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Abstract: forms, it will be the least stable form which is first produced
Ostwald proposed that the solid first formed on crystallisation by spontaneous crystallisation, followed successively by
of a melt or a solution would be the least stable polymorph. It forms of increasing stability. It is with this part of his paper
is shown that this can be rationalized on the basis of irreversible  that we shall be concerned here. Ostwald justified the rule
thermodynamics, structural relationships, or a combined con- on the basis of an argument of classical thermodynamics,
sideration of statistical thermodynamics and structural variation by analogy with vapotliquid equilibration near the critical
with temperature. It is concluded that the rule cannot be a temperature and pressure region. There have been previous
universal law but is only in the nature of a possible preferred discussions of Ostwald’'s work,including attempts at
tendency. thermodynamic justification%.* We shall be revisiting
Ostwald’s analysis and in addition shall justify the rule on
the basis of crystal structure concepts and of irreversible and
Introduction statistical thermodynamics. In doing this it is hoped that the
In 1897, Wilhelm Ostwald published a truly remarkable basis of the rule, its extent, and its limitations may all be
paper, entitled “Studien ueber die Bildung und Umwandlung clarified. The discussion here is centered on polymorphic
fester Koerper” (Studies of the formation and transformation forms. It is applicable, mutus mutandi, to hydrates and
of solid substance$)In it the role of seeding of supercooled solvates, but the need for another component (water, solvent
melts and supersaturated solutions was discussed, includingf solvation) leading to the necessity to involve the thermo-
the spatial and temporal role of seeds in the atmosphere indynamic activity of the other component complicates such
causing adventitious seeding. He was particularly concerneda discussion.
to establish just how small a quantity of seed crystal was
needed to bring about crystallisation. This was attempted by Ostwald’s Rule
using serial 10-fold dilutions “after the manner of the ~ The most significant sentence in this paper is the one
homeopaths” by trituration of the crystalline substance in Which has subsequently become commonly known in English
an inert powder such as lactose or quartz. He discussed thé@s Ostwald’s Rule or Ostwald’s Law of Stages: “When
physical state of the active constituent at dilutions at which leaving a given state and in transforming to another state,
it was no longer effective, the impossibility of removing the the state which is sought out is not the thermodynamically
activity of hydrated crystal seeds by allowing them to Stable one, but the state nearest in stability to the original
effloresce (a consequence of reversible equi“brium), the state”. This must be the next least stable state. For example,
dependence of the stability of a metastable polymorph on it implies that, in a crystallisation from the melt or from
its method of preparation, the relationship between enan- Solution, the solid first formed will be that which is the least
tiotropy and monotropy, and the problem highlighted by the stable of the polymorphs, the one with the largest Gibbs free
ability of isomorphous salts to seed as effectively as the €nergy. The word which Ostwald uses in referring to this
actual salt, even though the solution is not saturated with Sentence is “Satz”. “Satz” in German can imply a vast range
respect to the isomorphous salt. He had earlier beenof meanings, from “statement” or “sentence” through “propo-
responsible for the concept of metastable and labile zonessition” to “rule” or even “law”. The word itself therefore
in the crystallisation process and took the opportunity in this gives no indication of the strength which may be applied to
paper to explain and distinguish their properties, to counteractthe sentence, and so Ostwald’s view of it must be sought
misconceptions which had arisen. He discussed also thewithin the paper. There are several examples which suggest
analytical application of his results to detection limits down that he might have regarded it as a universal law. First, he
to 10711 g, which equalled the best contemporary spectro- quotes how widely applicable the rule is and refers not only
chemical detection limits. All this was based on a few Simp|e to different solid forms but also to the prOdUCtion of isomers.
experiments carried out by visual examination on supercooledFor example, the vapor of cyanic acid and that of cyanuric
melts and solutions in test tubes and crystallisation dishesacid are identical, but from whatever source the vapor is
or by low-powered microscopic examination of drops on Produced, it deposits only cyanic acid, despite this being so
microscqpe slides. He also formulated from some of these (2) Zott, R Angew. Chem.. Int. 003,42, 3990,
observations what has subsequently become known as (3)cardew, P. T.: Davey, RSymposium Papers, Inst. Chem. Eng. North
Ostwald’s Law of Stages or Ostwald’'s Rule, namely that, Western Brancf1982,2, 1. , ,
in the case of a Compound capable of crystallising in several (4) Dufor, L.; Defay, R.Thermodynamics of Cloudécademic Press: New

York, 1963.
(5) Dunning, W. JZettlemoyerl969, 1.
(1) Ostwald, W.Z. Phys. Chem1897,22, 289. (6) Nyvlt, J. Cryst. Res. Technol995,30, 445.
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Figure 1. Curve ab, followed by the straight line through to f, then up to g, is the normal pressure-volume representation of
gas—liquid equilibrium. J. J. Thompson is quoted by Ostwald as first showing that it was possible to bypass the condensation of
liquid during the compression of gas to produce the third-order curve, abcdefg. In Ostwald’s analogy ab is the undersaturated
solution or the melt above the melting point, bc is the metastable region, and cd or ce is the labile region. If the diagram is generalised
by the addition of a third orthogonal axis of temperature, then c can be recognised as a point on the catastrophe surface dividing
the “stable” (metastable) region from the “catastrophic” (labile) region. In Figure 5.5 of Saunders, R. T An Introduction to Catastrophe
Theory; Cambridge University Press, 1980, the catastrophe—recovery cycle is closely analogous to the crystallisation/dissolution or
crystallisation/melting processes under discussion.

