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Introduction

When & compound exhibita polyrnorphism—the ex-
istence of more than one crystal structure—it may be
important to obtain a particular polymorph under
controlled and reproducible conditions, However, this
is not always easy to schisve, Tales of difficulties in
obtaining ¢rystals of a. particuiar known form or in
reproducing results from another laboratory (or even
from one’s ownl) abound. Indeed, there are casss
‘where it was diffteult to obtain a given polymerphic
form even though this had previously been ohtained
routinely over long time periods. Several monographs
contain explicit or passing references to these prob-
lems,! but much of this lore has gone undoctimented,
ezpecially in the last 30 years or ao. In this Account
we present and discuses old and new examples.

Crystallization ia a process taken for granted by
most practicing chemiats; the majority of the tech-
niques were developed long ago and are described in
all standard Jaboratory textbooks, It is the standard
method for purifying solid compounds, snd-chemista
generally believe that thay can control the process, at
least when it yields the desired product. What is
disturbing ahout the phenomenon of disappearing or
elugive polymorphs is the apparent loss of control over
the process: we did the experiment last week and got
this result, and now we cannot repeat it/ This kind
of atatement can lead to raised ayebrows or even to
outepoken expressions of disbelief, We have ourselves
experienced the frustration of net being able to
reproduce an experimental result that was undoubt-
adly obtained earlier. ‘

Crystallization: Nucleation and Growth

The process of crystallization of & compound from
solution or from the melt is poorly understond. At
least two stages must be distinguished: the formation
of a critieal nucleus and its subsequent growth. The
firat step s decisive in that it can be regarded as being
agsociated with a free energy of activation and is
therefore rate limiting. Under suitable conditions,
that step may be delayed almost indefinitely. For

Jack [ Ounitz wae bom T Glasgow, Scolfand, in 1823 and sludied ehesrfalry at
Glasgow Univareily, Following a decada of posldocloral sluz'se al Oxlard, Caligeh,
NIH, and the Rairal inlttwy'on, Longon, he moved b (he ETH In 2urkch as protsssar
ol chemical crysial ':th, 4 posl ha hetd untl his rellrament In $883. He Js Lha
autho; of X«Haymua%z ls e’ Iha Structura of Organlc Molecules (173) and gﬁllh
E. Helloroonar) Refackons on Symmety In Chermislry.... ang Elsswhers (1684).

Josl Barnsialn was bom In Cleveland, OH, in 1947, He recelved hs BA. In
chefulsiry from Cornell Univ%:'?r in 1962 and Ph.D, In phﬂsk:a] chemfalry from Vale
in 1867." Followirg posidocioral etta b chamival crysiallography al UCLA with K.
N. Teysblood and organk: selid stale chamfstry &l ke Welzmenn (ngtilule with G. M.
J. Sehmidt ka maoved Lo the Ben-Gudon U raia of |ha Nogev tn Eesr Shva
Iszasl, where ke )3 now prolessor cf chemisly. Hia research interasis include a
varialy of aspacts of the cnemlstry of Yie omanic solld slate, ncluding polymarphiam,
siructyre—acivify salslionskips, hydrogen bonding, and oigenic conductor.

instance, Faraday® oheerved that molten sulfur in a
flask cooled to room tempsrature did not entirely-
sclidify, When a drop of the fluid material was
touched, it immediately crystallized; untouched, some
drope wers retained for a week in the fluid state.
Faraday neted that this supercooled state of sulfur is
analogous to that of water coolsd below its freezing
point, although the temperature difference is much
greater (the freezing point of sulfur is 119 °Ck De
Coppet found that samples of salol (phenyl salicylate)
could be kept in the liquid stats at room temperature
for periods of several years? When nucleation is
rapid, the formation of many nuclei leads to many
crystals, whereas slow nucleation tends to produce a
gmaller number of larger crystels. Of course, stirring,
ghaking, or other disturbances of the liquid phase
during the crystallization process can affect the out-
come,

A striking cese where nucleation was decisive in
determining the result of a crystallization experi-
ment has been described recently.* Sodium chlorate
(NaClOg) erystallizes in the chiral space group P213;
that ia to say, individual crystals of this substance may
oeeur In enantiomorphic forms. Normelly, crystal-

lization from seluticn produces the enantiomorphs in

roughly equal numbers, Kondepudi, Kaufman, and
Singh® found, however, that stirring an agueous
golution of this substance leads to & predominance of

* Correapondencs may bo directed Lo elther author.
I'ETH

{ Ben-Curion University.

1 B“kgl;ﬁ', H. E. Grystal Growth; Wiley: New York, 1961, Tipsen,
R. 8. Cryatallization and Resryatallizstlon. [n Technigue of Orgonic
Chem iel?; Weicaberier, A., Ed,; Intaracience Publisbara, Inc.: New York,
1966; Volume 11I, Part I, Cheptar III, pp 885-662. Healden, A.; 8lnger,
P. Cryetals and Crystal Geowolng; Doubleday: New York, 1960.

(3) Feraday, M. Bxperimental Reszarchas in Chemistry ond Physloe;
Taylor and Francis: Lardon, 1858; p 212. On the following page, Faraday
spologized for not having seknowledged obearvations atong gimilar Linea
mada earlier {in 1819) by M. Belland: *[very fully join in the regret...that
ecientific taan do not know more perfectly what hae besn done, or what
their companiona are deiny; but Lam afrald the misfartune ls Inevitable,
1t in certainly impossible gr any person who wishes to agend a portion
of 'his time to chemlcal experitent, to read all the hooke and papers
that are published tn connectlon with hia pursult; thelr number I
immenass, aod the labsur of winnawing out the fow cxperimantal and
theoretical triths whith In yeany of them are embarrassed by a very
largs propartion of uninteresting matter, of imagination, nnd of errer,
{a aucg. LE:t most peraons who try the experiment are quickly Induced
to make n selection In thelr reading, and thue, inadvertently, at times,

gsa by what is really good.” Bince Faraday's times, these difficultiea
Eswe multiphicd out of sl propartion, but wa may still use ke words to
apalogiee 1o any aclentists whore works we may similerly have over-
lookad.

