk solution. Thus an equation for
crystallisation can be proposed in the form
dm
¼ Akm ðcss  cs Þ
dt

ð1:1Þ

where m is the mass of solid deposited in time t, A is the
surface area of the crystal, cs is the solute concentration at
saturation and css is the solute concentration at supersaturation. As km ¼ D/d (D being the diffusion coefficient of
the solute and d the diffusion layer thickness; see Fig.
1.18), the degree of agitation of the system, which affects
d, also influences crystal growth. Crystals generally dissolve faster than they grow, so growth is not simply the
reverse of dissolution. It has been suggested that there are
two steps involved in growth in addition to those mentioned earlier, namely transport of the molecules to the
surfaceandtheir arrangementinanorderedfashioninthe
lattice. Equation (1.1) turns out to be better written in a
modified form:
dm
¼ Akg ðcss  cs Þn
dt

ð1:2Þ

kg being the overall crystal growth coefficient and n
the ‘order’ of the crystal growth process. For more
details reference 2 should be consulted.
Precipitation
Precipitation may be induced by altering the pH of the
solution so that the saturation solubility is exceeded.
Precipitation may be made to occur from a homogeneous solution by slowly generating the precipitating
agent by means of a chemical reaction, a process likely
to occur, for example, in intravenous infusion fluids
and liquid pharmaceuticals. Precipitation by direct
mixing of two reacting solutions sometimes does not
bring about immediate nucleation and, as a result, the
mixing stage may be followed by an appreciable lag
time. The rate of precipitation is an important factor in
determining habit, as might be imagined with a

dynamic process such as crystallisation, involving
nucleation and subsequent crystal growth. The form
of phenylsalicylate, for example, depends on rate of
crystal growth. Transition to an acicular shape occurs
when the rate of growth increases. At low rates of
growth, crystals of a more regular shape are obtained.
In studies of the effect of solvents on habit it is generally found that less-viscous media favour the growth
of coarse and more equidimensional crystal forms.
Habit modification
Crystal habit can be modified by adding impurities or
‘poisons’; for example, sulfonic acid dyes alter the
crystal habit of ammonium, sodium and potassium
nitrates.
Surfactants in the solvent medium used for crystal growth (or, for example, in stabilisation or wetting of suspensions) can alter crystal form by
adsorbing onto growing faces during crystal growth.
This is best illustrated by the effect of anionic and
cationic surfactants on the habit of adipic acid crystals.3 X-ray analysis showed that the linear sixcarbon dicarboxylic acid molecules were aligned
end-to-end in a parallel array in the crystal with their
long axis parallel to the (010) faces, so that the (001)
face is made up entirely of COOH groups while the
(010) and (110) faces contain both COOH and
hydrocarbon (HC) portions of the molecule (Fig.
1.9). The cationic surfactant trimethyldodecylammonium chloride is twice as effective in hindering
the growth of the (001) face as that of the (110)
and (010) faces. In high concentrations it causes
the formation of very thin plates or flakes.
Conversely, the anionic surfactant sodium dodecylbenzene sulfonate at 55 ppm (parts per million) is
three times as effective in reducing the growth rates
of the (110) and (010) faces as of the (001) face.
Higher levels of sodium dodecylbenzene sulfonate
cause extreme habit modification, producing not
hexagonal plates but long, thin rods or needles.
The crystallographic faces whose growth rates are
depressed most are those upon which surfactant
adsorption is the greatest. Cationic additives adsorb
on the face composed of carboxylic groups (001),
and anionic additives on the (110) and (010) faces,
which are hydrophobic. A coulombic interaction of

the cationic head groups and the COO groups on
the (001) faces has been suggested. The adsorption of
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(a)
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'B'
Adipic acid crystals

(b)

(001) face (anionic)

COOH
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(110) face
(hydrophobic)
(010) face (hydrophobic)

Figure 1.9 (a) Effect of anionic and cationic surfactants on the habit of adipic acid crystals. (b) A diagrammatic (not to scale)
representation of the arrangement of molecules at the crystal surface.

the anionic surfactant, repelled from the anionic
(001) faces, takes place amphipathically on the
hydrophobic (110) faces and (010) faces (Fig. 1.9).

Key points

*

*

*

The crystal habit describes the external
appearance of a crystal, i.e. its overall
shape and the number and kind of faces.
Common types of habit include acicular,
prismatic, pyramidal, tabular, equant,
columnar and lamellar.
The crystal habit depends on the
conditions of crystallisation and may
affect the syringeability of suspensions of
the drug, its ease of compression into
tablets and its flow properties.
The crystal habit can be modified by
adding impurities (called poisons) or
surfactants to the solvent used for
crystallisation.

1.2.3 Polymorphism4
As we have seen, compounds can crystallise out of
solution in a variety of different habits depending on
the conditions of crystallisation. These crystal habits
usually have the same internal structure and so have
the same X-ray diffraction patterns. A more fundamental difference in properties may be found when
the compounds crystallise as different polymorphs.
When polymorphism occurs, the molecules arrange
themselves in two or more different ways in the crystal;
either they may be packed differently in the crystal
lattice or there may be differences in the orientation
or conformation of the molecules at the lattice sites.
These variations cause differences in the X-ray diffraction patterns of the polymorphs and this technique is
one of the main methods of detecting the existence of
polymorphs. The polymorphs have different physical
and chemical properties; for example, they may have
different melting points and solubilities and they also
usually exist in different habits.
We will consider two drugs that exhibit this phenomenon. Spironolactone (I), which is a diuretic
steroidal aldosterone agonist, crystallises as two polymorphic forms and also as four solvated crystalline
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forms depending on the solvents and methods used for
crystallisation.5 We will consider the occurrence of
solvated forms in section 1.2.4; at the moment we will
concentrate on the two polymorphs only. Form 1 is
produced when spironolactone powder is dissolved in
acetone at a temperature very close to the boiling point
and the solution is then cooled within a few hours
down to 0 C. Form 2 is produced when the powder
is dissolved in acetone, dioxane or chloroform at room
temperature and the solvent is allowed to evaporate
spontaneously over a period of several weeks. In both
polymorphs the steroid nuclei (A, B, C and D rings) are
almost planar and perpendicular to the E ring and to
the 7a-acetothio side-chain. The packing of the molecules in the two polymorphs is compared in Fig. 1.10.
Both unit cells are orthorhombic but they differ in their
dimensions. The a, b and c axes of Form 1 were found
to be 0.998, 3.557 and 0.623 nm, respectively, compared with equivalent lengths for Form 2 of 1.058,
1.900 and 1.101 nm. There are also differences in the
crystal habits: Form 1 crystals are needle-like, while
those of Form 2 are prisms (see Fig. 1.11). The melting
points are slightly different: Form 1 melts at 205 C
whereas Form 2 has a melting point of 210 C.
21
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H3C
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O28
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A
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Figure 1.10
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Unit cells of spironolactone.

Reproduced with permission from reference 5.

O25

O

17
D 16
15

8
7

S29
23

O27

24

CH3

Structure I Spironolactone

Our second example of a drug exhibiting polymorphism is paracetamol (II). This drug is known to exist
in two polymorphic forms, monoclinic (Form 1) and
orthorhombic (Form 2), of which Form 1 is the more
thermodynamically stable at room temperature and is
the commercially used form.6 However, this form is not
suitable for direct compression into tablets and has to be
mixed with binding agents before tableting, a procedure
that is both costly and time-consuming. In contrast,
Form 2 can readily undergo plastic deformation upon
compaction and it has been suggested that this form
may have distinct processing advantages over the

Form 1

Form 2

Figure 1.11

Crystal forms of spironolactone.

Reproduced with permission from reference 5.
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monoclinic form. Monoclinic paracetamol is readily
produced by crystallisation from aqueous solution
and many other solvents; production of the orthorhombic form has proved more difficult but may be achieved,
at least on a laboratory scale, by nucleating a supersaturated solution of paracetamol with seeds of Form 2
(from melt-crystallised paracetamol). Figure 1.12
shows scanning electron micrographs of the two polymorphic forms when crystallised from industrial methylated spirit (IMS). Form 1 is described as having a
prismatic to plate-like habit that is elongated in the
direction of the c-axis, while Form 2 crystallises as
prisms that are elongated along the c-axis.

(a)

H
N

HO

CH3
O

Structure II Paracetamol

Polymorphism is common with pharmaceutical
compounds. Although we do not yet understand the
process sufficiently well to predict which drugs are
likely to exhibit this phenomenon, it is clear that certain classes of drug are particularly susceptible. Eight
crystal modifications of phenobarbital have been isolated but 11 have been identified with melting points
ranging from 112 to 176 C. Of the barbiturates used
medicinally, about 70% exhibit polymorphism. The
steroids frequently possess polymorphic modifications, testosterone having four: these are cases of true
polymorphism and not pseudopolymorphism in which
solvent is the cause (see section 1.2.4). Of the commercial sulfonamides, about 65% are found to exist in
several polymorphic forms. Examples of the differing
solubilities and melting points of polymorphic sulfonamides and steroids are given in Table 1.1.
Predictability of the phenomenon is difficult
except by reference to past experience. Its pharmaceutical importance depends very much on the stability
and solubility of the forms concerned. It is difficult,
therefore, to generalise, except to say that where polymorphs of insoluble compounds occur there are likely
to be biopharmaceutical implications. Table 1.2 is a
partial listing of the drugs for which polymorphic and
pseudopolymorphic states have been identified or for
which an amorphous state has been reported.