unstable as to polymerise explosively on gentle warming to of a universal law and merely justifying why some cases
cyanmelide, rather than depositing the stable cyanuric acid.may not be observable. Although he expresses reservations
He goes on to state that he knows of no example where twoabout this philosophy at his paragraph 37, these and other
compounds give identical vapors, where it is not the least examples suggest that he regarded the rule as a thermody-
stable compound which is condensed. He even invokesnamic inevitability and that, where the sequence was not
chemical reactions, for example, potassium hydroxide and observed, this was due only to the rapid kinetics of further
chlorine yield potassium chloride and potassium hypochlorite transformation to a more stable form. Ostwald’s authority
rather than potassium chloride plus hydrogen or potassiumprobably explains why in earlier times it was referred to as
chloride plus potassium chlorate. Second, in referring to Ostwald’s Law. It has become clear over the century since
crystallisation from solution, he points out that it is the liquid Ostwald’s paper, that, although it is a useful indicator of a
rather than the solid which is the next most stable form and possible sequence of production of crystalline forms, it is
quotes the example of acidification of alkaline benzoic acid not as universal and reliaBl¢as it is suggested here) that
solutions which produces benzoic acid initially as droplets. Ostwald had supposed. This is reflected in the increasing
In condensing from the vapor, sulfur first appears even at modern usage of the term “Ostwald’s rule” or “Ostwald’s
temperatures below the melting point as a liquid, which then principle” rather than “Ostwald’s law”.

solidifies. He goes on to state that even in those cases where

a liquid is not first observed this may be due to a lack of a Ostwald’s Thermodynamic Explanation of the Rule

means of observing it before it transforms further to a solid. ~ The thermodynamic justification which Ostwald proposed
The proposition that “if you cannot observe it, it must IS an ingenious one based on an analogy with gas—liquid
nevertheless be there” is a curiously unscientific statement (7) Bernstein, JPolymorphism in Molecular Crystgl€larendon Press: Oxford,
from so eminent a scientist, unless he is using it in the context ~ 2002.
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Figure 2. Usual representation of the solubility curves and metastable zone limits of a dimorphic system. The solubility curves and
particularly the metastable zone limits are difficult to establish experimentally for metastable forms, but measured metastable zone
widths® are nearly always of the order of 16-50 °C.

equilibria, as shown in Figure 1. On increasing the pressurelising to the point of exhausting the saturation of the solution.
on a gas it decreases in volume according to the hyperbolaClearly, kinetics is the dominant feature in the production
ab until the point b at which condensation can take place. If of crystals even in the monomorphic case. Whether a given
it does so, the system follows the straight line bdf represent- polymorph will or will not be produced in competition with
ing the heterogeneous system of gas plus liquid with varying the stable form, either from a labile or a metastable solution,
proportions of the two phases. At point f the system is totally must be a kinetic competition reliant on the rate at which
liquid, and its low compressibility results in the very steep the molecules can assemble in the different packings associ-
line fg. If, on the other hand, no condensation of liquid takes ated with the different forms. One encounters also an analogy
place at b, then the compressed gas follows the curve bc upn the common situation in which a polymorph stable at high
to the point ¢ at which the system becomes unstable. In atemperature is cooled below a transition point without
similar way, it is asserted that the liquid can be expanded, transition occurring. In this case the reduced mobility of the
with some difficulty, before vapor is generated, resulting in molecules in the crystal must have a significant effect on
the curve fe. In the region of the diagram cde the slope of the kinetics, but clearly there is no difference in principle.
the curve is reversed; decreasing pressure is associated witfrhe very existence of different forms at a given temperature
decreasing volume, so this is truly an unstable situation in is proof of the triumph of kinetics over thermodynamics.
which spontaneous change occurs. In the analogy drawn by A further conclusion which Ostwald drew from analysis
Ostwald, bc is the supersaturated or supercooled metastablef this diagram is that the metastable zone of a metastable
zone for the crystallising liquid case, and cd is the super- form must always lie totally within the metastable zone of
saturated or supercooled labile region. Approached from thethe stable form, i.e., band d'must always be within the
other direction, fe represents superheated solid. Althoughlimits of the line bd. He was supported in this belief by
Ostwald recognised that the equilibrium (lowest free energy) observations on the crystallisation of sodium sulfate. The
situation at b can be by-passed, and indeed must be by- first product of crystallisation of highly supersaturated
passed in order to obtain a supercooled melt, he does notaqueous sodium sulfate solutions in sealed tubes is the
comment that the same can happen ‘asathat the least heptahydrate rather than Glauber’'s salt, the decahydrate
stable form may not be produced. Presumably, this is becausdparagraph 32 of Ostwald’s paper). The spontaneous crys-
he was emphasising the distinction between the metastabldallisation in a sealed system indicated that the heptahydrate
region bc and the labile region cd. However it is a matter of must be in its labile region even though it must be nearer to
common knowledge that a solution can deposit one or moreits solubility curve than the less-soluble decahydrate is to
crystals, yet take a long time, even months, before crystal- its curve. This comment is extended to the solidification of
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Figure 3. Consequence of the thermodynamic analogy presented by Ostwald is that the regiofdbof Figure 1 must always lie
totally within the region bd. This restricts the metastable region of the metastable forms to the area totally within the metastable
zone of the stable form. The highly improbable consequence of this is shown in the diagram.