(3) Da Cappet, M, L.-C. Ann. Chim. Phyz. 1007, 10, 467. “La aurfuzion
dure done depuis blentst 6 ana” In another expsiment, de Coppet
reported that a asmple of sodium sullaie, superssturated with respest

ta tha decehydrate, had still not crystallized afer 26 yenrs. In geheral,

the higher the temperature to whith the liquid war raisad and the lenger
the time it was held ek high tamperaluve, the more reaiatant the liquid
wag bo crystallization. Heating & liquid Jasim:ra resldual order.

(4) }v;grldg J. M. Cartar, R. L, Angew. Chem. 1001, 103, 298; Angew,
Chem., Int, Ed. Engl, 1091,'20, 389,

(&) Kondspudi, D. K; Kaulwen, R. I; Bingh, N, Science 1880, 250,
973,
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crystals of one handedness, sometimes right, some-
times left, but net depending on the direction of
atirring. In checking this result, McBride and Carter
showed by video recording that a single nucleation
event can produce almost all of the crysbala formed:
* ..Crystals begin nucleating at random, but the firat
crystal to be struck by the stirrer clones hundreds or
thousands of new nuclei. Growth of a0 many nuclei
soon lowers the concentration of the solute below the
thresheld for spontaneous formation of primary nuclei,
80 that there is no way to begin crystallization of the
enantioimer.”

Seeding

One way of influencing the crystallization process
is by seeding, and hers we need to differentiate
between what we mey term intentionat and uninten-
tional seeding, Intentional aeeding is a common
practice among chemists wha wish to coax crystalliza-

tion of a compound from solution or from the malt;

amall crystals or erystallites of the desired material
(seeds) are added to the system. In this way, the rats-
limiting nucleation step, which may be extremely alow,
i eirecumvented. For this method to bs applied, it is
of courae necessary that a sample of the crystalline
materiel is available; that is, the compound muat have
been elready crystallized in a previous experiment.
When polymorphic forms of a substance are known
to occur, intentional seeding with one of the poly-
morphe is & useful and often the most succeseful way
of preferentially producing it rather than the other.

Seeding may also oceur if emall amounts of the
crystalline materiel are present as eontaminanta:
unintentional seeding.” Unintsntional seeding is often
invoked as an explanation of phenomena which oth-
erwise are difficult to interpret. We shall argus in
favor of this explanation, although there is no con-
gseneus about the size and range of activity of such
seeds, which have never actually been directly ob-
served.” Estimates of tha size of a critical nucleus
range from a few tena of molecules to a few million
molecules.? With a size of about a million molecules,
even 8 apeck (107% g) of & compound of moleculer
weight 100 contains approximately 1(‘® molacules,
sufficient to- make 10 such nuclei. One can think of
local seeding, whera the contemination may apply to
the experimentalist's clothing, a portion of a room, an

. entjre room, 8 building, or even, with increasing

degrees of impleusibility, to & district, a town, &
country, a continent, and o on. In the limit we have
what has been proposed as universel seeding (pian-
etary seeding would be & mors accurata expression),
where the whole planet is assumed to be contami-
nated.? A seed that promotes formation of a crystal-
lization nucleus need not necessarily be composed of
the same molecules as the compound that is to be
crystallized. Spechs of dust, smoke particles, end
other small foreign bodies can act as seeds in promot-

(8)1t is well-knoom that 1t {a often diffleult to cryatallize a newly
synthaslzed compoupd. Subsequent cryeballizations mey bo oasier,
hecause of the prezence of suitabls seeds,

{7) Chriniste and phyaicitts have long besame accuntomed ta poatulat-
{hg models as explonatlons for phewomena that cannot be directly
obsarved. Tha existancs of atame 16 perhaps the clrvaic sxemple.

(8) Mullin, J. W. Crystalfizatior, 3rd cd.; Butterworth-Helneman
Ltd,: Qaford,1958; pp 183—185.

(9} The slzim for “universsl seeding”, taken lteratly, iz obyiously
bsurd. After all, the unlverse la estlmated to contaln sbout a millimole
of stars, 60 one esed par ster (per golar gystem)—not much—would need
about 100 kg of the compotnd In questlon (MW & 100),
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ing ctystallization, which is the reason laboratery
chemista often acrateh the walls of a glass vesael with
a glass rod to encourage a solute to crystallize.'”