Pharmaceutical implications of polymorphism

(b)

Figure 1.12 Scanning electron micrographs showing the
crystal habit of (a) Form 1 and (b) Form 2 of paracetamol
grown from supersaturated IMS. Note different scales.
Reproduced with permission from reference 6.

We have already considered the problems in tableting
and injection that may result from differences in crystal habit (see section 1.2.2). Since polymorphs frequently have different habits, they too will be subject
to these same problems. However, polymorphs also
have different crystal lattices and consequently their
energy contents may be sufficiently different to influence their stability and biopharmaceutical behaviour.
As the different polymorphs arise through different arrangement of the molecules or ions in the lattice,
they will have different interaction energies in the solid
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Table 1.1 Melting points of some polymorphic forms of steroids, sulfonamides and riboflavina
Compound

Form and/or melting point ( C)

Polymorphic steroids

(I)

(II)

(III)

(IV)

Corticosterone

180–186

175–179

163–168

155–160

b-Estradiol

178

169

Estradiol

225

223

Testosterone

155

148

144

143

Methylprednisolone

I (205, aqueous solubility 0.075 mg cm3)
II (230, aqueous solubility 0.16 mg cm3)

Polymorphic sulfonamides
Sulfafurazole

190–195

131–133

Acetazolamide

258–260

248–250

Tolbutamide

127

117

106

Others
I (291, aqueous solubility 60 mg cm3)
II (278, aqueous solubility 80 mg cm3)

Riboflavin

III (183, aqueous solubility 1200 mg cm3)
a

Reproduced from Kuhnert-Brandstatter M, Thermomicroscopy in the Analysis of Pharmaceuticals, New York: Pergamon Press; 1971.

Table 1.2 Polymorphic and pseudopolymorphic drugsa
Compound

Number of forms
Polymorphs

Amorphous

Pseudopolymorphs

Ampicillin

1



1

Beclometasone dipropionate





2

Betamethasone

1

1



Betamethasone 21-acetate

1

1



Betamethasone 17-valerate

1

1



Caffeine

1



1

Cefaloridine

4



2

Chloramphenicol palmitate

3

1


(continued overleaf)
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Table 1.2 (continued)
Compound

Number of forms
Polymorphs

Amorphous

Pseudopolymorphs

Chlordiazepoxide HCl

2



1

Chlorthalidone

2





Dehydropregnenolone

1



7

Dexamethasone acetate

3



1

Dexamethasone pivalate

4



7

Digoxin



1



Erythromycin

2





Fludrocortisone acetate

3

1



Fluprednisolone

3



2

1



1

Hydrocortisone TBA

1



3

Indometacin

3

Mefenamic acid

2





Meprobamate

2





Methyl p-hydroxybenzoate

6





Methylprednisolone

2





Novobiocin

1

1



Prednisolone

2





Prednisolone TBAb

2



2

c

3





Prednisolone acetate

2





Prednisone

1



1

Progesterone

2





Sorbitol

3





Testosterone

4





Theophylline

1



1

Triamcinolone

2





Glutethimide
b

Prednisolone TMA

a

Modified from Bouche R, Draguet-Brughmans M, J Pharm Belg, 1977; 32: 347 with additions.

b

Tertiary butyl acetate (tebutate).
Trimethyl acetate.

c
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state. Under a given set of conditions the polymorphic
form with the lowest free energy will be the most
stable, and other polymorphs will tend to transform
into it. The rate of conversion is variable and is determined by the magnitude of the energy barrier between
the two polymorphs – the higher the energy barrier
and the lower the storage temperature, the slower is
the conversion rate. Occasionally, the most stable
polymorph appears only several years after the compound was first marketed. We can determine which of
two polymorphs is the more stable by a simple experiment in which the polymorphs are placed in a drop of
saturated solution under the microscope. The crystals
of the less-stable form will dissolve and those of the
more stable form will grow until only this form
remains. Figure 1.13 shows this process occurring
with the two polymorphs of paracetamol discussed
earlier. Figure 1.13a shows the presence of both forms
of paracetamol at room temperature in saturated benzyl alcohol. Over a time interval of 30 minutes the less
stable of the two forms, the orthorhombic Form 2, has
completely converted to the more stable monoclinic
Form 1 (Fig. 1.13b). For drugs with more than two
polymorphs we need to carry out this experiment on
successive pairs of the polymorphs of the drug until we
eventually arrive at their rank order of stability.
Transformations
The transformation between polymorphic forms can
lead to formulation problems. Phase transformations
can cause changes in crystal size in suspensions and
their eventual caking. Crystal growth in creams as a
result of phase transformation can cause the cream to
become gritty. Similarly, changes in polymorphic
forms of vehicles, such as theobroma oil used to make
suppositories, could cause products with different and
unacceptable melting characteristics.
Analytical issues
For analytical work it is sometimes necessary to establish conditions whereby different forms of a substance,
where they exist, might be converted to a single form
to eliminate differences in the solid-state infrared spectra that result from the different internal structures of
the crystal forms. As different crystal forms arise
through different arrangements of the molecules or
ions in a three-dimensional array, this implies different
interaction energies in the solid state. Hence, one
would expect different melting points and different

(a)

(b)

Figure 1.13 Photomicrographs showing the solution-phase
polymorphic conversion of orthorhombic paracetamol
(needles) to monoclinic paracetamol (prisms and plates).
Micrograph (a) was taken at t ¼ 0 and (b) was taken at t ¼ 30
minutes. Scale bars ¼ 250 mm.
Reproduced with permission from reference 6.

solubilities (and of course different infrared spectra).
Changes in infrared spectra of steroids due to grinding
with potassium bromide (KBr) have been reported;
changes in the spectra of some substances have been
ascribed to conversion of a crystalline form into an
amorphous form (as in the case of digoxin), or into a
second crystal form. Changes in crystal form can also
be induced by solvent extraction methods used for
isolation of drugs from formulations prior to examination by infrared spectroscopy. Difficulties in identification arise when samples that are thought to be the
same substance give different spectra in the solid state;
this can happen, for example, with cortisone acetate
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which exists in at least seven forms, or dexamethasone
acetate which exists in four. Therefore, where there is
a likelihood of polymorphism it is best where possible
to record solution spectra if chemical identification
only is required. The normal way to overcome the
effects of polymorphism is to convert both samples
into the same form by recrystallisation from the same
solvent, although obviously this technique should not
be used to hide the presence of polymorphs.

the differences are large may they affect the extent of
absorption. For example, DGB!A for the transition of
chloramphenicol palmitate Form B to Form A is
3.24 kJ mol1; DH is 27.32 kJ mol1. For mefenamic acid DGII!I is 1.05 kJ mol1 and DH is
4.18 kJ mol1. Whereas differences in biological
activity are shown by the palmitate polymorphs, no
such differences are observed with the mefenamic acid
polymorphs.Whenlittleenergy is requiredtoconvert one
polymorph into another, it is likely that the forms will
interconvert in vivo and that the administration of one
form in place of the other will be clinically unimportant.
Particle size reduction may lead to fundamental
changes in the properties of the solid. Grinding of
crystalline substances such as digoxin can lead to the
formation of amorphous material (see section 1.3) that
has an intrinsically higher rate of solution and therefore apparently greater activity. Such is the importance
of the polymorphic form of poorly soluble drugs that it
has to be controlled. For instance, there is a limit on the
inactive polymorph of chloramphenicol palmitate. Of
the three polymorphic forms of chloramphenicol palmitate, Form A has a low biological activity because it
is so slowly hydrolysed in vivo to free chloramphenicol.7 We can see from Fig. 1.14 that the maximum
blood levels attained with 100% Form B polymorph

Consequences
The most important consequence of polymorphism is
the possible difference in the bioavailability of different polymorphic forms of a drug; particularly when
the drug is poorly soluble. The rate of absorption of
such a drug is often dependent upon its rate of dissolution. The most stable polymorph usually has the
lowest solubility and slowest dissolution rate and consequently often a lower bioavailability than the metastable polymorph. Fortunately, the difference in the
bioavailability of different polymorphic forms of a
drug is usually insignificant. It has been proposed that
when the free energy differences between the polymorphs are small there may be no significant differences in their biopharmaceutical behaviour as
measured by the blood levels they achieve. Only when

24

Chloramphenicol palmitate

22

)

16

3

18

Serum levels ( g cm

20

100% form B

14
12

50:50 A:B

10
8
6
100% form A

4
2
1

3

5

7

9

11

24

Time (h)

Figure 1.14 Comparison of serum levels (mg cm3) obtained with suspensions of chloramphenicol palmitate after oral
administration of a dose equivalent to 1.5 g of chloramphenicol.
Redrawn from reference 8.
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are about seven times greater than with 100% Form A
polymorph, and that with mixtures of A and B the
blood levels vary in proportion to the percentage of
B in the suspension.8
During formulation development it is vital that
sufficient care is taken to determine polymorphic tendencies of poorly soluble drugs. This is so that formulations can be designed to release drug at the correct
rate and so that intelligent guesses can be made before
clinical trial about possible influences of food and
concomitant therapy on drug absorption. As will be
seen later, particle characteristics (of nitrofurantoin,
for example) can affect drug interaction as well as drug
absorption. Above all, it is important that during toxicity studies care is given to the characterisation of the
physical state of the drug, and that during development the optimal dosage form is attained. It is insufficient that drug is ‘available’ from the dosage form; on
both economic and biological grounds, the maximum
response must be achieved with the minimum amount
of drug substance.