melts and vapours and even homogeneous chemical reacef a transition point, literature traces confirm that this is not
tions. Although he recognised some differences between thethe case. For example, Beckméunaws a metastable curve
vapor-liquid and the solution-crystal cases (such as the for polymorph B of Abecarnil which shows a typical
difficulty in exceeding the melting point without causing metastable zone width but which must deny Ostwald’s belief
melting, in contrast to the ease of superheating a liquid), he both for Polymorph A and for Polymorph B above and below
ascribed this difference to surface energies, and concluded30 °C, respectively. The universality of the “least stable first”
that the analogy appeared reliable. principle would produce a curiosity in the case of phenyl-
Despite the evidence just quoted and the apparentacetic acid, for example, in that when precipitated above
theoretical basis, this cannot be correct. Drawing the 76°C, the solid would be first formed and then melt, whereas
metastable zone in the usual manner for a dimorphic system,when precipitated below 7@he liquid would first form, then
as in Figure 2, shows that the metastable zone for a lesssolidify. It is also incompatible with the concept of nucleation
stable form must lie in some regions of the graph outside in which nuclei are regarded as small crystals which have
that of a more stable form. The attempt to draw the only just reached the point of thermodynamic stability,
metastable zones for the metastable forms entirely within although it is compatible with Gavezzotti and Filippini’'s
the metastable zones of the stable forms inevitably leads toproposition of nucleation as a critical mass effedthe
a physically unrealistic kink in the metastable zone lines, discussion has centered here on the formation of solid from
illustrated in Figure 3. The existence of a potential equilib- liquid, but it applies equally to solidsolid transformation.
rium transition to another polymorph cannot have any effect Until Weygand's work on the chalconésthere was no
on the smooth variation with temperature of the properties system known of a higher complexity than trimorphic.
of the polymorph in question, such as the metastable zoneConsequently there would not have been much opportunity
width. Indeed if it did so, it would be an absolutely reliable
indicator of the existence, or otherwise, of as-yet undiscov- (8) Beckmann, W.; Nickisch, K.; Budde, @rg. Process Res. De999,2,
ered polymorphs. Apart from common experience that the ©) égeﬁ,'ezzomy A.: Filippini, GChem. Commuri998, 28.
metastable zone width does not become negligible in the area10) weygand, C.; Baumgaertel, Hiebigs Ann.1929,469, 225.
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Figure 4. Trimorphic systems are impossible within the restraints of Ostwald’s thermodynamic analogy. Both the solubility curve
and the metastable limit would need to lie totally within the region abcde, necessitating all solielsolid transition temperatures to
coincide exactly.

for Ostwald to have investigated the sequences of solid Descamps of the University of Lille, whose lecture at the
solid transformations. There are now many papers in which 6th PhANTa conference in Ascofidirst made me aware
one or more forms are reported as only obtainable by a of the importance of irreversible thermodynamics in relation
specific operation such as desolvation of a certain soltate. to phase transitions. M. Descamps has conducted experiments
This shows that there is no one-to-one mapping of instability which provide the first convincing explanation of a wide-
to first appearance of a polymorph. Furthermore, the exist- spread but little known phenomenon, namely that it is
ence of the state of affairs contemplated by Ostwald would possible to convert a stable polymorph to a less stable one
make a trimorphic system impossible as shown in Figure 4. by grinding. There is a smattering of examples in the
Point A of the third polymorph would have to coincide with literaturé3-1° of the conversion of stable polymorphs to other
the transition between polymorphs | and Il. Indeed, all crystal forms, although amorphization by grinding is better
transition points of a polymorphic compound would have to known?® It is clear that many practitioners have encountered
be identical, which is contrary to experience. sporadic examples but considered them to be anomalous
It must be concluded that the analogy relied upon by observations and not publishaBleWhat M. Descamp’s
Ostwald between gas—Iliquid and solution—solid behaviour experiments have made clear is that it is a general occurrence,
is not totally valid, although it is certain that there must be determined by the competition between two opposed driving
an underlying thermodynamic reason for the ready formation forces. The minimisation oAG is the classical thermody-
of the less stable forms. namic driver, always quoted, leading to the stable form,

An Alternative Thermodynamic Approach (12) 6th International conference on Pharmacy and Applied Physical Chemistry
) B : Ascona, Switzerland, May 26—30, 2002.
Ostwald'’s ar_waIyS|s shows why the formation of metastable (13) Beckmann, W.. Otto. W.: Budde, @rg. Process Res. De2001,5, 387.
polymorphs might occur, but perhaps less so why they do, (14) Shachtshneider, T. P.; Boldryrev, V. Brug Dev. Int. Pharm1993,19,
and certainly cannot show such formation to be a universal __ 2055.