Polymorphism

We have mentioned the phenomenon of palymor-
phism, which is commonly understood as connoting
the ability of a compound (or of en elsment) to
erystallize in mere than one diatinet crystal structure.
According to McCrone,!* “A polymorph is a solid
crystalline phase of a given compound resulting from
the poseibility of at least two different arvangements
of the molecules of that compound in the solid state.”
Because polymorphs have different structures, they
may differ greatly in density, hardness, solubility, and
optical and electrical properties; e.g., diamond and
graphite are two polymorphic forms (allotropes) of
carhon. Many compounds are known to crystallize in
polymorphic forms. In the inorganic and mineralogi-
cal fields, thase semetimes have different names, e.g.,
Zn8, wurtzite and sphalerite; CaCO;, calcite, arago-
nite, 2nd vaterite; Ti0y, rufile, brookite, and anataae;
but, more generally, different polymorphic forms ave
denoted by letters, A, B, Cor a, §, v, ete., or hy Roman
numerals, 1, 11, 111, etc., depending on the preférence
of the discoverer. McCronal! has provocatively sug-
gested that “every compound haa different polymor-
phic forms, and that, in general, the number of forms
known for a given compound is proportional to the
time and money spent in research on that compound.”
In support of this, McCrone observes that many
compounds of industrial importance (l.e,, those on
which & great deal of time and money are spent) are
known to exhibit polymorphism: siliea, iren, caleium
gilicate, sulfur, soap, pharmaceutical products, dyes,
and explosives. Such compounds, unlike the vast
majority of compounds that are isclated, are prepared
and crystailized not juat once but repeatedly, under
conditiona that may vary slightly from time to time.
Similarly, in the biomolecular-area, where much time
and effort is invested In attempts to cryetatlize pro
teins under many slightly different conditions, poly-
morphism is frequently observed.’® The universality
suggeeted by MeCrone’s statement may, however, be
considerably tempered by the fact that fewer than 6%
of the compounds in the Cambridge Structural Date-
base (CSD) are known to be palymorphic (although it
must be admitted that crystallographers typically
choose gne erystal specimen from their sample and
leave it at that). Moreover, some very widely studied
compounds have shown no svidence of palymorphic
behavior, even though they have been crystallized and
handled for many years under a far-ranging veriety
of conditions; naphthalene is an example that im-
mediately comee to mind.

Here we shall be concerned ezclusively with molec-
ular cryatals, where the molecule may have the same
shape in the two polymerphs or it may have a different
ghape, resulting in what hag been termed “conforma-

(103 *Auch das Relbam mit elnsm Qiagatab an der Wendung des
Gafagsea echa/ft Keime, an daren Vorhandenaein die Kristallleation
bunden |at.* Organikum; YEB Deuticher Verlag der Wianenschafven:
T Mebsche . . Polsm e In Phoreyand Chamio o 4
1) MeCrone, W. C. Polymorphi n Physics a mistry ¢
Organis Solid Seate; Fox, D, Labes, M. M., Welscherger, A, Bds;
Interscisnce: New York, 1965; Vol. IT, pp T26~767.

(12) Por exnmple, acoording ta the Pratetn Data Bank (dietributed
by Breskhasen National Laboratary, Upton, NY), the extannively studied
himan hemoglobln 1s known 1n monoclinde, orthorhombic, and te1zagonal
maodifieations; lysazyme in triclinic, monochnie, orthorhamble, trigonal,
tetragonal, and haxagonal ones,
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Figure 1, Free energy va temperature disgrama for two polymorphs, with crossing pointa where their free energies croge: left,

enantiotrapic system; right, monotrapic system,

tional polymorphiam”* McCrone'a criterion!! is that
polymorphs are different in crystal structore but
identical in the liquid or vapor states. This implies
that crystals contzining molecules with different
atomic arrangements are to be clasged as pelymorphs
if the meleculea concerned interconvert rapidly in the
mslt or in solution to give the same equilibrium
mixture. Thus, this definition would encompaes not
only confprmatipnal izgomers but all kinds of isomera
in dynamic equilibrium. In phase-rle terminology,'
the various polymorphe and the liquid obtained by
melting them conatitute a one-component system (ar
a two-component system if we congider solution of the
polymarphs in a given solvent).

Clearly, thiz definition is not completely satiefactory
and leaves geveral kinds of berderline cases open: are
syn- and anti-oximes in the solid state to be classed
as polymorphs or as separate compounds? What
about the various molacular species involved in the
complex equilibria among open-chain and cychc forms
of saccharides {constitutional and configurational poly-
morphe)? How long are we supposed to wait for
equilibrium te be establiehed? Should different hy-
drates or solvates of a given compound be classified
as polymorphs? (The term pseudopalymorphism has
been proposed to cover such cases.) Definitive answers
to these and similar questions cannot be given; they

‘depend on one’s point of view. In the same way, thers

seems to be no unequivocal way of distinguishing
between polymorphic transformatione and aolid-state
chemical reactions. There are borderline cases that
show characteristic features of hoth, -

In molacular erystale, free energy differences be-
tween polymorphs are usually quite amsli, a matter
of a faw kilocalorfes/mole at most,1® and depend on
temperature, mainly because of the entropic contribu-
tion to the free energy. Becausa of the thermodynamic
reletion G = H -~ T8, the form with the higher entropy
will tend to become the thermodynamically more
stable form s the temperature ig raised (Figure 1),
Thus, over a small temperature range, and particu-
larly hetween room temperature and the moliing
point, one polymorph or another can change from
being the stable form to being metastable. If the

{18) Bernateln, J.: Hagler, A, T\ J. Am. Cham. Sos, 1978, 100, 673.
Barngtein, J. Confarmatienal Polymorphlam In Organic Solid State
Chemiziry; Deslrajn, @, Ed.; Stedier in Qrganic Chemirkry, Vol. §2;
Eltevier: Amsterdam, 1987; pp 471-618,

{14) Bee, for exampie: Findlay, A Campbell, A N.; 8mlth, N. The
Phose Rule and (13 Applications, 9tk ed.; Dover: Now York, 1951

{15) Kitaigorodakdi, A, L Adu. Struet. Res Diffe. Methoda 1879, 8, 178.

. thermodynamic transition temperature is below the

melting point, the polymorphic system s known as
snantiotropic (not to be confused with enantiotopic, a
term applied to atoma or groups in 2 molecule that
are related by an improper symmetry operation but

- not by a proper one, e.g., the two methylene H atoms

in ethanol) and the transition is in principle reversible;
if the transition temperature is above the melting

.point, then the system is menotrepic and the transi-

tion csn take place only in ane direction. A metastable
form can persist for years, or it can undergo spentans-
ous transformation to the stable form.