Key points

*

*

*

*

*

The crystals of some drugs can crystallise
in more than one polymorphic form
characterised by differences in packing in
the crystal lattice or in the orientation or
conformation of the molecules at the
lattice sites.
Polymorphs of the same drug may have
different melting points and solubilities
and usually exist in different habits.
Although polymorphism is common with
pharmaceutical compounds, its likely
occurrence cannot be predicted with
confidence.
The polymorphic form with the lowest
free energy will be the most stable and
other polymorphs will tend to transform
into it over time.
Polymorphism may cause problems in the
formulation, analysis and bioavailability
of drugs.

1.2.4 Multicomponent crystals
Crystal hydrates and solvates
When some compounds crystallise they may entrap
solvent in the crystal. Crystals that contain solvent of
crystallisation are called crystal solvates, or crystal
hydrates when water is the solvent of crystallisation.
Crystals that contain no water of crystallisation are
termed anhydrates.
Crystal solvates exhibit a wide range of behaviour
depending on the interaction between the solvent and
the crystal structure. With some solvates the solvent
plays a key role in holding the crystal together; for
example, it may be part of a hydrogen-bonded network
within the crystal structure. These solvates are very stable and are difficult to desolvate. When these crystals
lose their solvent they collapse and recrystallise in a new
crystal form. We can think of these as polymorphic
solvates. In other solvates, the solvent is not part of the
crystal bonding and merely occupies voids in the crystal.
These solvates lose their solvent more readily and desolvation does not destroy the crystal lattice. This type of
solvate has been called a pseudopolymorphic solvate.
By way of illustration of this phenomenon, we return
to the caseof spironolactone whichweconsidered earlier.
As well as the two polymorphs, this compound also possesses four solvates, depending on whether it is crystallised from acetonitrile, ethanol, ethyl acetate or
methanol. Each of these solvates is transformed to the
polymorphic Form 2 on heating, indicating that the
solvent is involved in the bonding of the crystal lattice.
The stoichiometry of some of the solvates is unusual.
Fludrocortisone pentanol solvate, for example, contains
1.1 molecules of pentanol for each steroid molecule, and
its ethyl acetate solvate contains 0.5 molecules of ethyl
acetate per steroid molecule. A succinylsulfathiazole solvate appears to have 0.9 moles of pentanol per mole of
drug. Beclometasone dipropionate forms solvates with
chlorofluorocarbon propellants.
Infrared measurements show that cefaloridine
exists in a, b, d, e, z and m forms (that is, six forms
after recrystallisation from different solvents).9 Proton
magnetic resonance spectroscopy showed that
although the m form contained about 1 mole of methanol and the e form about 1 mole of dimethyl sulfoxide, ethylene glycol or diethylene glycol (depending on
the solvent), the a, b, anhydrous d and e forms contained less than 0.1 mole, that is nonstoichiometric
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amounts of solvent. The a form is characterised by
containing about 0.05 mole of N,N-dimethylacetamide. This small amount of ‘impurity’, which cannot
be removed by prolonged treatment under vacuum at
105–106 torr, is apparently able to ‘lock’ the cefaloridine molecule in a particular crystal lattice.
Pharmaceutical consequences of solvate formation
Modification of the solvent of crystallisation may
result in different solvated forms. This is of particular
relevance because the hydrated and anhydrous forms
of a drug can have melting points and solubilities sufficiently different to affect their pharmaceutical
behaviour. For example, glutethimide exists in both
an anhydrous form (m.p. 83 C, solubility 0.042% at
25 C) and a hydrated form (m.p. 68 C, solubility
0.026% at 25 C). Other anhydrous forms show similar higher solubilities than the hydrated materials
and, as expected, the anhydrous forms of caffeine,
theophylline, glutethimide and cholesterol show
correspondingly higher dissolution rates than their
hydrates.
One can assume that as the hydrate has already
interacted intimately with water (the solvent), then the
energy released for crystal break-up, on interaction of
the hydrate with solvent, is less than for the anhydrous
material. The nonaqueous solvates, on the other hand,
tend to be more soluble in water than the non-solvates.
The n-amyl alcohol solvate of fludrocortisone acetate

is at least five times as soluble as the parent compound,
while the ethyl acetate solvate is twice as soluble.
The equilibrium solubility of the non-solvated
form of a crystalline organic compound that does
not dissociate in the solvent (for example, water) can
be represented as
Ks

A(c)

A(aq)

where Ks is the equilibrium constant. This equilibrium will of course be influenced by the crystal form,
as we have seen, as well as by temperature and pressure. For a hydrate AxH2O, we can write
A.x H2O(c)

Ksh

A(aq)  x H2O

Ksh is then the solubility of the hydrate. The process of hydration of an anhydrous crystal in water is
represented by an equation of the type
A(c)

x H2Oliquid

(anhydrate)

Ks
Ksh

A.x H2O(c)
(hydrate)

and the free energy of the process is written
DGtrans ¼ RT In

Ksh
Ks

ð1:3Þ

DGtrans can be obtained from the solubility data
of the two forms at a particular temperature, as for
theophylline and glutethimide in Table 1.3.

Table 1.3 Solubility of theophylline and glutethimide forms at various temperaturesa
Solubility
Temperature ( C)

Theophylline

25

6.25

Anhydrate
(mg cm3)
12.5

35

10.4

18.5

45

17.6

27.0

55

30

38

(%w/v)

(%w/v)

25

0.0263

0.042

32

0.0421

0.0604

40

0.07

0.094

Glutethimide

a

Hydrate
(mg cm3)

Reproduced from Eriksen SP, Am J Pharm Educ, 1964; 28: 47.
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Table 1.4 Intrinsic dissolution rates of the crystal
forms of oxyphenbutazonea
Sample

Intrinsic dissolution rateb
(mg min1 cm2)

Solvate C

21.05  0.02

Solvate B

18.54  0.47

Anhydrate

14.91  0.47

Hemihydrate

17.01  0.78

Monohydrate

9.13  0.23

a

Reproduced from Lotter AP, van der Walt JG, J Pharm Sci, 1988;
77: 1047.

b

Mean  range of uncertainty of two determinations.

The dissolution rates of solvates can vary
considerably. Table 1.4 shows the range of intrinsic
dissolution rates reported for solvates of oxyphenbutazone into a dissolution medium containing a surface
active agent (to avoid wetting problems). The superior
dissolution rates of the benzene and cyclohexane solvates (B and C respectively) are apparent but, of
course, the possible use of these solvates is prohibited
because of their likely toxicity.
Differences in solubility and dissolution rate
between solvates can lead to measurable differences
in their bioavailabilities. You can see in Table 1.5 the
differences in in vivo absorption rates of solvates of
prednisolone t-butyl acetate and hydrocortisone
t-butyl acetate after implantation of pellets of these
compounds. Note, for example, that the monoethanol
solvate of prednisolone has an absorption rate in vivo
that is nearly five times greater than that of the anhydrous t-butyl acetate. Differences in the absorption of
ampicillin and its trihydrate can be observed (Fig.
1.15), but the extent of the difference is of doubtful
clinical significance. The more soluble anhydrous
form appears at a faster rate in the serum and produces
higher peak serum levels.

another molecule; in co-crystals the other molecule is
a crystalline solid rather than a liquid as in crystal
hydrates. Co-crystals differ from solid dispersions
(section 1.9), which are physical mixtures of drug
and a highly water-soluble carrier molecule in microcrystalline form; the aim is nevertheless the same – to
alter the physical properties of the drug, for example
to increase solubility or reduce hygroscopicity. In
selecting a suitable molecule to co-crystallise with
the drug, consideration is made of the potential for
hydrogen bonding between the two molecules.
Figure 1.16 shows the molecular packing within
the 1 : 1 co-crystals of carbamazepine and saccharin.
The carbamazepine molecules hydrogen bond to
each other to form a dimer and saccharin molecules
form double hydrogen bonds to both NH donor
and O acceptor atoms on this dimer. Other drugs
forming co-crystals include caffeine and theophylline, both of which form co-crystals with a range of
dicarboxylic acids that have improved stability to
high humidity.
Despite the successful application of co-crystallisation in manipulation of the physical properties of a
drug, there are currently no marketed products utilising co-crystals. A possible reason for this may be a

Table 1.5 Absorption rate of hydrocortisone
tertiary butyl acetate and prednisolone tertiary
butyl acetate (mg h1 cm2)a
Compound

(mg h1 cm2)
Prednisolone tertiary butyl acetate
Anhydrous

1.84  103

Monoethanol solvate

8.7  103

Hemiacetone solvate

2.2  101

Hydrocortisone tertiary butyl acetate

Co-crystals
Pharmaceutical co-crystals are similar to crystal solvates in that the crystal is composed of the drug and

Absorption rate

a

Anhydrous

4.74  103

Monoethanol solvate

1.83  103

Hemichloroform solvate

7.40  101

Modified from Ballard BE, Biles J, Steroids, 1964; 4: 273.
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2.1
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Figure 1.15 Serum levels (mg cm3) obtained after oral administration of a suspension containing 250 mg ampicillin as the
anhydrate and as the trihydrate.
Reproduced from Poole JW et al., Curr Ther Res, 1968; 10: 292.

