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Abstract

The dissolution anisotropy of paracetamol crystals grown in the presence and absence of the molecularly similar
additive, p-acetoxyacetanilide (PAA) was studied under controlled conditions using a single crystal dissolution
method in undersaturated aqueous solutions. Linear dissolution rates were determined for all the major habit faces
by measuring their movement (regression) with time in a flow cell using a microscope. The rates of dissolution of
particular faces of the pure material were distinctly different in crystals of different morphology grown at different
supersaturations. The dissolution rates of {001} and {110} faces of crystals grown in the presence of PAA (6.02% w/w
in solution) are higher than those of pure paracetamol. The results correlate with the distribution of strain in the
crystal and support the concept that integral strain increases the solubility and hence the dissolution rate of the
material. The mechanism of the dissolution process at the {001}, {201} and {110} faces was defined using optical
microscopy and X-ray topography. At all undersaturations above 1% the dissolution studies yielded well developed,
structurally oriented, etch pits on both {001} and {201} faces while on the {110} face rough shallow etch pits were
observed. On all three faces, this etch-pitting was considerably more widespread than the dislocation content of the
sector and probably reflects a 2-dimensional nucleation process rather than a dislocation controlled mechanism.
© 2002 Published by Elsevier Science B.V.
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1. Introduction

Knowledge of dissolution behaviour and of the

factors affecting dissolution processes is crucial in
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the design, evaluation, control and therapeutic
efficacy of solid dosage forms (Ansel et al., 1995).
An understanding of the dissolution rates, disso-
lution mechanism, solubility and physical stability
of crystalline forms of pharmaceutical solids is
also important from the physiological availability
point of view. As a consequence interest has
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focused on the development of a reliable in-vitro
dissolution test method that can characterise posi-
tively the in-vivo dissolution rate-controlled ad-
sorption of drugs (Levy et al., 1965; Cohen et al.,
1990).

Fundamental to the analysis of the results of
such methods is the definition of the mechanism
of the dissolution process and the factors that
influence this. It is proposed that dissolution of a
crystal face initiates and develops at surface re-
gions within which a dislocation line emerges.
Dislocations are thermodynamically unstable and
form the core of a distorted region in the crystal
lattice. The associated stress energy results in a
localised increase in free energy and a reduction in
the activation energy for dissolution at points
where they emerge at the crystal surface (Burt and
Mitchell, 1981; Chernov, 1989). Thus one could
speculate that a crystal with higher dislocation
density should have a higher thermodynamic ac-
tivity which, in turn, may result in a greater
overall dissolution rate when the process is under
surface control. Dislocation associated strain is
not, however, the only factor that could be re-
sponsible for the nucleation and development of
the dissolution process. Other factors, such as
impurity and solvent inclusion, mechanical defor-
mation, crystal habit, surface energetics, and in-
teraction between the solute and the solvent
molecules could also have a major influence on
the process (Garcia et al., 1999; Addadi et al.,
1985; Burt and Mitchell, 1980; Fini et al., 1995).
In the present paper we examine the influence of
some of these factors on the dissolution character-
istics of paracetamol single crystals.

Several researchers have reported on the disso-
lution behaviour of paracetamol either as single
crystals (Chow et al., 1985; Shekunov and Grant,
1997; Shekunov et al., 1997) or on compacted
discs (Chan and Grant, 1989). The initial stages of
the dissolution of paracetamol single crystals in
non-aqueous  solutions was  studied by
Vasil’chenko et al. (1996). In this paper we report
dissolution kinetic measurements carried out on
all the major, accessible habit faces of pure and
impurity doped paracetamol single crystals using
a single crystal dissolution method. This method
has the advantage that it allows the assessment of

the average dissolution rate of the full crystal face
and does not focus on localised contributions
such as the regions around the emergence points
of dislocation cores (Mullin and Garside, 1967,
Burt and Mitchell, 1979; Shekunov and Grant,
1997; Shekunov et al., 1997). It also allows a
better assessment to be made of the role of sub-
structure in the overall process.