Mechaniems of Polymorphic Transformations

The titie of thig section promises more than it can
deliver, because the mechanisms of polymorphic trans-
formations in molecular crysials are largely unknown.
The one type of transformation for which some Jevel
of understanding can be claimed iz order—disorder
transformations, where the high- temperature phase
han essentially the same molecular arrangement as
the low-temperature one and differs from it only by
an increass in the crystailographic site symmetry of
the structural units, This increass in apparent me-
lecular symmetry is due to an increase in crystal
disorder such that the space-averaged, time-averaged
diatribution of matter hae a higher symmetry than the
instantaneous distribution in an individual unit ceil.
The reverse traneformation corresponds to the onset
of an ordering process. Such traneitions are wsually
clazsified as “aeeond-order” from the thermodynamic
point of view, and, aince they are virtually the only
ones that can be handled on e theoretical basis, they
receive the most attention in texthooka. From reading,
one might even get the impression that order—disorder
transformations are the prototype of phese transitions
in general, but this is not the case.

Presumably, as in the primaty crystallization proc-
eeg, the mechanisma of most solid—solid trensforma-
tions invalve the formation of critical nuclei of the new
phaae, followed by their growth. According to My-
nukh, ¢ the nuclaation step is critically dependent on
the presence of “suitable” defects. Dapending on the
naturse of thess dafecte, nuclei of the new phagse may
be formed &t different temperatures and grow at
different rates. Thus, defecta in the initial erystal
gtructure may be necessary for initiating (or cata.

(16} Mynakh, Yo, V. J. Cryst. Growth 1974, 38, 284; Mol, Cryst. Lig.
Cryst. 1978, 53, 467, 606,
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Yyzing) nucleation of the new phase. Indeed, in some
cases, the transformation can be induced by mechani.
cally introducing defects, for example, by scratching
the surface of the crystal with a pinpeint. On the
other hand, there are also examples where the trans-
formation ie virtually instantaneous {and in one case
even reversible), causing the crystala to “jump”. '’

Bolid-state transformationa in molecular crystals
often show a high degree of hysteresis. It may he
necessary to heat the low-temperature form to a
temperature well above the thermodynamic transition
temperature before signs of phase transformation can
be detected. Even when no solid—solid transformation
of the low-temperature form occurs below the melting
point, this is not sufficient proof that the system is
monotropic; the transformation may eimply be too
sluggish to be observed. Similarly, tranaformations
in the reverse direction, produced by cooling the high-
temperature form, are also invariably accompanied by
hysteresis, This can be a0 severe that a high-temper-
ature form can sometimes be kept indefinitely at
temperatures well below the iransition point. Thus,
N-ray structure analyses at 100 K have been made of
crystal phases mors than 200 K below their thermo-
dynamic range of sfability.!®

Vanishing Polymorphs

Woodard and MeCronet® described several cases
where, after nucleation of & more stable erystal form,
a previougly prepared crystel form could no longer be
cbtained. Other exarples were described by Webb
and Anderaon,® who wrote, “Within the fraternity of
crystallographers anecdotes abound ebout crystalline
compounds which, like legendary beasta, are obaerved
once and then never seen again.” In a scher comment
on theae views, Jacewicz and Nayler®! criticized some
of the more exaggerated claims. While admitting the
role of seeding in promoting nucleation, they argue
that the disappearance of the metastable form is a
Jocal and temporary phenomenon and conclude that
*any authentic cryatal form should be capable of being
re-prepared, although selection of the right conditions
may require some tims and trouble.”

In most of the examples cited by these authors,
relevant questions are left unanswered. Many chem-
ists remein skeptical shout a subject that calls into
question the criterion of reproducibility as a condition
for acceptance of a phenomenon as being worthy of
acientific inquiry. Nevertheless, there are well-
documented cases of crystal forms that were observed
over g period of time but not thersafter, having been
apparently displaced by & more stable polymorph. The
relevant literature is scattered and almost impossible
to find by subject searches. In the remaining space

nn Gisg, J.; Gdgg, R; Peyne, 8. Conant, R. J, Chem, Soc., Perkin
Trang. 1, 1987, 2411. Ding, J.; Herbsf, R; Praefks, K; Kohne, B;
Ssenger, W, Acta Cgﬂaﬂagru Sect. B 1681, 47, 739, Btelner, T; Hinrich,
W.: Seenger, W, if:' R. Ibid, in press. Zamlr, 8.; Bernstain, J.;
Graenweod, D, J. Mol Cryst. Lly. Cryst. 1894, 245, 193. Elter, M. C.;
feidel, A R.J. Am. Chem. Boo. 1988, 105, 841, Kokune, B.; Preefie, K
Mann, O. Chimia 1688, 42, 133.

(18) For sxaznple, the whits high-tamperstuwrm modification of dimethyl
,6-dichloro-2,6-dihydroxytarsphthalate, unstable balow about 340 K,
ceystal stracture anslywis ab 88?( Yang, Q -C.; Richardsan, M. F.; Dunitz,

J, D. Aeta Crystallogr., Sect. B 1688, 48, 313, Richsrdaan, M. F.; Yang,
Q.-C_; Noyolny-Bragger, E.; Dunitz, J. D, Jbid, 1999, 46, 664.
(19) Woodard, Q. Dy McCrono, W. C. 7. Appl. Crysiallogr. 1875, 8,

342.
(20) Webb, J.; Anderaon, B, J. Chem. Educ. 1978, §5, 644.
) (21) Jacawiez, V, W.; Nayler, d. H, C,J. Appl. Crystaliogr. 1678, 12,
98B.
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we review published examples, pressnt some new
results, and try to put the subject into perspective. We
begin with one of the best-studied sxamples.

