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Como resultado del examen de fondo realizado, con fundamento en el Articulo 45 de la
Decision 486 de la Comisiéon de la Comunidad Andina, se comunica:

1. Documentos estudiados

Descripcion:
Reivindicaciones:

Dibujos:

Oposiciones
Respuesta solicitante
Prioridad:

2. Analisis de la Prioridad

Rad.
Rad.
Rad.
Rad.
Rad.
Rad.

No.
No.
No.
No.
No.
No

14-024164-00000-0000
14-024164-00000-0000
14-024164-00005-0000
14-024164-00000-0000
14-024164-00001-0000
14-024164-00006-0000

EP 11305890.3
EP 11306033.9

05/Febrero/2014
05/Febrero/2014
19/Agosto/2014
05/Febrero/2014
21/Mayo/2014
28/Agosto/2014
08/Julio/2011
29/Diciembre/2011

Se acepta la reivindicacion de prioridad porque esta solicitud fue presentada dentro del
plazo establecido (Art. 9 D 486) y su contenido técnico corresponde con el de la

prioridad reivindicada.

3. Objeto de la invencién
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De acuerdo con lo establecido en el numeral 1.2.2.2 del capitulo primero del Titulo 10
de la Circular Unica para efectos del examen de patentabilidad, se tendra en cuenta la
tasa pagada por el solicitante al momento de comenzar el examen para las
reivindicaciones adicionales; esto es que cuando la solicitud contenga mas de diez (10)
reivindicaciones y no se haya pagado la tasa complementaria, sélo se estudiaran las
cubiertas por la tasa pagada. En el presente caso se tiene en cuenta la totalidad del
capitulo reivindicatorio presentado.

Titulo de la solicitud: “Solvatos cristalinos de hidrocloruro de 6-(piperidin-4-iloxi)-2H-
isoquinolin-1-ona”.

El problema planteado en esta solicitud consiste en la necesidad de suministrar
solvatos cristalinos de hidrocloruro de 6-(piperidin-4-iloxi)-2H-isoquinolin-1-ona.

Para resolver este problema técnico la solicitud en estudio proporciona un hidrato
cristalino de hidrocloruro de 6-(piperidin-4-iloxi)-2H-isoquinolin-1-ona.

° X
O xhei(l)

El objeto de la presente solicitud se relaciona con la Clasificacion Internacional de
Patentes (CIP): C07D401/12; A61K31/4725; A61P9/00.

4. De la Solicitud de Patente

La solicitud en tramite, que presenté el procedimiento acelerado de examenes de
patente (PPH) no puede ser concedida tal como fue en Estados Unidos, porque no
cumple con los requisitos necesarios contemplados en Colombia de acuerdo a lo
establecido en la Decision 486. Adicionalmente, la solicitante no presenta el capitulo
reivindicatorio tal como fue concedido en los Estados Unidos tal como se evidencia con
la lectura de las reivindicaciones contenidas en la tabla comparativa del radicado N°14-
024164-00005-00000; por lo tanto es procedente a realizar el requerimiento de 45.

Reivindicaciones (Art 30 D 486, Art 22 PCT)

Las reivindicaciones 1-6 no son claras cuando emplean el término “hidrato cristalino”
porque se refiere a una forma cristalina, la cual no se caracteriza apropiadamente
debido a que no presentan el patrén de difraccion de rayos X en mono cristal, el patréon
de difraccion de rayos X en polvo (DRXP) con por lo menos los 10 picos
correspondientes a las intensidades de los haces difractados o a los espacios
interplanares dna Segun los indices de Miller (hkl) medidos de acuerdo con el angulo de
difraccién de Bragg 26 en el intervalo mas representativo comprendido entre 5° hasta
90°, las espectroscopias Raman e IR, la espectroscopia RMN-C*3, o, los métodos de
analisis térmico: TGA, DTA y DSC. Para el caso de las reivindicaciones 4-6, aunque
mencionan 1, 3 y 6 picos caracteristicos del DRXP respectivamente, no es suficiente
para caracterizar la forma cristalina, toda vez que para propositos de identificacion de
las formas cristalinas es conveniente identificar por lo menos 10 picos caracteristicos
en el DRXP y listarlos con sus rangos de tolerancia®. Por lo tanto, se solicita eliminar las
reivindicaciones del pliego reivindicatorio o definir los polimorfos segun sus
caracteristicas técnicas esenciales.