2. Materials and methods

2.1. Crystal growth

Single crystals (3—5 mm) of paracetamol were
grown from commercially available material
(Rhone Poulenc; Rhodapap) by controlled slow
evaporation of a saturated solution in ethanol or
water at 23 °C over a period of 3—4 weeks. The
crystals were harvested and dried quickly using
soft tissue paper. Crystals were of either columnar
habit with major {110} faces or tablet-like with
major {001} faces. The predominant faces for the
columnar form in order of morphological impor-
tance were {110} > {001} > {201} > {011} and
for the tablet-like crystals, {001} > {110} >
{011} > {201} > {100} (Fig. 1). These habits cor-
respond to those reported in the literature and
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Fig. 1. Schematic morphologies of (a) columnar and (b) plate-
like crystals of paracetamol grown at low (< 5-7%) and high
(> 15%) supersaturations, respectively.
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Fig. 2. Schematic diagram of the experimental equipment for the measurements of dissolution kinetics of paracetamol (T,
thermostated water bath; P, pump; Cl and C2, heat exchangers; Hl and H2, Haake thermostated bath; D, dissolution cell; K,

crystal; R, platinum resistor temperature probe; F, flow meter.

reflect growth under conditions of low (S=5-
7%) and high supersaturation (S > 15%), respec-
tively (Finnie et al., 1996; Ristic et al., 2001).
Crystals selected for the dissolution experiment
were 4—5 mm in size with well-defined habit faces.
The PAA doped paracetamol crystals were grown
at 23 °C from aqueous solution containing 6.02%
w/w of PAA over a period of 3-4 weeks. The
habit of these crystals was similar to that of the
columnar form of the pure crystals except that the
aspect ratio (a/c) was higher (Prasad et al.,
2001a).

2.2. Dissolution studies

A schematic diagram of the experimental equip-
ment used for the dissolution measurements is

shown in Fig. 2. A saturated solution of paraceta-
mol in water was prepared in a flat bottomed
flask of capacity 2000 cm? at 25 °C and equili-
brated in a thermostated water bath at the same
temperature. The solution was continuously
stirred at the rate of ~ 50 rpm. The solvent was
pumped from the flask through heat exchanger-I
to the water jacketed stainless steel cell (capacity
15 ml). The heat exchanger-I and the dissolution
cell were maintained at the same temperature
using pumped water from a thermostat HI
(Haake F6-C35). The solution was then returned
to the reservoir through heat exchanger-II and a
calibrated glass flow meter (Platon, range 50—800
cm® min~"'). The temperature of the heat ex-
changer-II was maintained at the solution temper-
ature (saturation temperature, 25 °C) using a
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second thermostat bath, H2 Haake F3-CH). The
temperature of the cell and the heat exchanger-I
were raised above the saturation temperature in
order to achieve the desired undersaturations. The
cell temperature was monitored using a platinum
resistance probe and indicator (Control tech-
niques). The flow rate was maintained throughout
the experiments at 600 cm® min —!.

The crystal was glued to a stainless steel needle
using a slow setting epoxy resin and mounted so
that the face to be observed was normal to the
direction the solution flow. The needle was then
adjusted so that one edge of the crystal face to be
observed coincided with the cross hair of the
microscope eyepiece (Olympus CH, magnification
x 40) and the face itself was parallel to the direc-
tion of observation. The solution temperature was
raised as quickly as possible to achieve the re-
quired undersaturation. The relative undersatura-
tions (S =1In(C,,/C,), where C,, is the solubility at
the working temperature and C; is the solubility
at the saturation temperature) were determined
from the solubility data of Grant et al. (1984).

As the crystal dissolved, the regression of the
face was measured as a function of time using a
micrometer eyepiece (+ 0.1 pm). Dissolution
measurements were stopped once the crystal face
started ‘rounding off’. This effect signalled the
preferential dissolution of the edges and corners
of the face. For each undersaturation level, the
linear dissolution rate, R, was obtained from the
gradient of a plot of horizontal displacement of
the edge (face) versus dissolution time. The flow
rate of the solution (~ 600 cm® min~'), was
shown from preliminary experiments to be high
enough to prevent diffusion control of the dissolu-
tion process. Satisfactory measurements could be
made on the {001} and {110} faces of the colum-
nar crystals of the pure and PAA doped material.
The other end faces were too small for accurate
examination. For the plate-like crystals an assess-
ment could also be made of the {100}, {011} and
{201} faces.