1,2,3,5-Tetra-0-acatyl-f-D-ribofuranose (I}, The
early history of this compound reads like 2 mystery
story. As first propared in 1946 in Cambridge, Eng-
land, by Howard, Lythgoe, and Todd,? the compound
had melting point 68 °C.

AcO OAc
0.

Ac)  OAc
I

Virtually the same melting point was measured for
material prepared by a different method in Jena by
Bredereck and Hoepfmer.® When several batches of
the same material were prepared soon afterward
{1949) in a different laboratory on the other side of
the Atlantic, in New York, by Davoll, Brown, and
Visger 2 the first three preparations had melting point
£6—-88 °C, but the fourth run yielded material with a
distinctly higher melting point, 85 °C. Around the
same time, in Jona, by dirsct acetylation of ribose,
Zinner® obtained & mixture of two tetraacetyl deriva-
tives, ohe the ribopyranose and the other the ribo-
faranese, with a melting peint of 82 °C for the latter.

"The two high-melting compounda appeared to be

identical, although the nature of the structural dif-
ferance between them and the low-melting form was
woknown. So far, 6o geod; innumerable examples of
polymorphism are known. The low-melting form can
be ealled A, the high-melting one B.

After some time, however, the melting points of the
early Now York preparations had rizen to 85 °C, and
it was no longer posaible to prepere the A form.® A
sample of A was sent from Cambridge, but when it
wag exposed to the air in New York, in a laboratory
that contained samples of B, the erystals of A rapidly
became opaque and trensformed to B. In the mean-
time, transformation of A to B wes also found to have
taken place in Cambridge. Bince the A form could no
longer be obtained in the New York Jaboratory, further
experimenta involving this form were moved to distant
Loz Angeles, where it wes shown that when 1 gof A
(melting point 57 °C) wae inoculated with 1 mg of B
(melting point &5 °C), the melting point of the sample
was raised to 75—77 °C within 2 h and to 77-78 °C
overnight.?* Similar phenomena were observed in
Menchester.?® Low-melting A was first obtained, but
when B was introduced into the laboratory, the whole
of the material had the higher melting point and the
low-melting form could no longer be prepared.®?

The scene now changes to Philadelphta, where
Patterson and Groshens?® (the same Patterson as in
the Pattorgon function used in erystellography) tock
on the task of measuring X-ray diffraction data for the
two crystelline forms, Low-melting A was found to
be monaclinic, space group P2, and the crystal was

{22) Howard, G. A.; Lythgos, B.; Todd, AR, J. Chem. Soc. 1647, 1958,
(23) Bredereck, H.; Hospfuer, E. Chert. Bar. 1948, 81, BL.
1 521} Davoll, J.; Brown, D, B.; Vieser, D. W. Nature (London) 1683,
4.
(B5) Zinnes, F. Chem. Bax. 1950, 89, 163,
{26) Farrar, K. B, Naturs (Londen) 1882, 170, 896,
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Figurs 2. Stersoviews of the twao forms of I In hoth caser the view ix on the plane of C1-0-C4 of the furanose ring: upper,
ronaclinic A form; jower, orthorhombie B form. For elarity, only carbon atoms are labeled.

aufficiently stable to last for 7 weaka, At the end of
this time, erystals of B were introduced into the room.
After three days, the A crystal was unchanged, but
when powdered B was sprinkled over the A erystal,
the tatter transformed completely to B in a few
minutes. The transformed material still had the
external shape of the original A cryatal, but it was
opagque and polycrystalline with no preferrad orienta-
tion of the crystallites, Crystals of B were found to
be orthorhombic, space group P2,2;2;, with quite
different cell dimensions from A. Patterson and
Groshens noted that the molecular volume increased
by about 2% during the A to B transformation (4,
§89.9 A% B, 892.6 A%).

In the eerly 19603 it would have been a major
undertaking to determine the atomic arrangement in
theae noncentrosymmmetric erystals by X-ray analy-
si3, and [t was only some 20 years later that the crystal
gtructure of form B was determined.?? The authors
made no mention of the other polymorph. Essentially
the same gtructure was found by Poppleton 0 who
commmentad thet an attempt to prepare the “rare” A
form by application of high pressure was unsuccessfil.

Comparison of the structures of the two forms only
became possible when the elusive A form was obtained

(27)The stats of affaire was summarited by Brown et al. (Brown, G,
B.; Devall, I; Lowy, B. A, Biochem. Frep, 1055, 4, 70) aa follows: *The
formn flre} reported melted at 68° or 56* and the form melting ot 84" wes
Initdally terroed the B fortn. A nimber of Laboratorion have observed the
trangformatlon of the low melting inta the high melting form and ence
the latter iz obtsined the former is net encountared.” For another
contemporary account of the cenfuston, aee: Overend, W. &.; Slacay, M.
In The Nuclete Acids; Chargalf, E., Davideon, J. N,, Eds,; Academic
Prezs: New York, 1056; Vol. 1, p 44,

(26) Patteraon, A. L.; Groshene, B, P. Nature (London) 1054, 173, $08.

(29) James, V. J.; Blevene, J. D, Crysf, Strirct, Commun. 1879, 2, 602.