Las reivindicaciones 8-10 y 13 no son claras cuando emplean los términos “un
ingrediente  activo adicional’, “agente antidiabético”, “ingredientes  activo
hipoglucémicos”, “agentes antihipertensivos”, “bloqueantes de los receptores beta”,

1 H.G. Brittain. “Polymorphism in Pharmaceutical Solids”. Segunda Edicién, Informa Healthcare, NY,
2009. P4gs. 334y 335
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“bloqueantes de los canales de calcio”, “inhibidores de la renina-angiotensina”,
“inhibidores de la ACE”, entre otros, porque no define los componentes de la
composicion por compuestos especificos, lo que hace que se obtengan un numero
indefinido de composiciones que no encuentran soporte en la descripcion. Se sugiere al
solicitante restringir el alcance de la invencion a componentes especificos.

Las reivindicaciones 8-14 no estan soportadas en la descripcién porque en ninguna
parte de la misma se encuentra que se haya obtenido alguna composicién o producto
farmacéutico que comprenda un ingrediente activo adicional al solvato de hidrocloruro
de 6-(piperidin-4-iloxi)-2H-isoquinolin-1-ona. Se solicita restringir el alcance de la
invencion de acuerdo a lo debidamente soportado en el capitulo descriptivo.

5. Andlisis de las Oposiciones
Argumentaciones de Lafrancol S.A.S.

Afirma la sociedad oponente que “...las composiciones y combinaciones farmacéuticas
que se refieren a solvatos cristalinos de hidrocloruro de 6-(piperidin-4-iloxi)-2H-
isoquinolin-1-ona, y un compuesto adicional (...) son practicas y eventos totalmente
conocidos en la industria farmacéutica...” Sustenta lo anterior con base en el texto “The
Merck Index”, citando de este las patentes EP 89167 y US 4572909, que se refiere al
principio activo Amlodipino. Ademas, sefiala que “...la solicitud en comento pretende
reivindicar combinaciones, los cuales no se consideran invenciones. En este sentido, la
mezcla (Combinaciones) de productos (Moléculas) conocidos y su variacion, bien sea
en uso, forma, dimension o de materia, NO se consideran invenciones por cuanto no
son susceptibles de aplicacion industrial, nivel inventivo y novedad, luego NO pueden
acceder a beneficios patentarios (...) un efecto sinérgico nuevo no se considera
inventivo como tal, dado que puede ser obvio para una persona versada en la
materia...” Finaliza diciendo que la solicitud carece de novedad y nivel inventivo frente
a los documentos WO2008/077550, WO2007/012421, WO2009/080335 y CAIRA M R,
“Crystalline polymorphism of organic compounds”, sin dar explicacion alguna al
respecto.

Respuestas del Solicitante

En primer lugar, la solicitante aclara que modificéd el capitulo reivindicatorio solicitando
la validacion por via PPH. En segundo lugar, respecto a los argumentos de la opositora
Lafrancol S.A.S. sefiala que “El opositor nunca estudia el objeto de proteccion de la
presente solicitud de patente. Aun mas, se limita a reproducir una copia de los
documentos citados en el informe de busqueda hecho a la presente solicitud cuando se
encontraba en la fase internacional (...) queda demostrado que el opositor no presenta
argumentos o pruebas que demuestren que la presente solicitud carece de los
requisitos de patentabilidad...” Sin embargo, la solicitante se refiere a los documentos
citados por el opositor y sefiala que “el compuesto reivindicado en la presente solicitud
(solvatos cristalinos de hidrocloruro de 6-(piperidin-4-iloxi)-2H-isoquinolina-1-ona)), es
diferente del agente Amlodipino que menciona el opositor, e igualmente difiere de los
compuestos mencionados en las referencias D1, D2 y D3, siendo con ello un
compuesto novedoso”. En cuanto al nivel inventivo indica que “D1 se ha tomado como
el arte previo mas proximo a la solicitud. Dicho documento revela el compuesto (l):
clorhidrato de 6-(piperidin-4-iloxi)-2H-isoquinolina-1-ona (...) A partir de D1, una
persona versada en la materia tendria que en principio elegir un hidrato como solvato,
dando una forma sdlida al compuesto (I). Como segundo paso, debe elegirse el
dihidrato especifico en forma cristalina. En D1 no existe ninguna sugerencia que
permita a un experto hacer estas elecciones, asi como tampoco existe dicha
sugerencia en D2 o en D3 (...) El documento D4 por su parte no menciona hidrocloruro
de 6-(piperidin-4-iloxi)-2H-isoquinolina-1-ona, ni la posibilidad de que este compuesto
particular pueda existir como un hidrato o mucho menos como un dihidrato o alguna
forma cristalina del mismo.”
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Respuesta del Examinador Técnico