Figure 1.16 Packing of molecules in co-crystals of carbamazepine and saccharin. The dashed lines indicate hydrogen bonding of
carbamazepine molecules to each other to form a dimer and the formation of double hydrogen bonds between saccharin and NH
donor and O acceptor atoms on the dimer.
Reproduced from Fleischman SG et al., Cryst Growth Des, 2003; 3: 909.
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concern that these metastable crystal forms may
change their form during storage, necessitating recall
of the product.

Key points

*

*

*

*

*

*

*

*

Some drugs can entrap solvent in their
crystals during crystallisation, forming
crystal solvates (or hydrates when the
solvent is water).
In polymorphic solvates the solvent plays
an important role in the crystal structure;
these solvates are very stable and difficult
to desolvate. This type of solvate collapses
when it loses its solvent of crystallisation
and recrystallises in a different crystal
form.
In pseudopolymorphic solvates the solvent
is not part of the crystal bonding and
simply occupies voids in the crystal. This
type of solvate loses its solvent more
readily and desolvation does not destroy
the crystal lattice.
The anhydrous form has a higher aqueous
solubility than the hydrated form of the
same drug, whereas the nonaqueous
solvents tend to be more water soluble
than the non-solvates.
There is often a wide variation in the
dissolution rates of different solvates of
the same drug.
Differences in solubility and dissolution
rates of solvates can cause measurable
differences in their bioavailabilities.
Co-crystals are combinations of the drug
and another crystalline solid to which it is
hydrogen bonded; for example,
combinations of carbamazepine and
saccharin.
Co-crystals are designed to have a greater
solubility and often lower hygroscopicity
than the crystals of the drug itself, but
because they are metastable they
may change their crystal form during
storage.

1.3 Amorphous solids
Solids in which there is no long-range ordering of the
molecules are said to be amorphous. These disordered
systems differ in solubility, stability, dissolution properties and compression characteristics from the more
traditionally used crystalline counterparts and provide
attractive alternatives to them in drug delivery formulations. In principle, most classes of material can be
prepared in the amorphous state if the rate at which
they are solidified is faster than that at which their
molecules can align themselves into a crystal lattice
with three-dimensional order. It is also possible to
inadvertently convert crystalline material to amorphous when supplying mechanical or thermal energy,
for example during grinding, compression and milling
the solid or during drying processes. Some materials,
notably polymers such as poly(lactic acid), polyvinylpyrrolidone and polyethylene glycol are inherently
amorphous. Even at slow solidification rates, large
molecules such as these are often unable to form perfect crystals because of the difficulty in arranging the
chains of these flexible molecules in an ordered manner; such materials are frequently semicrystalline, with
areas of a crystalline nature surrounded by amorphous
regions as shown in Fig 1.17.
Unlike crystals, amorphous or semicrystalline
materials do not have sharp melting points, but instead
there is a change in the properties of the material at a
characteristic temperature called the glass transition
temperature, Tg. Below Tg, the material is said to be in
its glassy state and is brittle; as the temperature is
increased above Tg, the molecules become more
mobile and the material is said to become rubbery.
The transition temperature may be lowered by the
addition of plasticisers, which are generally small
molecules that are able to fit between the glassy molecules, so increasing their mobility. Water, for example,
is used as a plasticiser for a wide range of polymers
used in film coating.
Amorphous solids, because they exhibit a higher
energy state than crystalline solids, are inherently less
stable and have the potential for converting to the
thermodynamically more stable crystalline form over
time. In addition, because of their higher molecular
mobility they often show stronger chemical reactivity
and hence a faster rate of chemical degradation.
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Crystalline region

Amorphous region

Figure 1.17

Diagrammatic representation of a solid polymer showing regions of crystallinity and regions that are amorphous.

Nevertheless, the amorphous form of a drug often has
a higher solubility than its crystalline form and the use
of the amorphous form of a drug may provide an
opportunity to enhance its bioavailability in the case
of poorly water-soluble drugs.

1.4 Dissolution of solid drugs
Whether the solution process takes place in the laboratory or in vivo, there is one law that defines the rate
of solution of solids when the process is diffusion controlled and involves no chemical reaction. This is the
Noyes–Whitney equation, which may be written

dw
¼ kAðcs  cÞ
dt

ð1:4Þ

where k ¼ D/d. The equation is the analogue of equation (1.1) discussed previously. Figure 1.18 shows the
model on which this equation is based. The terms of
the equation are: dw/dt, the rate of increase of the
amount of material in solution dissolving from a solid;
k, the rate constant of dissolution; cs, the saturation
solubility of the drug in solution in the diffusion layer;
and c the concentration of the drug in the bulk solution. A is the area of the solvate particles exposed to
the solvent, d is the thickness of the diffusion layer, and
D is the diffusion coefficient of the dissolved solute.

Diffusion layer

Drug
particle

Diffusing molecules

surface
Gastrointestinal contents

Blood
circulation

Drug
particle

Diffusing molecules

surface
Gastrointestinal
membrane

Figure 1.18

Schematic diagram of dissolution from a solid surface.
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The relevance of polymorphism and solid-state properties to this equation lies in the fact that A is determined by particle size. Particle size reduction, if it
leads to a change in polymorph, results in a change
in cs, and if dissolution is the rate-limiting step in

absorption then bioavailability is affected. In more
general terms, one can use the equation to predict the
effect of solvent change or other parameters on the
dissolution rate of solid drugs. These factors are listed
in Table 1.6.

Example 1.2 Use of Noyes–Whitney equation

A preparation of drug granules weighing 5.5 g and having a total surface area of 2.8  103 cm2 dissolves in
500 mL of water at 25 C. The quantity of drug dissolved after the first minute is 0.76 g. The saturated
solubility of the drug is 15 mg mL1 and the diffusion layer thickness is 5  103 cm. Calculate (a) the
dissolution rate constant, (b) the diffusion coefficient and (c) the effect on the dissolution rate of an
increase of surface area to 5  103 cm2.
Answer

(a) Converting the mass of drug dissolved into mg gives the rate of dissolution at t ¼ 60 s as
dw=dt ¼ 0:76  1000=60 ¼ 12:67 mg s  1
The concentration of the drug in the bulk solution is
c ¼ 0:76  1000=500 ¼ 1:52 mg cm  3
cs  c ¼ 15  1:52 ¼ 13:48 mg cm  3
Therefore, from equation (1.4),
k ¼ ð12:67=2:8  103 Þ  ð1=13:48Þ ¼ 3:36  10  4 cm s  1
(b) The diffusion coefficient D can be calculated from
D ¼ k d ¼ 3:36  10  4  5  10  3 ¼ 1:68  10  6 cm2 s  1
(c) When the surface area is increased to 5  103 cm2,
dw=dt ¼ 3:36  10  4  5  103  13:48 ¼ 22:65 mg s  1
i.e. the increase in surface area has caused an increase of the rate of dissolution from 12.67 to
22.65 mg s1.
Note the importance of ensuring that the parameters are converted to the appropriate units when
substituting in equation (1.4) or indeed in any equation. If you are in doubt about units then it is easy to
carry out a check to ensure that the units balance on both sides of the equation. In the particular example
of equation (1.4) we have:
mg s  1 ¼ cm s  1  cm2  mg cm  3 ¼ mg s  1
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Table 1.6 How the parameters of the dissolution
equation can be changed to increase (þ) or
decrease () the rate of solution
Equation

Comments

parameter

Effect on rate of
solution

D (diffusion

May be decreased

coefficient of drug)

in presence of
substances

()

which increase
viscosity of the
medium
A (area exposed to
solvent)