130) Pappleton, B, J. Acta Crystallogr., Sect. B 1078, 32, 2702,

in Budapest and its crystel structure determined.™
There is no gimple structural relationship batween the
two polymorphe; the crystal packing is quite different,
and although the ribose ring and its directly attached
atoms are nearly superimposable, the molecules adopt
different conforinations with respect to the orienta-
tlons of the acetyl groups abouf the bonds C2-02,
C3-03, and C6—-05 (Figure 2).

According to force-field caleulations® the intra-
molecular nonbonded potential energy of the form A
conformatlon ja lower than that of the B conformation
by 15.7 kJ mol™!; that is, the more stable molecular
structore is found in the low-melting polymorph. This
is ressonzble, because, as mentioned earlier, the
thermodynamic stability of a high-temperature form
must be due to its higher entropy rather than to its
lower potential energy (see Figure 1). The incresse
in molecular volume on going from the A to the B form
is congistent with this.

In spite of all the work done on this system, we atill
do not know the thermodynamic {ransition point,
where the two free energy curves cross. From the
many ihatances where A has been reported to trans-
form spontanepugly to B, we can infer that the
transition point lise semewhat below normal labora-
tory temperature. Thus, form A {s likely to have been
present as a metastable species during most of jts
existence, In gpite of ite thermodynamie instability
with respect to form B, it may have tended to crystal-
lize first from solution because of a more rapid rate
of nucleation, a kinetic factor. Once formed, the
eryatals of A may endure for a longer or shorter perind,
depending on the local temperatura end other factors.

(81) Czugler, M.; Kélmdn, A, Kovdes, J.; Pintér, L. Acta Crystaliogr.,
Sact. B 1881, 37, 172.
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The eolid-state transformation to B may take place
ppentaneously, or it mey be catalyzed by the presence
of seeds of B. In subsaquent erystallization experi-
ments in the same laboratory the prosence of B seeds
will circurnvent the kinetic adventage of form A; once
such seeds are present in the leboratory atmosphere,
the lower solubility of thermodynamically stable B
must 4ip the haelanee in it faver, resulting in the
virtua)] “disappearance” of metastable A from lahora.
torfes “contaminated” by B,

It ia also possible that, when firsy prepared, the A
form was preferred thermodynamically ag well as
kinetically. Although normal laboratory temperature
is nowadays taken as around 25 °C, this can hy no
means be taken as typical of former times.** Besides,
the immediate postwar period was marked by severe
fuel shortages in Europe. British end German labe-
ratories at that time must often have been consider-
ably colder then 26 °C, except in warm summer
weether. Was form A obtained in Cambridge end
densa during celd weather conditions, when the ambi-
ent temperature fell below the thermodynamic transi-
tion point? After so many years it is difficult to find
aut,

There are clearly meny questions left unanswered,
ang thig i3 typical of the information that can be
gathered today from the literature about theze phe-
nomena. The accounts of the optical rotation mess-
urements are particularly confusing. For example,
Davoll, Brown, and Visser™ raported that when a
methanolic golution of A was inoculated with a minute
amount of B, the specific rotation {o}; changed from
about —3.5° {the normel value for aplutions of A) to
elbiout ~13.5° {the normal value for solutions of B). The
authora were somewhat at a loas to explain this, since
they considered g, £ isomerism at the anomeric carbon
atom to be unlikely (although we shall encounter
exemples later), In contrast, Farrar®® found that
solutions of the two forms in chloroform hed nearly
the same specific rotation [olp of about ~12°, the value
expected for B. From thia result, correctly as we now
know, Farrar considered the difference between the
two forma to be merely one of dirnorphiam in the solid
state; equilibrium among the varlous conformational
states ic attmined rapidly in chloroform solution,
regardless of whether the solution is prepared from
the A or the B form. What about the different results
in methanolic golutiona of A and B? It seems moat
uniikely that interconversion would be slow enough
to ba ohservable from optical retstion measurements.
Our tentative conclusion is that these measurements
are unreliable. )

Benzyldene-dl-piperitons (II). The compound
was firat prepared in Sydney, Australia, in 1921 as
large pale yellow prisma (rop 59-80 °C, o form), After
a second form eppeared (mp 6364 °C, yellow rhombic
prisms, § form), it was difficult to reproduce the

Q \' '
GHy
Q
0o

original a form, and the conditions leading to each
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forma were carefully determined.® Several years later,
in St. Andrews, Scotland, only a third polymorph (mp
89--70 °C, faintly yellow small needles, ¢ form) could
be obtained,* and it was found that o and # transform
readily into y “by inoculatlon” {seeding). Once seeds
of ¥ were present, even intentional soeding of solutions
or meliz with o or § seeds yielded only the y form.
The authors wrats, “It seoms clesr, however, that the
fortuitous presence of a nucleus of the y form ie
sufficlent to suppress the production of the o end §
forms: such nuclei may have been carried from one
building to another in the two sets of 5t. Andrews
experimenta—for example, on the clothes of the
aperators—in spite of precautions.”

In 1887, the same compound was prepared in
Bangalore, India,®® by the same methad g used in
Sydney.®® Only the o form was obtainad and used in
polid-state photochemical reactions, The authors wrote,
"Innumerable attempte to obtain the § form were
met with failure®, and they did not even mention the
y form.

Benzecaine Picrate (1II). A low-melting (132 °C)
form hes been used as a pharmacopeiel standard.®® A
higher-melting (162-163 °C) form ie obtained by
drying this material at 106 °C for at least 1 h or by
vacuum drying/sublimetion (100 °C/ 0.1 mmHg).*
Experiments in two laboratories showed that, ance the

COOC,Hs NO,

O, NO,

NH, OH
i

latter form hed been obtained, the lower-melting form
could no longer be prepared. It was realized that
drastic measures were called for. All samples were
discarded, equipment and laboratory benches were
washed, and, following a waiting peried of 8—12 duys,
the low-melting form eould again be cbtained. This
“purging” procedure was followed several times with
reproducible results.