2.3. X-ray topography

X-ray transmission topography (Lang, 1973;
Klapper, 1980) was used to investigate the distri-

bution in the crystals of structural defects such as
dislocations, lattice strain and inclusions and to
correlate these (particularly dislocations) with the
dissolution behaviour.

Oriented sections were cut from grown crystals
using a solvent saw. The sections were polished to
a thickness of ~1 mm using water soaked tissue
placed on a flat glass surface before being used for
the X-ray topographic analysis. All topographs
were recorded on Agfa structurix D4 X-ray film
using Cu K, radiation. Slices cut parallel to {001}
and {010} faces were used and topographs
recorded using the diffraction vectors g, 110 and
g, 002.

3. Results

3.1. Dissolution curves

Fig. 3 shows a typical series of plots of the
horizontal displacement of the crystal edge of the
{201} habit face as a function of dissolution time
at different undersaturation levels. These were
linear for all faces examined showing that the
dissolution rate, R, was constant and independent
of time, whilst the face remained flat.
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0 1000 2000 3000
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Fig. 3. Horizontal displacement of the edge of the {201} habit

face of a paracetamol crystal as a function of dissolution time
at different undersaturation levels.
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Fig. 4. Variation of the dissolution rates of the faces of pure
paracetamol crystals as a function of relative undersaturation
for (a) columnar and (b) plate-like crystals of paracetamol.
The open points on 4(a) refer to the dissolution rates of the
pure crystals and the full points to PAA doped crystals. All
points on 4b refer to pure crystals.

The linear dissolution rates measured as a func-
tion of undersaturation for all accessible habit
faces of both columnar and plate-like crystals of
pure paracetamol are shown in Fig. 4a and b,
respectively. Also shown in Fig. 4a for easier
comparison are the dissolution rates of the equiv-
alent faces of the PAA doped columnar crystal.
The dissolution behaviour was found to be a
non-linear function of undersaturation for all
growth sectors examined.The short period of time
available for measurement before the faces com-
menced ‘rounding off’, coupled with the need to
maximise the accuracy of the dissolution measure-
ment, meant that only one crystal face could be

used at each supersaturation in each experiment.
The results expressed thus represent the behaviour
of a total of 5-6 separate crystals in each experi-
ment (circa 50 in the total study) and thus repre-
sent a broad survey of the range of crystals
available. This procedure was, in itself, a time
consuming process. To repeat each point for a
sufficient number of times to allow a statistical
analysis would have been prohibitive. Sufficient
checks were carried out, however, to show that
variation in dissolution rate of one face from
crystal to crystal prepared in the same manner
was less than 5%.

Comparison of the two sets of curves in Fig. 4a
show a similar relationship between the dissolu-
tion rates of the {001} and {110} faces of both
types of specimen. The former shows a distinctly
faster dissolution rate than the latter. The rates of
dissolution of the doped crystals are marginally
higher than those of the pure crystals over the full
range of undersaturation. In contrast, there are
significant differences between the dissolution
rates of these faces on the columnar and plate-like
pure crystals.

Despite the fact that etch-pitting can be induced
to occur at the emergent ends of dislocation cores
(Finnie et al., 2001), the dissolution rates for both
the {110} and {001} faces of the plate-like crys-
tals, at low undersaturations ( < 5%) are immea-
surably small. As the undersaturation is increased,
the dissolution rates of both faces increase non-
linearly with that of the {110} now exceeding the
dissolution rate of the {001} face. This divergence
continued to the maximum possible undersatura-
tion achievable (20%). The remaining faces that
are large enough in these plate-like specimens to
be studied show a regular variation that parallels
that of the {001} face. There are only small
variations in behaviour between the {001}, {201}
and {100} faces. In contrast, the difference in
behaviour between the {110} and {001} faces in
the two types of crystal is quite distinctive; the
relative rates of dissolution of these faces being
reversed between the two crystal types. This
demonstrates well that different types of crystal of
the same material prepared under different condi-
tions can show quite different dissolution
behaviour.
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The overall results and their variation are con-
siderably different to those published by
Shekunov and Grant (1997) and Shekunov et al.
(1997) for the dissolution of the surfaces of crys-
tals of undefined history using the optical interfer-
ometry technique. The difference probably reflects
not only the lack of differentiation of the crystals
used into columnar or tabular forms but also the
difference in experimental approach. The present
method assesses the average dissolution rate of all
active centres across the face whereas the interfer-
ometry method focuses on specific dissolution
centres such as dislocation sources and follows
each separately for short periods of time. Such
techniques are useful for defining the specific
properties of such sources. We believe, however,
that the present method represents more accu-
rately the dissolution characteristics of the aver-
age crystal surface and forms a better link to the
eventual end use of the data obtained.