En cuanto a la oposicion presentada por Lafrancol S.A.S., el documento The Merck
Index, y la mencion de las patentes EP 89167 y US 4572909, referenciadas en dicho
documento, no resulta util para afectar la novedad o el nivel inventivo de la invencion,
toda vez que no pertenecen al mismo campo técnico de la invencién, es decir, no se
refieren o siquiera mencionan solvatos cristalinos de hidrocloruro de 6-(piperidin-4-
iloxi)-2H-isoquinolina-1-ona.

Ahora bien, respecto del documento WO2009/080335, se encuentra que no afecta la
novedad o el nivel inventivo de la invencion, toda vez que a pesar de divulgar el
compuesto 6-(piperidin-4-iloxi)-2H-isoquinolina-1-ona, no se refiere especificamente a
la sal hidrocloruro del mismo.

Por otra parte, en cuanto a los documentos WO2008/077550, WO2007/012421, y
CAIRA M R, “Crystalline polymorphism of organic compounds”, si bien la sociedad
opositora no argumenta como afecta la novedad o el nivel inventivo de la invencién, del
analisis de dichos documentos, esta Oficina considera que desvirtian yanto la novedad
como el nivel inventivo de la invencidon como se expone adelante.

6. Determinacidon del Estado de la Técnica
El estado de la técnica se determiné con base en la fecha de presentacion de la

solicitud de prioridad, 08 de julio de 2011, y se encontraron los siguientes documentos
gue anticipan el objeto de esta solicitud:

Fecha de
Publicacion

03/Julio/2008

item Documento Titulo

Substituted isoquinoline and isoquinolinone derivatives as
inhibitors of Rho-kinase
D2 | WO2007/012421 P|per|d|nyl-substltuteq |soq_um_ol_one derivatives as Rho-
kinase inhibitors

D3 Articulo Crystalline polymorphism of organic compounds 1998

D1 | WO2008/077550

01/Febrero/2007

D1? divulga (pag. 30, lineas 15-19, pag. 62-63, compuesto 51) el compuesto
hidrocloruro de 6-(piperidin-4-iloxi)-2H-isoquinolina-1-ona hidratado.

D23 divulga (pag. 21, lineas 15-19; pag. 41, compuesto 12) el compuesto hidrocloruro
de 6-(piperidin-4-iloxi)-2H-isoquinolina-1-ona hidratado.

D3* ensefia (todo el documento) el estudio del polimorfismo como una tarea rutinaria
dentro del campo farmacéutico y que la variedad de formas cristalinas de un
compuesto permiten variar propiedades como la solubilidad, estabilidad, velocidad de
disolucion entre otras.

7. Examen de Patentabilidad (Art 14 D486)
Novedad (Art 16 D486)
La reivindicacién 1 consiste en consiste en un hidrato cristalino de hidrocloruro de 6-

(piperidin-4-iloxi)-2H-isoquinolin-1-ona, en donde el hidrato contiene 1.85 a 2.2
moléculas de agua por molécula.

2 http://worldwide.espacenet.com/publicationDetails/originalDocument?CC=WO&NR=2008077550A1&KC
=A1&FT=D&ND=3&date=20080703&DB=worldwide.espacenet.com&locale=en_EP

3 http://worldwide.espacenet.com/publicationDetails/originalDocument?CC=WO&NR=2007012421A1&KC
=A1&FT=D&ND=3&date=20070201&DB=worldwide.espacenet.com&locale=en_EP

4 Mino R. Caira; Crystalline Polymorphism of Organic Compounds; Topics in Current Chemistry, Vol. 198
© Springer Verlag Berlin Heidelberg 1998, pags. 163-208.
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Comparacion de las caracteristicas técnicas esenciales, con las del estado de la técnica:

Caracteristicas esenciales D1 D2
E'(Iad(rﬁoi Cgﬁg?::?f_i?oexsgﬁfﬂoruro Hidrocloruro de 6-(piperidin-4- Hidrocloruro de 6-(piperidin-4-
iso uiﬁc?lin-l-ona en donde el iloxi)-2H-isoquinolin-1-ona iloxi)-2H-isoquinolin-1-ona
hid?ato contiene 1 85222 hidratado (pag. 30, lineas 15-19, | hidratado (pag. 21, lineas 15-19;
. ' "y pag. 62-63, compuesto 51) pag. 41, compuesto 12)
moléculas de agua por molécula

Las caracteristicas esenciales del compuesto de la reivindicacion 1 habian sido
divulgadas previamente en los documentos D1 y D2, los cuales ensefian el compuesto
hidrocloruro de 6-(piperidin-4-iloxi)-2H-isoquinolin-1-ona obtenido de una solucion
acuosa, es decir, hidratado (D1: pag. 30, lineas 15-19, pag. 62-63, compuesto 51; D2:
pag. 21, lineas 15-19; pag. 41, compuesto 12).