Melibiose (IV) and Mannose (V}, The Pfanstiehl
Chemicel Company, in Waukegan, IL, spscialized in
jsolating and purifying natural products. One of these
waa the disaecharide §-melibiose IV, with crystallize-
tion as the final purification atep. The production ran
into a problem:% “Then one day, for no epparent
resaon, the melibiose turned out to be of the a variety.
Try as they might, the Pfanstiehl chemists could not
get a batch of melibiose to ¢rystallize in the g form.
They finelly concluded that mere traces of the « form
in the alr or on the equipment were enough to saed
the solutions, but where it came from was never

(52) As an indleatlon of earlier typical laboratory temperatures, it may
be recalied that the calorls was defingd ea the ameunt of heat nacesesry
to raiee 1 g of watar by 1 °C at 16 *C.

{23) Resd, J.; Swalth, G. & J Chem. Soc. 1621, 118, 7718,

(34) Dewer, J.; Merrlson, D, R.; Rend, J. J. Chom. Soc. 1936, 1696.

{85) Kamagapushne, D.i Aamwmutthy, V.; Venkstesan, K. Aca
Cryztallogr., Sect. © 1987, 45, 1128.

(86) Pharmcoposa Nordica, See also The Merck Inday, 8th ed., mp 134

(87) Nielton, T- K; Borka, L. Acta Phorrm, Suee. 1078, §, 503,

{38} Ind. Eng Chem. December 1963, b 1 1n.
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determined. They gave up the manufacture cf that
particular item, but are convinced that in some other
locality in which there is not a trace of a-melibiose, it
could be posaible to crystallize the A sugar.” %
Similar problems arige with mannose V. Once the
o anomer was obtained, recrystallization from alcohol
was no longer a suitable method for purifying the 8
anomer,?® which could still be obtained from the
mixture by extraction at 0 °C with 80% aleohol.4!
We include theee two cases involving epimerization
at the anometic carbon atem as examples of polymor-
phism because they fit MeCrone's criterion; once
dissolved, a- and A-melibiose equilibrate rapidly, and
50 do ¢~ and f-mannose. Of course, each pair is
ugually regarded as two sepsrate, isomeric com-
pounds. We are here in one of those borderline areas
where inalstence on preciss definitions may not be
productive.
N-{4-Methylhenzylidene)-4-methyianilne (VI),
Over the years, we hava been interested in benzyl-
idenesnilines. In 1988 J.D.D. reported the cell con-
stants of several derivatives, among them the subtitle
compound.¥ Thiz work was repeated in J.B 'z labora.

ReAses

VI

tory in 1973,4® After a break of shout B menths the
orlginal crystals did not diffract wall, and recrystal-
lization experiments were undertaken to prepare
cryotals suitable for structure determination. For

(80) The problem may s11l exiet. From a survey of chemical cetalogs,
ineluding those of Merck, Fluka, BDH, Aldrich, and Sigme, only the o
form seems to ba available.

(40) Lavane, P, A, J. Biol. Chem, 1986, 108, 416. '

{a1)Powers, H, E. C. £, Zuckerind. 1071, 21, 272.

(42) Bilvgd, H.-B.; Dunita, J. D.; Zust, C. Acta Crystallogr., Sect. B
1960, 81, 463. .

(48) 138k, 1. enlor Thesis, Ben-Qurion University of the Negev, Beay
Sheva, 1374,
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nearly three years, meny recrystallization experi-
ments, often preceded by the synthesis of fregh batches
of the compound, wers undertaken, resulting in the
diseovery of two new polymorphic forms, but the
original one could not be obtained.* Suspecting that
our [aboratory had been “Infected” by seeds of the two
newer polymorpha, we took advantage of the opening
of a new laboratory about a kilometer away, to try
again from scratch, using new reagents, virgin glass.
ware, and a “new” student, whase contact with the old
laboretory and its inhabitants was forbidden. The
ficst attempt to prepare the ariginal form under these
conditions was successful.
3.Phenyl-1-p-tolylprop-2-enone (p“Methylchal-
cone) (VII). Ezperiments made in 1968-89 at the
ETH provide another example. Following earlier
reports that p*-methylchalcone was polymorphic,* the
compound waa obtained with a melting point close to
55 °C (Weygand's # form).*® This was the average

0
S

CHy
Vil

pnzet temperature of the melting endotherm peek in
a DSC apparatus, as obeerved for 21 crystalline
samples, reerystallized from hexane and from ethanol.
One sample, prepared by subliration, hed & higher
melting point of 75.5 °C (Weygand's a form). Shortly
afterward, it was noticed that the melting point of a
sample that had been messured thres weeks earlier
had increased from 54.6 to 76 °C. From then on, only
the high-melting form could be nhtained from numer-
ous recrystallization experiments from a variety of
golvents. Only in the DSC apparatua could the low-
melting form sometimes be obtained as microcrystals,
by supercooling the molten liguid, but these reverted
instantly to the high-temperature form when remeved
from the DSC cell {which is normally covered and
shielded from the atmosphere). The most likely
explanation is that after the high-melting « form had
heen prepered, the laboratory atmosphere was con-
tamineted by seeds of this form, which acted ag
catalysta for the solid-state transformation and as
critical muclei in the subssquent crystallization experi-
ments. The same explanation had been given many
years eatlier by Weygand:* “.,.Die Ruckverwandlung
in die stabile Form erfolgt beim Bertthren mit siner
Spur a-Produkt fast augenblicklich, in Raiimen, die
mit a-Keimen infiziert sind, meist sehr bald beim
blessen Stehen an der Luft.”