3.2. Surface microscopy

The surfaces of the dissolved crystals showed
little variation in topography over the range of
undersaturations studied. Even at the very lowest
undersaturation (~ 1%) all surfaces showed a
high degree of surface etch-pitting (Fig. 5). On the
{001}, {201} and {001} surfaces, the pits were
geometrically oriented with respect to the underly-
ing crystal lattice being elongated, quadrangular
shaped on {001} and pyramidally shaped on
{201}. The pits were sharp and distinct and were
similar in reverse to the growth hillock shapes
identified previously on the same surfaces Ristic et
al. (2001) and to dislocation etch-pits produced
under much lower conditions of undersaturation
(Vasil’chenko et al., 1996; Finnie et al., 2001).

In contrast, the etch pits produced on {110}
surfaces of pure crystals were rounded, shallow
and less distinct. Better shaped pits resulted on

Fig. 5. Dissolution etch patterns on the (a) {201}, (b) {001} (c) {110} faces of pure paracetamol crystals. (d) The {110} face of a
paracetamol crystal doped with 6.02% PAA (all micrographs 500 x ).
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the {110} surfaces of the PAA doped crystals but
these were still less distinct than on other faces.
The density of etch pits could be evaluated as
{110}, 3x10° cm~% {001}, 1x10° cm~%
{201}, 4x10° cm~2 and {110} doped, 4 x 10°
cm ~ 2. There was no observable change in etch-
pit density with increasing undersaturation over
the full range studied but the pits on all faces
became increasingly diffuse.

3.3. X-ray topography

X-ray topography shows the distribution of
strain and defects in the underlying growth sec-
tors of the crystal (Klapper 1980; Halfpenny et
al.,, 1997). In order to demonstrate general dis-
tinctions between the sectors we present typical
examples of sections of columnar, pure crystals
(Fig. 6a and b), plate-like pure crystals (Fig. 6¢
and d) and columnar PAA doped crystals (Fig.
6e and f).

In the columnar crystals grown at low
supersaturations the dominant faces grow by a
dislocation nucleated birth and spread mecha-
nism-{110} and a screw dislocation mechanism-
{001} (Ristic et al., 2001). The growth steps
associated with the hillocks, which propagate, by
the latter mechanism are rough which potentially
allows solvent incorporation into the developing
face and sector. Fig. 6a shows a (010), longitudi-
nal, section of a columnar crystal. This defines
well the existence of high strain along the core of
the crystal and which emerges at the {001} and
{201} faces at the ends of the crystal. In com-
parison the two {110} growth sectors which meet
at the {100} edges are much more perfect. The
quality of the latter is better defined in the
{001}, transverse, section (Fig. 6b) which allows
the resolution of the peripheral {110} sectors.
The central core (dominantly the {001} and
{201} sectors) of this section can again be seen
to be defective but the peripheral {110} sectors
contain well defined dislocation images threading
through relatively perfect lattice to the bounding
surfaces.