. . . 15) Otsuka, M.; Otsuka, K.; Nobuyoshi, Rrug Dev. Int. Pharm.1994, 20,
law. An alternative thermodynamic approach, which was not (19) 1649, Y g bev

available to Ostwald, because it had not then been invented (16) Crowley, K. J.; Zografi, GJ. Pharm. Sci2002,91, 492.

. . : : (17) There do not appear to be any suggestions in the literature. A discussion at
is that of irreversible thermodynamics. | am grateful to M. the conferencel00 Years of Ostwald's RUIMIST, Manchester, UK,

November 16-11, 1999, produced several ideas including effects of heating,
(11) Bergren, M. S.; Chao, R. S.; Meulman, P. A.; Sarver, R. W.; Lyster, M. intermediate amorphization, and pressure but no consensus as to the extent
A.; Havens, J. L.; Hawly, MJ. Pharm. Scil1996,88, 834. and true reason for the examples which had been encountered.
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Figure 5. Phase diagram for a polymorphic system with several enantiomorphically related forms and a monomorphic form. The
monomorphic form would be the stable form at high temperature if it did not melt before reaching the transition point. It is the
least stable of the forms at room temperature.

whilst the maximization of the rate of entropy production is in Figure 1 of ref 19 suggest that the highest-melting form
the driver in irreversible thermodynamit&This will lead shows the greatest spectral similarity to the melt. Portions
to the less stable form. The equilibrium composition of the of the spectra of this diagram, on this occasion recorded as
polymorphic mixture will depend on the rate at which excess diamond anvil ATR spectra, are presented in Figure 6. From
energy is applied to the system. That which is applicable to this one deduces that Polymorph | probably has the greatest
recrystallisation must equally apply to initial crystallisation. structural similarity to that of the melt, borne out by detailed
In the grinding case the source of the excess energy is thatinterpretation of the sulfathiazole polymorph and solvate
of the impact forces. The thermodynamics then reflect the spectr’ Some caution is needed in interpreting the infrared
need to redistribute this efficiently. Insofar as the excess only in superficial terms. Instrumental factors and thermal
energy is not externalised as heat, it is most efficiently disequilibrium both contribute to band broadening at elevated
dissipated by conversion into free energy in the product, i.e. temperatures, which will mimic the broadening seen in melts
by generating the least stable product. The greater the impacks a result of the multiplicity of potential interactions in such
forces, the larger the proportion of metastable polymorph nonperiodic systems. Band shifts of intermolecular interac-
formed. In the crystallisation case, the driving force is tions will be more significant, but even here care must be
probably the need to remove the heat of crystallisation at taken to recognise that what may be being observed is a
the point of nucleation or crystallisation. Dependent on the general lengthening of the molectimolecule distances and
enthalpy of crystallisation, the concentration of the solution, their associated hydrogen bonds rather than specific structural
and the rapidity of nucleation or crystal growth, unstable features. NMR spectra are more easily interpreted in terms

forms may or may not be favored. of detailed structure. The number of examples of solid-state
) NMR spectra of polymorphs in the literature is rapidly
Structural Basis of Ostwald’s Rule growing, but rarely are associated melts examined, and in

As well as having a thermodynamic basis, polymorph only a few cases is any comparison made of spectra of the
formation has a structural basis, as the preferential routes ofpolymorphs in relation to the structure of solutions or miits.
desolvation mentioned earlier illustrate. The polymorph In a series of enantiotropically related polymorphs such
which will crystallise preferentially from a melt or solution a5 sulfathiazole, the most stable polymorph at the highest
will be the one easiest to form (i.e. the one with the smallest temperature will be the least stable at the lowest temperatures.
energy barrier expressed in kinetic/thermodynamic terms) |n the case of such enantiotropically related series, the
or the one whose structural organisation is most readily structure closest to that of the melt will be the least stable
derived from the arrangement in the melt or solution. There strycture at room temperature, and thus conformity with
is insufficient present knowledge of the structure of liquids  Ostwald’s rule is facilitated. For the case of monotropically
or solutions (especially those on the point of nucleation) or (g|ated polymorphs, the case may not appear at first glance
of intermediates to be able to address the problem in generakg pe 5o clear-cut. However, examination of phase diagrams
in these terms. However, it might be supposed that structurespf monotropically related forms, such as that shown in Figure
which are not easy to relate in terms of packing and bonding 5 \yjl| reveal that a monotrope behaves as a high-temperature

would be in general less easily converted than closely relatediorm whose potential stability range has been cut off by
structures would be. The few available comparative spectra

of a series of polymorphs and melts, for example as shown ;9 threitall, . L. Analyst1995, 195, 2435.