Increased by
micronisation and

(þ)

in 'amorphous'
drugs
d (thickness of

Decreased by

diffusion layer)

increased agitation
in gut or flask

cs (solubility in

That of weak

diffusion layer)

electrolytes altered
by change in pH,

(þ)

()(þ)

by use of
appropriate drug
salt or buffer
ingredient
c (concentration in

Decreased by

bulk)

intake of fluid in
stomach, by

(þ)

removal
of drug by partition
or absorption

1.5 Importance of particle size
in the formulation and
manufacture of solid
dosage forms
We have seen in the previous section that particle size
has an important influence on dissolution rate, the
larger surface exposed to the solvent increasing significantly the dissolution rate of smaller particles. Particle
size also influences the uniformity of dosage of very
potent drugs formulated as a solid dosage form, and is

greater with smaller particles because of the larger
number of particles constituting the dose. As discussed
in Chapter 10, control of particle size is important in
pulmonary delivery because only very fine particles
are able to penetrate the alveolar regions of the respiratory tract. But there is an optimum. Indeed, if the
particle size is reduced too far, particles may be
exhaled and not deposited. Particle size also has
important effects on the bulk properties of a powder,
particularly those that influence powder flow during
manufacturing processing when large quantities of
material are handled. It is important that pharmaceutical powders are able to flow freely into storage
containers or hoppers of tablet and capsule-filling
equipment so that a uniform packing of the particles
and hence a uniform tablet or capsule weight is
achieved. Uneven particle flow can also cause excessive entrapment of air within the powders, which may
promote capping of tablets. Particle size influences
the bulk properties of powders mainly through its
effect on the cohesivity of the particles.
Cohesive forces between particles arise from
short-range van der Waals forces, electrostatic forces
from frictional charging during handling or surface
tension forces between adsorbed liquid layers on
the particle surface. These are all related to the surface area of the particle and increase as the particle
size decreases. Particles larger than about 250 mm are
usually relatively free flowing, but flow problems are
likely to be observed when the size falls below 100 mm
because of cohesion. Very fine particles (below
10 mm) are usually extremely cohesive and have a
high resistance to flow. We should, however, note
when making these generalisations that particle
shape also influences flow properties and particles
of similar sizes but different shapes can have
markedly different flow properties because of differences in interparticulate contact areas. The cohesion
of particles or the adhesion of particles to a substrate
can be determined by a variety of experimental methods including, for example, by measurement of
the tensile or shear strength of the powder bed or the
angle of repose assumed by a cone-like pile of
the powder formed on a horizontal surface when the
powder is allowed to fall under gravity from a nozzle.
Details of these methods are given in national
pharmacopoeias.
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1.6 Biopharmaceutical importance
of particle size
It has generally been believed that only substances in
the molecularly dispersed form (that is, in solution) are
transported across the intestinal wall and absorbed
into the systemic circulation. This is the premise on
which much thinking on bioavailability from pharmaceutical dosage forms is based. Although this is generally true, it has been shown that very small particles in
the nanometre size range can also be transported
through enterocytes by way of pinocytosis, and that
solid particles of starch, for example, in the micrometre
size range enter by a mechanism involving passage of
particles between the enterocytes.10 Submicrometre
particulate uptake by the M-cells of the gut-associated
lymphoid tissue (GALT) is a phenomenon of increasing
importance.11 Because of the much greater absorptive
area available to molecules, however, the opportunity
for molecules to penetrate the cell membrane is obviously higher than that for particles.
The rate of absorption of many slightly soluble
drugs from the gastrointestinal tract and other sites is
limited by the rate of dissolution of the drug. The

particle size of a drug is therefore of importance if the
substance in question has a low solubility. In some cases,
notably that of griseofulvin, there is pharmacopoeial
control of particle size; the British Pharmacopoeia
(2010) specifies for this drug ‘a microfine powder, the
particles of which generally have a maximum dimension
of up to 5 mm, although larger particles that may exceed
30 mm may occasionally be present.’ The control exercised over the particle size is due to its very low solubility; the experience is that if the solubility of a drug
substance is about 0.3% or less then the dissolution rate
in vivo may be the rate-controlling step in absorption.
The Noyes–Whitney equation demonstrates that
solubility is one of the main factors determining rate
of solution. When the rate of solution is less than the
rate of absorption, the solution process becomes rate
limiting. Generally speaking, it should become so only
when the drug is of low solubility at the pH of the
stomach and intestinal contents. The rate of absorption, the speed of onset of effect and the duration of
therapeutic response can all be determined by particle
size for most routes of administration. Figure 1.19
shows the effect of particle size of phenobarbital suspensions on the drug’s bioavailability after intramuscular
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Figure 1.19

Blood levels (mg cm3) of phenobarbital versus time after intramuscular injection of three formulations.

Redrawn from Miller LG, Fincher JH, J Pharm Sci, 1971; 60: 1733.
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injection compared with a solution of the drug, which
probably precipitates in fine crystal form at the site of
injection. The rate of solution of the drug crystals
controls the extent of absorption from the intramuscular site.
The vital influence (for mainly aerodynamic reasons) of particle size and density in the activity of inhaled
drug particles is discussed in Chapter 10, section 10.7.
The effect of particle size reduction on dissolution
rate is one of exposure of increasing amounts of surface of the drug to the solvent. It is only when comminution reduces particle size below 0.1 mm that there is
an effect on the intrinsic solubility of the substance
(see Chapter 4), and thus on its intrinsic dissolution
rate. Very small particles have a very high surface/bulk
ratio. If the surface layer has a higher energy than the
bulk, as is the case with these small particles, they will
interact more readily with solvent to produce higher
degrees of solubility.
It was with the action of phenothiazine that the
importance of particle size was first recognised, in
1939, in relation to its toxicity to codling moth larvae,
and in 1940 in relation to its anthelmintic effect, in
both of which it was shown that reduction in particle
size increased activity. The improvement in biological
response to griseofulvin on micronisation is well
known; similar blood levels of the drug were obtained
with half the dose of micronised drug compared with
those of non-micronised griseofulvin.12 The influence
of particle size on the bioavailability of digoxin13 and
dicoumarol (bishydroxycoumarin)14 has also been
investigated. In both cases, plasma levels of drug are
of high significance in clinical and toxic responses.

In the case of digoxin there is evidence that milling
to reduce particle size can produce an amorphous
modification of the drug with enhanced solubility
and hence increased bioavailability. The possibility
of changing the crystal structure during processing is
therefore important: comminution, recrystallisation
and drying can all affect crystal properties.
During the pharmacological and toxicological
testing of drugs before formal formulation exercises
have been carried out, insoluble drugs are frequently
administered in suspension form, often routinely in a
vehicle containing gum arabic or methylcellulose.
Without adequate control of particle size or adequate
monitoring, the results of these tests must sometimes
be in doubt, as both pharmacological activities and
toxicity generally result from absorption of the drug.
In a few cases particle size influences side-effects such
as gastric bleeding or nausea. Gastric bleeding may in
part be the direct result of contact of acidic particles of
aspirin or nonsteroidal anti-inflammatory agents with
the mucosal wall. The influence of drug form on the
LD50 of pentobarbital in mice is shown in Table 1.7. A
twofold range of LD50 values is obtained by the use of
different, simple formulations of the barbiturate. Even
in solution form, sodium carboxymethylcellulose
affects the LD50 by mechanisms that are not confirmed. Adsorption of the polymer at the intestinal
surface may retard absorption, or some of the drug
may be adsorbed onto the polymer.
The deliberate manipulation of particle size leads
to a measure of control of activity and side-effects.
Rapid solution of nitrofurantoin from tablets of fine
particulate material led to a high incidence of nausea

Table 1.7 Influence of formulation on the potency ratios of pentobarbital in the form of the sodium salt and
the free acida
Pentobarbital form

Dosage form

Vehicle

Particle size (mm)

LD50

Potency ratiob

Sodium salt

Solution

Water

–

132

1

Sodium salt

Solution

1% NaCMCc

–

170

0.78

Free acid

Suspension

1% NaCMC

< 44

189

0.70

Free acid

Suspension

1% NaCMCc

297–420

288

0.46

c

a

Reproduced from Ritschel WA et al., Arzneim Forsch, 1975; 25: 853.

b

Relative to aqueous solution of the sodium salt.
Aqueous solution of sodium carboxymethylcellulose.

c
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in patients, as local high concentrations of the drug
produce a centrally mediated nausea. Development
of macrocrystalline nitrofurantoin (as in Macrodantin)
has led to the introduction of a form of therapy in which
the incidence of nausea is reduced. Capsules are used to

avoid compression of the large crystals during manufacture. Although the urinary levels of the antibacterial
are also lowered by the use of a more slowly dissolving
form of the drug, levels are still adequate to produce
efficient antibacterial effects.15

Key points

The size of drug particles has important effects on:
*

*

*

*

*

The dissolution rate, because the rate at which the drug dissolves is proportional to the surface area
exposed to the solvent (see the Noyes–Whitney equation), which increases as the particle size is
reduced.
The uniformity of dosage of very potent drugs formulated as a solid dosage form; this is greater with
smaller particles because of the larger number of particles constituting the dose.
Pulmonary delivery of drugs, because only very fine particles are able to remain dispersed and thus
penetrate to and deposit in the alveolar regions of the respiratory tract.
The ability of powders to flow mainly because of its effect on the cohesivity of the particles, which
increases as the particle size decreases. Particles larger than about 250 mm are usually relatively free
flowing, but very fine particles (below 10 mm) are usually extremely cohesive and have a high
resistance to flow.
The rate of absorption, the speed of onset of effect and the duration of therapeutic response of slightly
soluble drugs, because of its effect on their rate of dissolution.