Fig. 6¢c and d, which present equivalent views
of a crystal grown at high supersaturations, show
a completely different defect structure. Under

these conditions of growth, the growth mecha-
nism of the {110} sectors changes from a dislo-
cation controlled mechanism to one in which
growth occurs by the propagation of large
macrosteps which nucleate at the corners and
edges of the face (Ristic et al., 2001). The conse-
quence is that solvent inclusions are trapped in
the developing lattice. This gives rise to the
darkly contrasted (highly strained) volumes in
the {110} sectors (Fig. 6d) together with white
volumes which are so very highly strained that
they fail to diffract the X-rays at all. In contrast
the remaining sectors are much more perfect
than both the {110} sectors of this type of crys-
tal and the equivalent core sectors in Fig. 6a.
This increased perfection is defined in the {010}
section shown in Fig. 6¢c. This now shows no
core disorder in the {001} and {201} sectors.
Instead, well-defined dislocation bundles radiate
from the nucleation point to all of the bounding
facets in this plane. The remaining lattice is rela-
tively perfect.

Addition of the additive PAA to the crystallis-
ing solution inhibits growth, particularly of the
{110} sectors (Hendricksen et al., 1998; Prasad et
al., 2001a). High supersaturations are, therefore,
required to develop the crystal. Under these cir-
cumstances, the crystals develop morphologically
in much the same manner as do the pure crystals
at low supersaturation. The major distinction is
that the impurity predominantly contaminates
the {110} surfaces and sectors. The molecule of
PAA is 1.24 times larger in volume than the
paracetamol molecule (Finnie et al., 1999). It is
not surprising then that its incorporation causes
a straining of the lattice through both the size
difference and the associated disruption of the
hydrogen bonding network. In such a brittle ma-
terial (Finnie et al., 2001; Prasad et al., 2001b),
such strain will be retained and not released by
plastic deformation. This is confirmed by the to-
pograph shown in Fig. 6e and f. The peripheral
{110} sectors are dark and narrow resulting from
included strain and restricted growth, respec-
tively. The central portions show a similar but
possibly increased strain compared with that in
Fig. 6b but this is much less marked than the
former difference.



36

K.V.R. Prasad et al. / International Journal of Pharmaceutics 238 (2002) 2941

Fig. 6.
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4. Discussion it might be assumed, as it is for growth, that the
relative dissolution rates of the different crystal

Theories of dissolution regard the process as faces would follow the order of their surface
the reverse of crystal growth. Thus at the simplest, attachment energies (Hartman and Bennema,
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1980). Such an assumption implies that dissolu-
tion and growth are dominantly thermodynami-
cally controlled processes and that kinetic factors
are less influential. This may be true in some cases
but is by no means generally so. This dilemma has
particular relevance in the case of paracetamol.
Calculation and comparison of the attachment
energies for potential faces yields relative growth
rates for each face (R ~ E,,,) and hence morpholo-
gies for paracetamol (Ristic et al., 2001). Al-
though this approach predicts many of the basic
growth forms of the crystal it yields a different
morphology to either of those observed in prac-
tice. Thus mechanistic factors must dominate in
the growth process.

Using values of the attachment energy calcu-
lated using a DREIDING II intermolecular po-
tential (Ristic et al., 2001) and relating the results
to the reverse process of dissolution would suggest
an order of dissolution rate; {100} = {001} >
{201} = {011} = {010} > {110} > {111} > {021}.

This does not reflect the order of the dissolution
rates observed. Obviously mechanistic factors
dominate in dissolution as they do in the growth
of this material. In both processes the mechanisms
are believed to be controlled by the defect struc-
ture of the crystal surface and the underlying
crystal lattice.

Most theories of dissolution regard the initiat-
ing defects to be the emergent ends of dislocations
at the crystal face. The strain which develops
around the dislocation core defines a higher free
energy in these regions of the surface compared
with the remainder and hence a greater ease of
nucleation for both growth and dissolution.