(20) Hursthouse, M. B.; Threlfall, T.L.; Ward, S. J. Unpublished observations
(18) Prigogine, I. Thermodynamics of Irreversible Processes; Wiley-Inter-  (21) Stephenson, G. A.; Groleau, E. G.; Kleeman, R. L.; Xu, W.; Rigsbee, D.
science: New York 1955. R. J. Pharm. Scil1998,87, 536.
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Figure 6. Infrared spectra of sulfathiazole polymorphs | (mp 203°C), Il (mp 197 °C), lll (mp 175 °C), and the amorphous form.
Polymorphs lll, IV, and V (and lll ' and IV', unpublished) share very similar spectra, melting points, and structures, being members
of a polytypic series. The numbering of the polymorphs is in accord with pharmaceutical usage. Polymorph Il is Polymorph V of
the Cambridge Crystallographic Data Base. The melt has a similar spectrum to that of the amorphous form except for the expected
shifts due to the temperature differencel® It can be seen that the spectrum of Polymorph I is closer to that of the amorphous form
than to those of the other polymorphs. This is because the structures making up the lower-melting polymorphs are no longer
present in the melt and amorphous form. In particular, the peculiar dimers forming the layers of the polytypic polymorphs and
giving rise to the multiple bands between 3350 and 3270 cri must be absent. Similarly the tetramers characteristic of Polymorph
1135 and giving rise to the doublet at 3440/3420 crt must also be absent. The amorphous form is distinguished from Polymorph

I, first because it is an isotropic glass and second by its strong band at 1518 cfy a wavenumber at which none of the known
sulphathiazole polymorphs absorb. Sulfathiazole is strikingly polyamorphous, and isotropic glasses with strong spectral resemblances
to the other polymorphs can be produced, but these are metastable at elevated temperatures with respect to the form shown above.

the interposing of the liquid state. It is likely, therefore, to heating through a whole series of transformations. The DSC
be even more akin to the liquid than any enantiotrope but, of quenched sulfapyridine melts is much illustrated in the
of course, even less stable at room temperature. literature of manufacturers of thermal analysis literature
A much clearer example of the production of the most because of its variety. The spectral and other characteristics
structurally similar polymorph from the melt is that of of this initial polymorph were recorded by Burdéras
sulfapyridine. When sulfapyridine melts are quenched to an sulfapyridine polymorph lil. This can also be obtained by
amorphous form and subsequently gently reheated, they firstpouring molten sulfapyridine at 200 under nitrogen into
crystallise around 100C, as shown by Kuhnert-Brand- (22) Kuhnert-Brandstaetter, M.; Wunsch, 8ikrochim. Actal967,6, 1297.
staetteP? to a form which subsequently changes on further (23) Burger, A.; Schulte, K.; Ramberger, R. J. Therm. Ad8B0,19, 475.
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boiling toluene, a procedure best carried out on a small scaleinterfere with the ready formation of compact clusters and
for safety reasons. We have recently determined the crystalinterfere with the putative metastable polymorph formation
structure of this forn#* The structural unit of this crystal by transformation of early-formed nuclei to the stabler form.
consists of one molecule of the amido tautomer plus one (A corollary of this discussion would be the implication that
molecule of the imido tautomer. The balance between amido concentrated solutions are more likely to produce a variety
and imido in the antibacterial sulfonamides is a delicate one, of polymorphs than dilute solutions, because of the increased
dependent mainly on the basicity of the heterocyclic ring. concentration of structural clusters.)
Thus, until our recent reinvestigations of the sulfadrug  All of the above examples are cases in which a metastable
polymorphs?* all sulfathiazole, methyl sulfathiazole, and or high-temperature form or most-easily crystallised form
sulfapyridine polymorphs had been shown to possess theappears to have a structure which most closely resembles
imido structures, whilst others had exclusively the amino that of the melt or solution. The small extent to which such
structure. Amongst some 300 unpublished crystal structuresrelationships have been addressed ensures that only a minute
which have been acquired at the University of Southampton proportion of polymorph systems has been so investigated.
of related sulfonamides in pursuit of structural systematics Even a concentrated research programme would not generate
of polymorphs, only a handful of structures have been seena substantial proportion in relation to the number of poly-
to possess a mixed amig@nido structure. Included amongst morphic systems. The question must then arise as to whether
these are 5-chlorosulfapyridine and 5-methylsulfapyridine. these examples are representative of the normal behavior or
However, when the exquisite restraints ensuring molecular are merely isolated exceptions. There is fortunately a
uniformity in the crystal structure are removed, amiitoido theoretical basis for supposing that this may represent a
mixtures are more readily formed. It was shown long ago general relationship, discussed in the immediately following
by ultraviolet spectroscopic comparison of solutions of paragraphs.
sulfapyridine and sulfathiazole with their methylated deriva- ~ Relating Structural Drivers of Polymorphic Change
tives that these solutions consist of mixtures of amido and to Thermodynamic Drivers. The thermodynamic factors
imido, the proportions of which are solvent dependént. and the structural factors are of course not completely
Melts of sulfapyridine and of sulfathiazole are similarly independent phenomena, independent consideration of which
mixtures of amido and imido tautomers. can lead to contrary conclusions in respect to phase transi-
Thus, when molten sulfapyridine is quenched, it is tions.
unsurprising that the polymorph first formed is the one At absolute zero, the most stable crystal form of a non-
containing both imido and amido tautomers, in preference hydrogen-bonded solid will be the one with the highest
to one of the forms containing only imido tautomers. density, because this maximizes the van der Waals interac-
Support for the concept of the structure of the melts being tions.
closer to that of the metastable forms than to the form stable  As the temperature rises, the increasing thermal vibrations
at room temperature or below also comes from the melt initially produce lattice expansion, but when this becomes
crystallisation process itself. It is at first sight a curiosity insufficient to absorb the vibrational requirements, that form
that there is a general belief supported by example that morebecomes destabilised, and transition to a less dense (more
polymorphs are produced from the melt than from solution, open) form occurs. The matter may not appear to be so clear-
despite the greater number of variable parameters availablecut in hydrogen-bonded solids, where there is competition
in the latter case. In addition the viscosity of the quenched between the dense packing that relies on many, weak,
melt compared with that of the solution would seem to nondirectional, short-range van der Waals forces and the
restrict the formation of less easily (entropically) formed more open packing that is partly dependent (the van der
polymorphs. Examples of the formation of manifold poly- Waals forces are still present) on a few, strong, directional,
morphs from the melt are the chalcones investigated by long-range hydrogen bonds to achieve overall energy mini-
Weygand® by melt recrystallisation and benzophenone by misation. However, our work on anisotropic lattice expan-
hot-stage microscopy, summarised by DeffeSolution sior4 has shown that the strongest hydrogen bonds tend to
recrystallisation fails to produce as many polymorphs in be those that are first affected by increase of temperature.
either case. Further examples are given by Kuhnert-Brand-This result at first appears surprising: it might have been
staette® The most probable explanation is that there are thought that the weakest hydrogen bonds would be most
already clusters of the appropriate orientation and conforma-easily altered and therefore most liable to alter. The strongest
tion in the melt capable of nucleating metastable forms which hydrogen bonds are, however, the shortest so that a greater
are then preserved by the low mobility of the molecules in relief of vibrational de-energisation is effected in the strongest
the cooled melf® By contrast, solvation in solution might bonds. Furthermore, since bond stretching is known from
infrared spectra to be about twice the frequency of bond