1.7 Wetting of powders
Penetration of water into tablets or into granules precedes dissolution. The wettability of the powders, as
measured by the contact angle (u) of the substance
with water (Fig. 1.20), therefore determines the contact of solvent with the particulate mass. The measurement of the contact angle gives an indication of the
nature of the surface. The behaviour of crystalline
materials can be related to the chemical structure of
the materials concerned, as is shown by the results
in Table 1.8 on a series of substituted barbiturates.
The more hydrophobic the individual barbiturate
molecules, the more hydrophobic the crystal that
forms, although this would not be necessarily a universal finding but one dependent on the orientation of
the drug molecules in the crystal and the composition
of the faces, as we have already seen with adipic acid.
Thus, hydrophobic drugs have dual problems: they are
not readily wetted, and even when wetted they have low
solubility. On the other hand, because they are lipophilic, absorption across lipid membranes is facilitated.

1.7.1 Contact angle and wettability of
solid surfaces
Therearemanysituationsinwhichthewettingofsurfaces
is important, not only in the action of surfactants in aqueous media wetting hydrophobic drugs discussed above,
butalsointhecaseofpolymersolutiondropletsspreading
on tablet cores during spray coating (see Chapter 7).
Tear fluids wet the cornea, and dewetting results in dry
eye syndrome (see Chapter 10). A representation of the
several forces acting on a drop of liquid placed on a flat,
solid surface is shown in Fig. 1.20a. The surface tension
of the solid, g S/A, will favour spreading of the liquid, but
this isopposedby thesolid–liquidinterfacialtension, g S/L,
and the horizontal component of the surface tension
of the liquid g L/A in the plane of the solid surface, that is
g L/A cos u. Equating these forces gives
g S=A ¼ g S=L þ g L=A cos u

ð1:5Þ

Equation (1.5) is generally referred to as Young’s
equation. The angle u is termed the contact angle.
The condition for complete wetting of a solid surface
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Figure 1.20

Equilibrium between forces acting on (a) a drop of liquid on a solid surface, and (b) a partially immersed solid.

Table 1.8 Relationship between chemical
structure of barbiturates and contact angle (u) with
watera
R1

CO

NH
C

R

2

CO

O

NH

R1

R2

Et

Et

70

Et

Bu

78

Et

CH2CH2CH(CH3)2

CH

CH3

u (deg)

102

CH2CH=CH2

75

CH2CH=CH2

87

CH3

CH2 CH CH3
CH3
a

Reproduced from Lerk CF et al., J Pharm Sci, 1977; 66: 1480.

is that the contact angle should be zero. This condition
is fulfilled when the forces of attraction between the
liquid and solid are equal to or greater than those
between liquid and liquid.
The type of wetting in which a liquid spreads over
the surface of the solid is referred to as spreading wetting. The tendency for spreading may be quantified in
terms of the spreading coefficient S, where S ¼ g S/A 
(g S/L þ g L/A). The surface tension at the solid–air interface
is not a readily measured parameter, but this term may be
replaced by substitution from equation (1.5) giving
S ¼ g L=A ðcos u  1Þ

ð1:6Þ

If the contact angle is larger than 0 , the term (cos u  1)
will be negative, as will the value of S. The condition for
complete, spontaneous wetting is thus a zero value for
the contact angle.
A useful indicator of the wettability of a solid surface
is its critical surface tension for spreading, g c. This parameter is determined from measurements of the contact
angle u of drops of a series of liquids of known surface
tension when placed on a flat nonporous surface of the
chosen solid. Extrapolation of a plot of cos u against
surface tension (a Zisman plot) to a value of cos u ¼ 1
(i.e. to u ¼ 0) (see Fig. 1.21) provides a value of g c.
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Figure 1.21 Determination of critical surface tension for
wetting, g c, from a plot of the cosine of the contact angle
against surface tension.

Only those liquids or solutions having a surface
tension less than g c will wet the surface. g c is a characteristic property of a solid and is determined by the
polarity; solid hydrocarbons and waxes have a low
critical surface tension and will be wetted only by solutions of low surface tension, more polar solids such as
those of nylon and cellulose have higher g c values and
consequently are more easily wetted. Human skin has a
g c of between 22 and 30 mN m1 and it is usual to add
surfactants to lotions for application to the skin to
ensure adequate wetting. Similarly, insecticide sprays
have to be formulated to wet the surfaces of leaves.
The measurement of g c values for tablet surfaces can
provide useful information for use in developing an adequate film coating for the tablets. For example, pure
acetylsalicylic acid tablets present a surface with a g c value
of about 31 mN m1. The addition of a lubricant such as
magnesium stearate decreases the g c value because of the
surface is richer in CH3 and CH2 groups, whereas the
inclusion in the tablet of excipients such as starch, cellulose and talc results in surface richer in ¼O and OH,
causing an increase in g c value. Increased g c values result
in increased wetting by the coating solution and an
increased bonding force between the tablet surface and
the polymer film coating after the solvent has evaporated.

1.7.2 Wettability of powders

Table 1.9 gives the contact angles of a series of pharmaceutical powders. These values were determined using
compacts of the powder (produced by compressing the
powder in a large-diameter tablet die) and a saturated
aqueous solution of each compound as the test liquid.
Many of the powders are slightly hydrophobic (for
example, indometacin and stearic acid), or even
strongly hydrophobic (for example, magnesium stearate, phenylbutazone and chloramphenicol palmitate). Formulation of these drugs as suspensions (for
example, Chloramphenicol Palmitate Oral Suspension
USP) presents wetting problems. Table 1.9 shows that
u can be affected by the crystallographic structure, as
for chloramphenicol palmitate. Surface modification
or changes in crystal structure are clearly not routine
methods of lowering the contact angle and the normal
method of improving wettability is by the inclusion of
surfactants in the formulation. The surfactants not
only reduce g L/A but also adsorb onto the surface of
the powder, thus reducing g S/L. Both of these effects
reduce the contact angle and improve the dispersibility
of the powder.

Key points

*

*

*

The type of wetting that occurs when a
liquid spreads over a solid surface is referred
to as spreading wetting. The tendency for
spreading is described by the spreading
coefficient, which for spontaneous
spreading should be positive or zero. The
value of the spreading coefficient depends
on the contact angle; complete wetting
occurs when the contact angle is zero.
Solid surfaces may be characterised by
their critical surface tension for wetting,
g c; low g c values indicate poor wetting
properties.
The process of initial wetting when a
powder is immersed in a liquid is referred to
as immersional wetting. Wetting problems
occur when the contact angle is greater than
90o; several pharmaceutical powders have
been identified that, because of their high
contact angle, present wetting problems.
Wettability may be improved by the
inclusion of surfactants in the
formulation.

When a solid is immersed in a liquid, the initial wetting
process is referred to as immersional wetting. The
effectiveness of immersional wetting may be related
to the contact angle that the solid makes with the
liquid–air interface (see Fig. 1.20b). The condition
for complete immersion of the solid in the liquid is
that there should be a decrease in surface free energy
*
as a result of the immersion process. Once the solid is
submerged in the liquid, the process of spreading wetSample
Physicochemical Principles of Pharmacy
ting (see the previous
section)chapter
becomesfrom
important.
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Table 1.9
1.9 Contact angles of some pharmaceutical powders
Tablea 1.9 (continued)
Table
Material

Contact angle u (deg)

Acetylsalicylic acid (aspirin)
Aluminium stearate

74
120

Material
Lactose
Magnesium stearate

Contact angle u (deg)
30
121

Aminophylline

47

Nitrofurantoin

Ampicillin (anhydrous)

35

Phenylbutazone

Ampicillin (trihydrate)

21

Prednisolone

43

Caffeine

43

Prednisone

63

Calcium carbonate

58

Salicyclic acid

Calcium stearate

115

Chloramphenicol

59

Chloramphenicol
palmitate (a form)
Chloramphenicol

69
109

103

Stearic acid

98

Succinylsulfathiazole

64

122

Sulfadiazine

71

108

Sulfamethazine

48

palmitate (b form)

a

Diazepam

83

Sulfathiazole

53

Digoxin

49

Theophylline

48

Indometacin

90

Tolbutamide

72

Isoniazid

49

Selected values from Lerk CF et al., J Pharm Sci, 1976; 65: 843; J Pharm Sci, 1977; 66: 1481.