K.V.R. Prasad et al. /International Journal of Pharmaceutics 238 (2002) 29—-41

(Chernov, 1989). That such processes do occur at
very low undersaturation is well defined, and in-
deed the method is used to detect the emergent
ends of growth dislocations at surfaces (Thomas
and Williams, 1971; Halfpenny et al., 1984). Dis-
location etching alone occurs, however, only at
very low undersaturations ( «< 1%) and then often
only in the presence of a dissolution inhibitor
(Vasil’chenko et al., 1996; Prasad et al., 2001a;
Gilman and Johnstone, 1962). The more general
pattern of etching which develops as the undersat-
uration is increased still follows the underlying
structure of the surface but is much more wide-
spread than both the number of dislocations
present and their location. The distinction can be
seen by comparing the etch patterns on Fig. 5
with the topographs of Fig. 6. The former show
dissolution etch patterns comprising ~ 10°-10°
etch pits cm —2 whilst the latter shows few (in
some cases no) dislocations in some of the corre-
sponding sectors (Fig. 6d) or much lower num-
bers, e.g. Fig. 6 b, 10* dislocations cm 2.
Additionally, the dissolution etch patterns are
widespread across the crystal face whereas, in the
main, growth dislocations are isolated in groups
around a line normal to the face and which
develops from the nucleation point (Fig. 6c¢).
From this evidence we propose that the influ-
ence of growth dislocations on the dissolution
process is minor at undersaturations in the range
1% and upward and dominates only at very low
undersaturations to yield very low dissolution
rates. Whereas dislocations will continue to func-
tion with increasing undersaturation, this mecha-
nism becomes overtaken by a process of

Fig. 6. X-ray topographs of thin sections of crystals of paracetamol grown under different conditions showing the variation in strain
content that develops on growth under differing conditions of supersaturation and purity. In general, relatively perfect lattice
reproduces as a grey contrast. Extended strain appears as either volumes of black contrast (B) or, if giving a high distortion, white
(W). Dislocations (D) are readily recognisable as black lines, usually radiating from the nucleus or from points of inclusions to the
bounding surfaces. I indicates impurity induced strain. The accompanying diagrams show the distribution of the growth sectors
intersected by the crystal sections and allow a judgement of the sectoral distribution of the strain which underlies the surfaces
examined, (a) Columnar crystal grown at low supersaturation ( < 5-7%) (010) section. (scale mark 3.5 mm). (b) Columnar crystal
grown at low supersaturation ( < 5-7%), (001) section. (scale mark 2.5 mm). (c) Plate-like crystal grown at high supersaturation
(> 15%), (010) section. (scale mark 2 mm). (d) Plate-like crystal grown at high supersaturation ( > 15%), (001) section. (scale mark
2.5 mm). (e) Columnar crystal grown at high supersaturation ( ~20%) in the presence of 6.04% w/w p-acetoxyacetanilide, (010)
section. (scale mark 2 mm). (f) Columnar crystal grown at high supersaturation (~20%) in the presence of 6.04% w/w

p-acetoxyacetanilide, (001) section. (scale mark 2.5 mm)
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two-dimensional nucleation, which occurs at suit-
ably energetic sites at the crystal surface. This will
initiate at some critical undersaturation, which
will be defined by the nature of the site, the
structure underlying the surface and solvent inter-
action with the sites and the surface. From this
point, dissolution will accelerate at a rate con-
trolled, not now by the number of nucleation
sites, which are numerous, ~ 10° cm 2, but by
the defect nature of the underlying structure. Thus
we would expect to see the observed behaviour;
zero to low dissolution rates at very low under-
saturations (dislocation control) giving way to
accelerating dissolution with increasing undersat-
uration (2d nucleation control). This behaviour
will vary slightly from face to face of the crystal
depending on the crystallographic nature of the
face and possibly the degree of interaction of the
solvent with the face. This then provides the basic
anisotropy of dissolution and for relatively perfect
sectors the variation will not be large. Further
variations will then be introduced by differences
in the defect nature of the underlying structure of
each face. These will be caused by processing
variations that lead to differences in growth mech-
anism and consequently in impurity incorpora-
tion, inclusion formation, mechanical deformation
and the general lattice strain that these entities
cause. This situation will be characteristic of the
dissolution processes of most drug materials in
vivo where medium to high supersaturation con-
ditions will hold for the dissolution process.

The dominant influence of lattice strain is well
exemplified by the variations in dissolution rate
noted for the present material.

As noted above, processing variations lead to
both significant changes in growth mechanism
and sub-structure. The latter has the controlling
influence on the rate of dissolution. Comparison
of Fig. 4a and b in conjunction with the topo-
graphic evidence provides the basis for this
conclusion.