(24) Hughes, D. S.; Hursthouse, M. B.; Threlfall, T.; TaveneA®&a Crystallogr bending®that is in turn at much higher frequency than bond
1999,CS5, 1831, torsion, bond lengthening wi i i

(25) Shepherd, R. G.; Bratton, A. C.; Blanchard, KJCAm. Chem. So0d942, ’ g ing will take place preferentlally via
64, 2532.

(26) Weygand, C.; Mensdorf, LBer. Dtsch. Chem. Ge4935,68, 1825. (29) A reviewer has suggested that the reason more forms may be obtainable

(27) Deffet, L. Repertoire des Composes organiques polymorpBesoer: from melts is that the induction time for all forms is much shorter from the
Brussels 1942. melt than from solution.

(28) Kuhnert-Brandstaetter, Nthermomicroscopy in the Analysis of Pharma-  (30) Colthup, N. B.; Daly, L. H.; Wibberley, S..Entroduction to Infrared and
ceuticals; Pergamon: Oxford, 1952. Raman Spectroscopy, 3rd ed.; Academic: New York, 1990.
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torsion or possibly bending of bonds, rather than directly by with the intermolecular interactions which bring about the
bond stretching. The lowest-frequency hydrogen bond stretch-possibility of transition.

ings are associated with the strongest hydrogen bonds but

with the highest frequencies of other=Kl modes®* How- Psychological Aspects of Ostwald’s Rule

ever, this in turn implies that the still weaker+acceptor Ostwald nowhere writes of the possibility of subsequent
modes will have the lowest deformation and torsion frequen- crystallisation giving rise to a different result. Indeed, if the
cies for the strongest hydrogen bonds. Thus, it is possibleanalysis of his beliefs detailed earlier is correct, it would be
that the shortest hydrogen bonds are indeed the easiest t@ontrary to his thesis. He is concerned only with the order
unravel. Even in hydrogen-bonded solids the same principlesof appearance of polymorphs in a single experiment: the
are then at work to drive phase transitions, namely the needformation of the least stable form followed by the appearance
to eliminate at higher temperatures those intermolecular of more stable forms as a result of transition. The extension
interactions which interfere most with the intramolecular of Ostwald’s rule to the possibility of subsequent experiments
vibrational modes. The less-dense forms and the forms with giving rise to a stable form with consequent exclusion of
the weaker hydrogen bonds are those with the lowest- the original form is a modern concept. A scientist encounter-
frequency lattice vibrations and torsional modes. Those will ing crystallisation in a polymorphic system for the first time
therefore be the forms with the lowest stability at low Would suppose, as did Ostwald’s contemporaries and pre-
temperatures and the shallowest slopes in the usual phaséecessors, not unreasonably, that the most stable form would
representations such as Figures 2 and 3. The melt is the mos&lso be the easiest to produce and therefore most likely to
open of the condensed phases and the least stable one &€ the first generated. Subsequent formation of the less stable
low temperature. In particular, its molecules will be juxta- form as a result of deliberate experimentation would not be
posed in arrangements in which those intermolecular interac-commented upon. However, the opposite case would be
tions, which were so beneficial at low temperature, (close considered strange at first encounter and an explanation
hump-to-hollow matching and short hydrogen bonds) have sought. The consequence might be a subsequent mention in
been eliminated. Consequently, the geometry of dimers angthe literature of the c_rystallisation_(_)beying Ostwald’s rule.
clusters in the melt is unlikely to mimic those strong Even the more experienced practitioners seem to comment

interactions which lead to the ordering of molecules char- ©n Ostwald’s rule when it is followed but remain silent or
acteristic of the low-temperature forms. express surprise when it is not followed. Presumably, for