1.8 Sublimation
Sublimation, i.e. the direct transition from the solid to
the vapour phase, forms the basis of the widely used
technique of freeze drying for the drying of heat-sensitive materials such as proteins and blood products.
The process may be understood by reference to the
phase diagram for water (Fig. 1.22) which shows the
changes in the melting point of ice and the boiling
point of water as the external pressure above the water
is decreased from atmospheric pressure. Also shown is
the equilibrium between ice and vapour when the
external pressure has been reduced below the triple
point, when all the liquid water has been solidified.
The triple point is the unique point at which all three
phases co-exist. In the process of freeze drying, an

aqueous solution of the heat-sensitive material is frozen and its pressure is reduced to below the triple
point; a small amount of heat is then supplied to
increase the temperature to the sublimation curve at
which the ice changes directly to vapour without passing through the liquid phase. The pressure is prevented
from increasing above the triple point during the freeze
drying process by removing the vapour as it is formed.
Removal of water, i.e. drying, is therefore achieved at
temperatures well below room temperature, so preventing decomposition of the thermolabile product.
The handling and storage of some drugs in their
solid state can pose problems arising from the sublimation of the drug. Evidence for a transition from
solid to vapour is seen from the haze developed on
the inner walls of the glass vials containing solid
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Figure 1.22

Phase diagram of water (not to scale) showing the boundaries between liquid, solid and vapour phases.

Box 1.1 The Clausius–Clapeyron equation

The Clausius–Clapeyron, which concerns the variation of vapour pressure with temperature, is usually
derived from a consideration of the equilibrium between vapour and liquid phases, although in its
generalised form it is equally applicable to solid–liquid equilibria. The increased motion of the molecules
of the liquid following an increase of temperature leads to a greater tendency for escape of molecules into
the vapour phase, with a consequent increase of vapour pressure. The variation of vapour pressure with
temperature may be expressed in terms of the molar enthalpy of vaporisation of the liquid, DHvap, using
the Clapeyron equation:
dP DH vap
¼
TDV
dT

ð1:7Þ

In this equation DV is the difference in molar volumes of the two phases. Since the molar volume of the
vapour, Vv, is very much larger than that of the liquid, DV may be approximately equated with Vv. If it is
also assumed that the vapour obeys the ideal gas equation, so that Vv may be replaced by RT/P, equation
(1.7) reduces to
dP PDHvap
¼
dT
RT 2
or
d ln P DH vap
¼
dT
RT 2

ð1:8Þ

Equation (1.8) is the Clausius–Clapeyron equation. General integration, assuming DHvap to be constant,
gives
 DH vap
þ constant
ð1:9Þ
2:303RT
A plot of log vapour pressure versus reciprocal temperature should be linear with a slope of
DHvap/2.303R, from which values of enthalpy of vaporisation may be determined.
log P ¼
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ibuprofen when these are stored at 40 C.16 The
Clausius–Clapeyron equation describes the variation
of vapour pressure with temperature (see Box 1.1).
Over the temperature range 23–64 C ibuprofen
vapour pressure–temperature data obey a generalised
form of the Clausius–Clapeyron equation:
log P ¼

Clinical point

A further example of the applicability of the
Clausius–Clapeyron equation is in the assessment of risk associated with the handling of
hazardous drugs, particularly by personnel
who are potentially exposed to cytostatic agents
routinely used for cancer chemotherapy. Most
of the contamination detected with cytostatics
occurs because of spillage, inhalation of aerosolised liquid (which can occur for example when
a needle is withdrawn from a drug vial) or direct
contact with contaminated material such as
gloves. There is, however, also evidence that
cytotoxic agents evaporate and form a vapour
during normal handling, which presents a risk to
personnel from inhalation of this vapour.17

 DH vap
þ constant
2:303RT

where P is the vapour pressure and DHvap is the molar
enthalpy of vaporisation of ibuprofen (121 kJ mol1).
Figure 1.23 shows that although the vapour pressure
exerted at 25 C is negligible (9  106 torr), the
value increases by several orders of magnitude as
the temperature is increased and as a result the rate
of loss of ibuprofen becomes significant at higher temperatures. For example, the measured weight loss at
55 C is 4.15 mg day1. Weight losses of this magnitude are significant during drying and coating processes and during accelerated stability testing
procedures.
Two factors – the vapour pressure of the drug and
the particle size – are influential in determining the rate
of evaporation of the drug in powdered form. Table
1.10 shows the significantly higher evaporation times
calculated for several widely used antineoplastic
agents when the mean particle size is 1 mm compared
with those of 100 mm particles and emphasises the
greatly increased risks involved when handling fine
powder.

The influence of temperature on the vapour pressure
of these drugs is plotted according to equation (1.9)
in Fig. 1.24. The vapour above the drugs behaves as an
ideal gas because of the low quantity of drug transferred
to the gaseous phase and the Clausius–Clapeyron equation is obeyed in all cases. The vapour pressure of carmustine is about 10–100 times greater than that of the
other antineoplastic agents and approaches that of mercury (1.0 Pa at 40 C) at elevated temperature, with implications for occupational safety when handling this drug.
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Figure 1.23

Ibuprofen vapour pressure data plotted according to the Clausius–Clapeyron equation (equation 1.9).

Reproduced with permission from reference 16.
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Table 1.10 Vapour pressure and evaporation time for drug particles of diameter, da
Compound

a

Measured vapour pressure (Pa)

Calculated evaporation time (s)

20 C

40 C

d ¼ 1mm

Carmustine

0.019

0.530

12

1.2105

Cisplatin

0.0018

0.0031

110

11.0105

Cyclophosphamide

0.0033

0.0090

44

4.4105

Etoposide

0.0026

0.0038

51

5.1105

Fluorouracil

0.0014

0.0039

210

21.0105

d ¼ 100 mm

Reproduced from reference 17.

1.0

Vapour pressure (Pa)

Carmustine
0.1

0.01

Cyclophosphamide
Etoposide
Cisplatin
5-Fluorouracil
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3.35

3.40

1/T (103 K1)

Figure 1.24

The vapour pressures of antineoplastic agents plotted according to the Clausius–Clapeyron equation.

Redrawn from reference 17.

Key points

*

*
*

*

The process by which solids pass directly from the solid phase to the vapour phase is referred to as
sublimation.
Sublimation forms the basis of the technique of freeze drying for the drying of thermolabile materials.
Sublimation can cause weight loss of some drugs when they are stored in the solid state.
The rate of weight loss increases with temperature according to the Clausius–Clapeyron
equation.
Sublimation of some toxic drugs during handling can present safety problems.
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If we cool a solution of A and B that is richer in A than
the eutectic mixture (see M in Fig. 1.25), crystals of
pure A will appear. As the solution is cooled further,
more and more A crystallises out and the solution
becomes richer in B. When the eutectic temperature
is reached, however, the remaining solution crystallises out, forming a microcrystalline mixture of pure
A and pure B, differing markedly at least in superficial
characteristics from either of the pure solids. This has
obvious pharmaceutical possibilities. This method of
obtaining microcrystalline dispersions for administration of drugs involves the formation of a eutectic mixture composed of drug and a substance readily soluble
in water. The soluble ‘carrier’ dissolves, leaving the
drug in a fine state of solution in vivo, usually in a
state that predisposes to rapid solution.
This technique has been applied to several poorly
soluble drugs such as griseofulvin. A griseofulvin–
succinic acid (soluble carrier) system has a eutectic
point at 0.29 mole fraction of drug (55% w/w griseofulvin) (Fig. 1.26a). The eutectic mixture consists
here of two physically separate phases; one is almost
pure griseofulvin, while the other is a saturated solid
solution of griseofulvin in succinic acid. The solid
solution contains about 25% griseofulvin; the eutectic mixture, which has a fixed ratio of drug to carrier,
thus comprises 60% solid solution and 40% almost
pure griseofulvin. As can be seen from Fig. 1.26b,

1.9 Solid dispersions
Over the past few years interest has been shown in
solid solutions of drugs in attempts to change the biopharmaceutical properties of drugs that are poorly
soluble or difficult to wet. The object is usually to
provide a system in which the crystallinity of the drug
is so altered as to change its solubility and solution
rate, and to surround the drug intimately with watersoluble material. A solid solution comprises solute and
solvent – a solid solute molecularly dispersed in a solid
solvent. These systems are sometimes termed mixed
crystals because the two components crystallise
together in a homogeneous one-phase system. They
should, however, be distinguished from co-crystals
(see section 1.2.4) which are single crystalline forms
consisting of two types of molecule. For understanding
of the systems and their potential use, an arbitrary
system might be considered.
In Fig. 1.25, the melting temperature of mixtures
of A and B is plotted against mixture composition. On
addition of B to A or of A to B, melting points are
reduced. At a particular composition the eutectic point
is reached, the eutectic mixture (the composition at
that point) having the lowest melting point of any
mixture of A and B. Below the eutectic temperature,
no liquid phase exists. The phenomenon is important
because of the change in the crystallinity at this point.