In these figures, the dissolution rates for {001}
and {110} faces differ considerably between the
two sample types, reversing the order of dissolu-
tion rate between the samples. If the overall basis
for the process were simply the nucleation rate at
the surface coupled with the crystal structure of

the underlying sector, then we would accept some
minor variations between the crystals, but not the
noted reversal. Other major differences in the
nature of the dissolving sector must have an influ-
ence. The topography supplies the evidence. As
Fig. 6a shows, the {110} sectors show relatively
perfect lattice threaded by small numbers of iso-
lated dislocations. There is some variation in lat-
tice strain as evidenced by the growth banding
parallel to the {110} faces. In general, however,
the sector would be regarded as highly perfect.
This situation is typical for this sector in crystals
prepared in this fashion (low supersaturation <
5%). In such a crystal we see (Fig. 4a) that the
rate of dissolution of this face follows the average
pattern for the dissolution of all faces (cf. Fig. 4b)
of ‘good’ perfection. On the other hand, the {001}
face which bounds a highly strained sector (Fig.
6a), shows a considerably higher dissolution rate.
A different mode of processing (growth at high
supersaturation > 15%) yields {001} sectors of
high perfection (Fig. 6b) which show the average
dissolution rate characteristic of such faces (Fig.
6b). In contrast, the same mode of processing
leads to the development of considerable strain
from solution inclusion in the {110} sectors (Fig.
6b and c¢) and a much higher dissolution rate for
this sector. This reversal in dissolution rates for
these two sectors between the two samples can
thus be attributed to the difference in strain be-
tween the sectors.

Fig. 6¢c summarises the influence of impurities
on both the crystal lattice and its dissolution rate.
The presence of the molecularly similar impurity
inhibits growth and results in impurity incorpora-
tion. To produce even slow growth requires high
supersaturations but the product is a columnar
crystal since the impurity restricts the growth of
the {110} face to a much greater extent than the
{001} face. The defect structure of the resulting
crystal is similar to that of the pure columnar
crystals but with the added problem that the
incorporated impurity causes strain within the
host lattice. This is well exemplified by the dark
volumes at the {110} edges of the topograph (Fig.
6 e and f) which define this incorporation. The
overall result is that the observation of the same
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order of dissolution rate for the {110} and {001}
faces as for the pure columnar crystals with each
being slightly enhanced by the presence of impu-
rity included strain.

Finally, it is worth confirming that the parallel
variations in strain and inclusion content to
those noted here occur also in small crystals pro-
duced by bulk crystallisation (Prasad et al.,
2001a). Thus the conclusions made here for ob-
servations on large crystals (mm dimensions)
should carry over to commercial materials (10—
100 um dimensions).

5. Conclusions

Dissolution of paracetamol crystals at under-
saturations greater than a fraction of 1% takes
place by a 2-dimensional nucleation and spread
mechanism which when established becomes
dominantly controlled by the strain developed in
the lattice through processing variations and by
impurity inclusion. These variations can lead to
significant differences in dissolution rates be-
tween samples derived from different sources and
prepared under different conditions. The provo-
cation of such variations by changes in process-
ing conditions or purity could lead to the
engineering of samples with controlled dissolu-
tion properties and hence to the control of
dosage forms and drug behaviour.

Acknowledgements

The authors gratefully acknowledge the
financial support of this work by the UK EP-
SRC and the three pharmaceutical companies
Pfizer, Roche and SmithKline Beecham. It was
carried out under a programme entitled ‘Particle
Formation, Processing and Characterisation for
the Pharmaceutical Industry’ involving the Uni-
versities of Bradford, Strathclyde and Surrey.
They also thank the Director and staff of the
Rutherford Appleton Daresbury Laboratory for
the provision of facilities for the X-ray experi-
ments.

Appendix A. Nomenclature

(hkl)  single crystallographic plane or crystal
face

{hkl} family of crystallographic planes or
crystal faces

[hkl]  specific crystallographic direction

C, concentration at working temperature

C, concentration at saturation temperature

R dissolution rate

S supersaturation (+) or undersaturation
(-)
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