Xylitol (VIII). Two crystalline forms of xylitol wers
reported in the early literature: a metastable, hygro-
scopic moneclinic form melting at 61 °C and a stable
orthorhombic form melting at 84 °C.¥ When a sample
of the monoclinic form was introduced into a labora-
tory where the orthorhombic form had been prepared,
the crystals “changed in & few daye inte the high-

(44) Bernstcln, J.; Bar, 1; Christenaen, A, Aete Crystaflogr, Sect. B

1976, 32, 1600. Bar, 1; Bernstein, J. fbid. 1077, 33, 1736: 1982, 38, 121.
(45) Weygand, O.: Mathes, A, Justus Llebige Ann. Chem, 1820, 448,
2b

146) Moller, R. Diplomarkelt, ETH-Zurich, 1985,
{47) Wollram, M, L.; Kohn, E.J. J. Am, Chem. Soc. 1042, 64, 1733.
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melting stable form on exposure to the air of the
laboratory.” # The crystal structure of the ortho-
thombic form was determined by Kim and Jeffrey,®
who wrote: “Attempts to obtain the lower melting
moneclinic form from alcoholic solutions either at room
temperature or tlose to 0 ‘C have hitherto heen
unguiceegsfiul. We invariably grow the orthorhombic
crystals. It s interesting to note that although xylitol
was first prepared as a syrup in 1891 there was no
report of crystallization until fifty years later, when
it was the metastable hygtoscopic form that was
prepared firast. Having now obtained the stable form,
it {a difficult to recover the metastable crystals.... The
availability of appropriate nuclei in the laboratory is
clearly @ determining factor, as is well known to
carbohydrate chemists."

Concluding Remarks

VWhile we are far from being able to present a theory
of disappesring polymorphs, we hope that we have at
least taken the mystery out of the phenomenon.
Prospects for gaimng additional control over the
nucleation and growth processes are good. With the

- use of “tailor-made” impurities, the growth of a
particular crystal form can be suppressed and thereby
the growth of other forms can be promoted.® Gener-
ally, interest in polymorphs is on the increase, and
even becoming elmost fashionabie, as polymorphism
ean be regarded as a topic in supramoleculay chem-
ietry: supramolecular jsomerism, in faet.

One regular feature can be discerned. All qur
examples of disappearing polymorphs involve mol-
ecules that can adopt differont shapes: mostly mol-
ecules with conformational freedom but eome with
different configurations (epimera such as a and 2
sugare) or different arrangements of their parts (e.g.,
benzocaine plerate). In solution or in the liquid phase,
&ll these conformations will be in dynamic equilibriam.
Thera is no reason why the conformer present in the
thermodynamically stable crystal form should be the
most stable conformer in solution, One can imagine
that interconversion barriers run up to about 20 keal/

(48) Carsom, J. P.; Waisbrot, 3. W.; Jones, . T. J. Am. Chem. Soc.
1848, 85, 1777,

(49) Kdun. H. 9.; deffray, G, A. At Crystallogr, Seet. B 1889, 35, 2607.

(60} Weiaabueh, 1.; Zhalds, D.; Lelserowitz, L.; Lahav, M. J. Am. Chem.
Soc., 1987, 109, 1868,

(61) Cat’s Cradle Copyright 1963, Kurt Vonnegut, Jr., teprinted by
permisalon of Donald C, Forber, Attarney for Mr. Vonnsgut.
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mol, corresponding Lo interconversion rates up to a few
seconds, certainly not immeasurably rapid compared
with the rate of formation of critical nuclei. Thus,
formation of nuclei of a steble cryetal modification
could easily be hampered by a low concentration of
the particular conformer required, while another
conformer could be {ncorporated in rapidly growing
nucled of 2 leas atable crystal form. It is also possible
that & metastable form (at room temperature and
higher) was actually obtained as the thermodynami-
celly stable form at somewhat lower temperature
below the thermodynamic tranasition point. Unfortu.
nately, we do not. have the information that wauld be
required to check all thege pointa. In any case, we
believe that once a particular polymorph has been
obtained, it is cliays pozsible to obtain it again; it is
only a matter of finding the right experimental condi-
tiona.

Postscript

A dramatic acience-fictional implementation of the
seeding phenomengn was presented over 30 years ago
by Kurt Vonnegut, Jr., in his novel Cat's Cradle; the
following is taken from the chapter entitled “Ice-
Nine"5

“There are several ways,” Dr. Breed said to me,
“in which certain liquids can crystallize—can
freeze—several ways In which their atoma cen
stack and lock in an orderly, rigid way.”

That old men with spotted handa invited me 1o
think of the several ways in which cannon balle
might be etacked on & court-house lawn, of the
geveral ways in which oranges might be packed
into & crate,

49p it i with atoms in crystals, too; and two
diffarent crystals of the same substance ¢an have
quite different physicsl properties.”

He told me about 2 factory that had been
growing big crystals of ethylene diamine tartrate.
The crystals wera uasful in certain manufacturing
operations, he said. But one day the {actory
diecovered that the crystals it waa growing no
longer had the propertles desired. The atoms had
begun to stack end lock—to freaze—in a different
foshion, The liquid that wae erystallizing hadn't
changed, but the crystals it was_forming were, as
far as industrial applications went, pure junk.

How this hed coms sbout was a mystery, The
thaoretical villain, however, was what Dr. Breed
called “a seed”. He meant by that a tiny grain of -
the undesired crystal pattern. The aeed, which
had come from God-only-knows wheras, taught the
atoms the novel way in which to stack and lock,
to cryatalliee, to freege....
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