m.p. B

Liquid mixture

m.p. A

of A

B

Crystals of

Temperature ( C)

Crystals of

pure B

pure A
liquid mixture

liquid mixture

Eutectic temperature

E
Solid A
A

M

B

Eutectic

B

composition
Composition (mole fraction)

Figure 1.25 Phase diagram (temperature versus composition) showing boundaries between liquid and solid phases, and the
eutectic point, E.
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Figure 1.26 (a) Griseofulvin–succinic acid phase diagram. (b) Rate of solution of griseofulvin solid solutions, eutectic and
crystalline material.

which shows the solution profiles of the different
forms, the solid solution dissolves 6–7 times faster than
pure griseofulvin.
The simplest eutectic mixtures are usually prepared by the rapid solidification of the fused liquid
mixture of components that show complete miscibility
in the liquid state and negligible solid–solid solubility.
In addition to the reduction in crystalline size, the
following factors may contribute to faster dissolution
rate of drugs in eutectic mixtures:

*

*

*

*

*

An increase in drug solubility because of the
extremely small particle size of the solid
A possible solubilisation effect by the carrier,
which may operate in the diffusion layer
immediately surrounding the drug particle
Absence of aggregation and agglomeration of the
particles
Improved wettability in the intimate drug–carrier
mixture
Crystallisation in metastable forms
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Temperature increasing

1.9.1 Eutectics and drug identification

A

β

α

Composition

B

Figure 1.27 Melting point–composition plot for a system in
which a and b are regions of solid solution formation. Each
component dissolves the other component to some extent
above the eutectic temperature. As the temperature is lowered,
the solid solution regions become narrower.

Where more complex solubility patterns emerge,
as with the griseofulvin and succinic acid phase, the
phase diagram becomes correspondingly more
complex. Figure 1.27 shows one example of a system
in which each component dissolves in the other above
and below the eutectic temperature.
Other systems that form eutectic mixtures are
chloramphenicol–urea, sulfathiazole–urea, and niacinamide–ascorbic acid. The solid solution of chloramphenicol in urea was found to dissolve twice as
rapidly as a physical mixture of the same composition
and about four times as rapidly as the pure drug. In
vivo, however, the system failed to display improved
bioavailability. On the other hand, the eutectic mixture of sulfathiazole–urea did give higher blood levels
than pure sulfonamide.

As the eutectic temperature of a substance in mixtures
with other compounds is, as a rule, different even
when the other substances have the same melting
point, this parameter can be used for identification
purposes. Benzanilide (m.p. 163 C), phenacetin
(m.p. 134.5 C) and salophen (m.p. 191 C) are often
used as test substances. The eutectic temperatures of
mixtures of benzanilide with various drugs are shown
in Table 1.11. Substances of identical melting points
can be distinguished by measurement of the eutectic
temperature with another suitable compound.
Ternary eutectics are also possible. The binary
eutectic points of three mixtures are as follows: for
aminophenazone–phenacetin 82 C; for aminophenazone–caffeine 103.5 C; and for phenacetin–caffeine
125 C. The ternary eutectic temperature of aminophenazone–phenacetin–caffeine is 81 C. In this mixture
the presence of aminophenazone and phenacetin can
be detected by the mixed melting point test, but the
caffeine causes little depression of the eutectic given by
the other two components.
The possibility of determining eutectic temperatures of multicomponent mixtures has practical value
Table 1.11 Eutectic temperatures of drugs with
benzanilidea
Compound

Melting point ( C)

Eutectic
temperature ( C)

Allobarbital

173

144

Ergotamine

172–174

135

Imipramine HCl

172–174

109

a

Reproduced from Kuhnert-Brandstatter M, Thermomicroscopy in the
Analysis of Pharmaceuticals, New York: Pergamon Press; 1971.

Clinical point A formulation containing a eutectic

A topical preparation is available for intradermal anaesthesia to reduce the pain of venepuncture. The
cream, Emla (Eutectic Mixture of Local Anaesthetics) (AstraZeneca), contains a eutectic of procaine and
lidocaine.18 The eutectic mixture (50 : 50 mixture) is an oil, which is then formulated as an oil-in-water
emulsion. This allows much higher concentrations than would have been possible by using the individual
drugs dissolved in an oil.
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in another respect. During tableting, for example, heat
is generated in the punch and die and in the powder
compact; measurement of the eutectic temperature can
give information on whether this rise in temperature is
likely to cause problems of melting and fusion.

Key points

*

*

*

*

A solid solution comprises a solid solute
molecularly dispersed in a solid solvent
and is designed to provide a system in
which the drug is surrounded intimately
with water-soluble material (carrier) and
its crystallinity is so altered as to increase
its solubility and solution rate.
Mixing of the drug with a soluble carrier
reduces the freezing point; the lowest
temperature at which the system freezes/
melts is called the eutectic point and below
this point the mixture is composed of a
microcrystalline dispersion of pure drug
and carrier.
Pharmaceutical examples of solid
dispersions include griseofulvin–succinic
acid, chloramphenicol–urea,
sulfathiazole–urea, and niacinamide–
ascorbic acid.
Substances having identical melting points
can be distinguished by measurement of
the eutectic temperature with another
suitable compound.

Summary
In this chapter we have examined those aspects of the
structure of crystalline and amorphous solids that
influence their formulation and the properties, both
physical and pharmacological, of the formulated
product. We have seen that crystal lattices are constructed from repeating units called unit cells of which
there are 14 possible types (Bravais lattices) and
which, for any particular compound, are all of the
same size and contain the same number of molecules
or ions arranged in the same way. The external

appearance of the crystal, that is its habit, is affected
by the rate of crystallisation and by the presence of
impurities, particularly surfactants. The habit of a
crystal is of pharmaceutical importance, since it affects
the compression characteristics and flow properties of
the drug during tableting and also the ease with which
the suspensions of insoluble drugs will pass through
syringe needles. Many high-molecular-weight materials, particularly polymers, are unable to form crystals
and exist as amorphous or semicrystalline solids.
These materials do not have sharp melting points but
change their properties at a glass transition temperature, Tg, from a glassy state below Tg to a more mobile
or rubbery state as the temperature is increased.
Problems arising from the occurrence of drug
polymorphs – a largely unpredictable phenomenon
– have been discussed. The various polymorphs of a
particular drug have different physical and chemical
properties and usually exist in different habits. The
transformation between polymorphic forms can
cause formulation problems; phase transformations
can cause changes in crystal size, which in suspensions can eventually cause caking, and in creams can
cause detrimental changes in the feel of the cream.
Changes in polymorphic form of vehicles, such as
theobroma oil used to make suppositories, can result
in unacceptable melting characteristics. Problems
may also result from phase transformation when
attempting to identify drugs using infrared spectroscopy. The most significant consequence of polymorphism is the possible difference in the bioavailability
of the different polymorphic forms of a drug as, for
example, in the case of polymorphs of chloramphenicol palmitate. The entrapment of solvent during
crystallisation can result in polymorphic solvates in
which the entrapped solvent becomes an integral part
of the crystal structure, or pseudopolymorphic solvates, in which the solvent is not part of the crystal
bonding and merely occupies voids in the crystal.
Similarly, co-crystals may be formed in which a solid
is hydrogen bonded to the drug. The formation of
crystal solvates and co-crystals can significantly
affect the aqueous solubility and also the dissolution
characteristics of the drug.
The rate of absorption of many slightly soluble
drugs from the gastrointestinal tract and other sites is
limited by the rate of dissolution of the drug. The
particle size of a drug is therefore of importance if
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the substance in question has a low solubility. The
rate of dissolution of a solid can be increased by
reduction in the particle size, providing that this does
not induce changes in polymorphic form, which
could alter the drug’s solubility. The reduction of
particle size of some drugs to below 0.1 mm can cause
an increase in the intrinsic solubility. This is the basis
of a method for increasing the rate of dissolution and
solubility of poorly soluble drugs such as griseofulvin, by forming a eutectic mixture or solid dispersion
with a highly soluble carrier compound. The cohesivity of particles increases with decrease of the particle
size, with consequences for the flow properties of
powders; particles larger than about 250 mm are usually relatively free flowing, but very fine particles
(below 10 mm) are usually extremely cohesive and
have a high resistance to flow. Penetration of water
into tablets or into granules precedes dissolution. The
wettability of the powders, as measured by the contact angle (u) of the substance with water, therefore
determines the contact of solvent with the particulate
mass.
The contact angle is an indicator of the ability of a
liquid to wet a solid surface; for complete, spontaneous wetting the contact angle should be zero. There are
two types of wetting – spreading wetting, in which a
liquid spreads over the surface of a solid, and immersional wetting, which is the initial wetting process that
occurs when a solid is immersed in a liquid. Several
pharmaceutical powders have been identified that,
because of their high contact angle, present wetting
problems.
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