The same result is arrived at via statistical thermodynam- this reason, Ostwald’s rule seems to be overemphasized in
ics. The slope of the lines in Figures 2 and 3 is determined "€lation to the observed behavior of crystallisations.

by the heat capacity\C, which is itself determined by the Increasing complexity of the new molecular entities of
equatiof! the pharmaceutical industry, coupled with increasing attention
to the discovery of polymorphs, has led to the unveiling of
C,~ k/”zv (hwIKT} exp(hwikt)[exp(hvikty- 1] systems of up to 17 polymorpR5From a purely statistical

view the chances against encountering the stable polymorph
of such a system at first crystallisation is minimal, although
there are, of course, other factors which make the precise
numerical application of such an approach indefensible.
®rhere are also many other circumstances in which the rule
is immaterial. For example, there are substances which
crystallise exclusively and reliably in one form above a given
temperature, but in another form below that temperature.
There are thousands of examples in the literature where it is
claimed that one polymorph crystallises from one solvent
but a different one from a second solvent. Although it might

wheren = number of moles in the samplh,= Planck’s
constantk = Boltzmann’s constant; = frequency.

bottom line, implies a reciprocal relationship between
vibrational frequencies and heat capacity. [It is stétéuht
this is ascertainable by differentiation. In my hands the result
was not obvious. | am grateful to Dr. R. Moss of the
Chemistry Department of the University of Southampton for
a numerical differentiation using the mathematical program
MAPLE, which indeed confirmed Burger and Ramberger’s have been more accurate in many cases to report that the

_conclu5|on.] Thus, it is the Iowest-frgque?ncy.modes in the observed result was from the one crystallisation attempted
infrared spectrum, especially the lattice vibrations related to from that particular solvent, there are undoubtedly many
the mtgrmolec_ular distances and therefore to_the van derWeII—investigated examples which are reliably and extremely
Waals interactions, ar_wd. the Iow-frequ_ency torsions such asg e dependent. In such cases the order of appearance of
the hydrogen-pond twisting modes, which drije To_relate polymorphs is a matter of chance as to which solvent was
the mathematical and the structural models of lattice expan-i<t tried. The formation of one hydrate as opposed to

sion and polymorphic tranS|t|pn discussed h&gmay be another is often dependent on the water concentration of the
regarded as the energy required to overcome the mOlecuIa"crystallising solvent. Rapid crystallisation and harvesting

friction. As concluded earlier, it is therefore the densest forms ¢.0, 4 concentrated solution may give rise, especially during
which ultimately become least stable at higher temperatures,-.hemical development, to a metastable form as opposed to
culminating in the loss of the closest packing options, and 5 gtaple form from long crystallisation and drying, a
thus, ultimately, it is the low-frequency vibrations associated ¢onsequence of subsequent transition. It is true that this is

(31) Burger, A.; Ramberger, Rikrochim. Actal979, 11, 259. (32) Pesti, J. A.; Chorvat, R. A.; Huhn, G. Ehem. Innovatior2002,0ct., 28.
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an example of Ostwald’s rule, but in the general case the the development of a general understanding. However, there
subsequent discovery of a stable form on a bench scale mayare laboratory-scale investigations, particularly by Davey’s

be only a reflection of the particular order in which a set of

group® which enable one to believe that the formation of a

crystallising conditions were chosen. Exceptions to Ostwald’s particular polymorph can be dramatically slowed even by

rule occur also in crystallisations from the melt and from
vapor, as has been emphasisied.

It is extraordinarily difficult to eliminate beyond doubt
the possibility of chance seedihgvhether from retained
nuclei in solution or in the melt, as in the case of
benzophenoné,from extraneous seeding from the nuclei
atmosphere or within vessels, from sensitivity of the crys-

the incorporation of single-impurity molecules. This is
incompatible with a universal law describing the order of
appearance of polymorphs.

Ostwald’s rule is often quoted in relation to disappearing
polymorphs’ This phenomenon is only a reflection of the
range of possibilities for the polymorphic relationships. If
the new polymorph is a metastable form, then the original

tallising phase to dust or other foreign substances, includingform is unlikely to disappear. There is always a range of

the materials of construction of the crystallisers and impellers,

conditions under which it is stable and under which, in

perhaps even to vibration or cosmic rays. For these reasongrinciple, it can be produced by conversion, even if its area
the discussion in this contribution has concentrated on of polymorph formation space appears to have vanished. If
underpinning the experimental evidence of non-Ostwald rule the new polymorph is a stable form and the relationship is
behavior by a theoretical analysis. It must be concluded thatan enantiotropic one, then there will be conditions under

whether polymorphic systems follow Ostwald’s rule is a

which the original form will be the thermodynamically stable

matter of both chance and the competing forces in the one. Even if the relationship is one of monotropy, there may

crystallisation. Whilst there are many examples of the

still be convenient or at least readily attainable conditions

preferential formation of a metastable polymorph, there are under which formation of the metastable polymorph domi-

also many examples of contrary behavior.