El hecho de mencionar que el hidrato es cristalino no le confiere novedad a la
invencion, toda vez que el presunto pseudopolimorfo no esta debidamente
caracterizado mediante el patron de difraccion de rayos X en mono cristal, el patron de
difraccion de rayos X en polvo (DRXP) con por lo menos los 10 picos correspondientes
a las intensidades de los haces difractados o0 a los espacios interplanares dng segun los
indices de Miller (hkl) medidos de acuerdo con el angulo de difraccion de Bragg 26 en
el intervalo mas representativo comprendido entre 5° hasta 90°, las espectroscopias
Raman e IR, la espectroscopia RMN-C*3, 0, los métodos de andlisis térmico: TGA, DTA
y DSC. Por lo tanto, la reivindicacion 1 no es nueva segun lo divulgado en los
documentos D1y D2.

Asimismo, los documentos D1 y D2 divulgan composiciones farmacéuticas que
comprenden hidrocloruro de 6-(piperidin-4-iloxi)-2H-isoquinolin-1-ona y un principio
activo adicional (D1: pag. 38, lineas 28-30; D2: pag. 29, lineas 25-28).

En consecuencia, las reivindicaciones dependientes 2, 3 y 7-14 no mencionan alguna
caracteristica que haga nuevo al compuesto de la reivindicaciéon 1, por lo cual se
considera que no son nuevas.

Nivel Inventivo (Art18 D486)

La reivindicacion 4 consiste en un hidrato cristalino de hidrocloruro de 6-(piperidin-4-
iloxi)-2H-isoquinolin-1-ona, que tiene reflexiones en un difractograma de rayos X sobre
polvo utilizando radiacién Cu Kas, a 7.7+0.2 grados 2theta.

Comparacion de las caracteristicas técnicas esenciales, con las del estado de la técnica:
Caracteristicas

. D1 D2 D3
esenciales
Hidrocloruro de 6- Hidrocloruro de 6- | Los compuestos organicos
Hidrato  cristalino  de (piperidin-4-iloxi)- (piperidin-4-iloxi)- | tienden a formar diferentes

; 2H-isoquinolin-1- 2H-isoquinolin-1- | polimorfos, donde cada uno tiene
hidrocloruro de 6- : . ; :

S Do ona hidratado (pag. | ona hidratado el potencial de poseer
(piperidin-4-iloxi)-2H- li . li : . lubili
isoquinolin-1-ona 39, ineas 15-19, (pag. 21,, ineas proplgdades Unicas (SF),UbI idad,

pag. 62-63, 15-19; pag. 41, densidad, punto de fusién, entre
compuesto 51) compuesto 12) otros)

gue tiene reflexiones en
un difractograma de
rayos X sobre polvo
utilizando radiacién Cu
Ko, a 7.7+x0.2 grados
2theta

Ensefia que la caracterizacion de
formas cristalinas para un mismo
No se menciona No se menciona compuesto por medio del patrén
de difraccion de rayos X es un
método convencional

1. Determinacién del estado de la técnica mas cercano:
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Los documentos D1 y D2 se consideran el estado de la técnica cercano a la invencion
definida en la reivindicacion 4 porque divulga el compuesto hidrocloruro de 6-(piperidin-
4-iloxi)-2H-isoquinolin-1-ona (D1: pag. 30, lineas 15-19, pag. 62-63, compuesto 51; D2:
pag. 21, lineas 15-19; pag. 41, compuesto 12).

2. Determinacion de las diferencias técnicas de la invencién con respecto al estado
del estado de la técnica méas cercano:

La diferencia entre la invencién definida en la reivindicacién 4 y el compuesto d los
documentos D1 y D2 consiste en que revela una forma cristalina del compuesto
hidrocloruro de 6-(piperidin-4-iloxi)-2H-isoquinolin-1-ona correspondiente a su dihidrato
caracterizado por su difractograma de rayos X.