Comments on the Application of Ostwald’s Rule in Some
Practical Situations

The deposition of a liquid rather than crystals from
solution (oiling) can be a serious problem particularly in the
manufacture of low-melting solids. The comments in the
preliminary discussion of Ostwald’s rule suggest that he
regarded oiling out as a manifestation of the rule. The

nates. In the latter cases, whether there will be a disappearing
polymorph will depend on the barrier to conversion. As stated
earlier it is a state of affairs not countenanced by Ostwald.
It is possible that Ostwald was correct in his view, that the
different outcome is a result of the use of a crystallising
solution, which is different, perhaps only marginally different,
from the original. Given the subtlety of crystallisation and
our limited understanding of it, we should not be surprised
if it is not always possible to track down the source of the

mechanistic explanations of this phenomenon would include yifterence.

a kinetic one and one involving solvent incorporation. The
latter is likely to apply in the case of anti-solvent addition

or salting out where the solution breaks into two phases:

solidification follows the removal of the solvent from the

At early stages of development, solutions which deposit
mixtures of polymorphs (“concomitant polymorphs”), may
be encountered. The hope would be to avoid such a situation
later. Any solutions yielding stable mixtures i.e., where

oil. The more general explanation must be that the dissolved;nterconversion is slow, probably represent exceptions to
phase separates before the molecules have time to assembi§stwald’s rule. as the polymorphs are unlikely to have

into a lattice. This reasoning lends credence to Gavezotti t5rmed sequentially or by transformation. One sees in this

and Filipino’s model of nucleatiohlf it could be shown

case why purity may have such a decisive effect on

generally that the more stable the polymorph, the Slowe”hepolymorphic outcome: even trace impurity could alter

kinetics of assembly, then this would provide a total
explanation of Ostwald’s rule. | think such a relationship
unlikely. The reason the problem of oiling is more acute with

dramatically the balance of relative rates of growth of the
competing polymorphs. Bernstéimliscusses several ex-
amples of concomitant polymorphs in relation to Ostwald’s

lower-melting products may simply relate to the closeness ,je Many of these involve conformational polymorphism,

of the precipitation temperature to the melting point. Another

reason may lie in the mechanism of prenucleation organi-

sation within solutions. Higher-melting solids are more likely

to contain hydrogen-bonded networks. Hydrogen-bond pro-

pensities will surely result in the formation of hydrogen-

bonded clusters in solution. It is therefore possible that

although there does not seem to be any reason conformational
polymorphs should show distinct behavior. There will be an
entropic contribution, and the kinetics of crystallisation may
thereby be slowed, but this will be only one of many effects
leading to competing kinetics between polymorphs.

The recent report of Peterson effafjives considerable

§0Iutio_ns of hydro_ger_l-bond_ solids have a predisposition to support in a negative way to the propositions advanced in
immediate crystallisation which those of some van der Waals s contribution as explanations of the behavior described

solids may lack.

by Ostwald’s rule. It is commented there that the dehydration

It is becoming increasingly accepted by process develop- ot acetaminophen trihydrate gives the stable polymorph

ment chemists that the appearance of a new polymorph

during chemical development is linked to the removal of key

impurities, and sometimes to the presence of a new impurity.

(33) Blagden, N.; Davey, R.; Rowe, R.; Roberts,IR. J. Pharm.1998,172,
167.
Peterson, M. L.; Mcllroy, D.; Shaw, P.; Mustonen, J. P.; Oliviera, M.;

. . . .. . . (34)
The mechanistic details have been insufficiently investigated, Almarsson, OCryst. Growth Des2003,3, 761,

or perhaps insufficiently reported in industrial cases to allow
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rather than the metastable one predicted by Ostwald’s rule.Conclusions

There are two reasons why Ostwald’'s rule may not be  The favored formation of a less stable form from a
relevant in this case, related respectively to the thermody- crystallisation process can be explained either on a structural
namic and structural explanations presented earlier. First, thebasis or on the basis of irreversible thermodynamics.
dehydration is likely to occur under near-equilibrium Although the early formation of metastable forms often
conditions—even if the relative humidity is such as to imply occurs, there are many exceptions. The exceptions as well
a divergence from equilibrium, the slow escape of the water as the rule can be understood within the theoretical frame-
molecules from the crystal maze will mimic equilibrium. work discussed. Thus, for both experimental and theoretical
Thus, classical thermodynamics determines the productionreasons, the term “Ostwald’s law” is a less desirable one
of the stable form. Second, there is no reason the structurethan “Ostwald’s rule”.

of the hydrate should resemble the metastable form rather
than the stable form. The expectation would generally be
that, in the case of dehydration, all anhydrates would be
statistically equally favored. OP030026L
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