3. Determinacién del efecto técnico obtenido por las diferencias técnicas de la
invencion con respecto al estado de la técnica mas cercano:

Segun la descripcibn de la solicitud efecto técnico que logra la diferencia es
proporcionar hidrocloruro de  6-(piperidin-4-iloxi)-2H-isoquinolin-1-ona  dihidrato
cristalino.

4. Establecimiento del problema técnico objetivo a solucionar con base en el estado
de la técnica mas cercano:

El problema técnico objetivo que pretende resolver esta invencion se puede formular
como la necesidad de obtener formas sélidas del compuesto hidrocloruro de 6-
(piperidin-4-iloxi)-2H-isoquinolin-1-ona.

5. Comprobacion de la solucién al problema técnico objetivo de la solicitud:

No hay evidencia que permita comprobar un efecto técnico superior del
pseudopolimorfo de la solicitud respecto del compuesto del arte previo. Por lo tanto se
puede concluir que no existe un efecto técnico probado, porque no se demuestra las
ventajas de la forma cristalina de hidrocloruro de 6-(piperidin-4-iloxi)-2H-isoquinolin-1-
ona dihidrato reclamado en la actual solicitud con respecto al mismo compuesto
divulgado en los documentos D1y D2.

6. Evaluar si habria sido obvio solucionar el problema técnico objetivo por la
invencion reivindicada:

La solucion al problema técnico planteado por la invencion reclamada se considera
obvia porque la persona del oficio normalmente versada en la materia conoce que la
determinacién de la existencia del fendbmeno del polimorfismo obedece a la aplicacion
sistematica de técnicas rutinarias en el sector farmacéutico. Es asi como la anterioridad
D3 divulga que los compuestos organicos tienden a formar diferentes polimorfos y
cuando de un compuesto se puede aislar diferentes formas cristalinas, cada una tiene
el potencial de poseer propiedades Unicas (solubilidad, densidad, punto de fusion,
entalpia de fusion, reactividad quimica, conductividad eléctrica, entre otros), por lo que
el quimico, quimico farmacéutico, o ingeniero quimico tiene la posibilidad de elegir
segun sus necesidades en una aplicacion en particular. Asimismo, el documento D3
ensefia el pseudopolimorfismo, manifestado mediante la formacion de hidratos y
solvatos, que la determinacién de la existencia de polimorfos y pseudopolimorfos es
rutinaria y una vez determinada la existencia de este fendmeno en un compuesto,
mediante métodos practicos se pueden preparar las formas especificas hasta llegar a
su desarrollo a gran escala. También, que la gran mayoria de los pseudopolimorfos se
obtienen por cristalizacién del compuesto organico del respectivo solvente, donde este
ultimo se incorpora en el mismo cristal (pags. 164, 177).

También es conocido en el campo técnico que los polimorfos son diferentes arreglos
estructurales dentro de un cristal de una misma molécula o sustancia, por lo tanto una
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persona del oficio normalmente versada en la materia, conociendo que en los
documentos D1 y D2 se divulga el compuesto hidrocloruro de 6-(piperidin-4-iloxi)-2H-
isoquinolin-1-ona, y que en la anterioridad D3 se conoce que el fendmeno del
pseudopolimorfismo se da ampliamente en los medicamentos de uso farmacéutico,
esta persona se encontraria motivada a utilizar métodos como los revelados en D3
para determinar la posibilidad de existencia de pseudopolimorfos y posteriormente
identificar las formas polimérficas de la molécula en cuestién, que ademas pueden ser
analizadas por métodos de cristalografia conocidos (Pags. 180-185). De tal manera, no
es posible concluir que la caracterizacién del hidrato de hidrocloruro de 6-(piperidin-4-
iloxi)-2H-isoquinolin-1-ona en la actual solicitud envuelva actividad inventiva, como
quiera que la molécula misma ya era conocida con anterioridad; es decir, la
identificacion de la forma cristalina reclamada y caracterizada mediante la técnica de
DRX, no representa un avance técnico real y tampoco un salto cualitativo a la regla
técnica porque el efecto asociado no fue demostrado en la descripcion de la solicitud,
comoquiera que las pruebas permitieron determinar que no hay ventajas reales del
dihidrato de hidrocloruro de 6-(piperidin-4-iloxi)-2H-isoquinolin-1-ona con respecto al
hidrocloruro de 6-(piperidin-4-iloxi)-2H-isoquinolin-1-ona hidratado conocido con
anterioridad, que permitan afirmar un efecto realmente inesperado asociado con la
estabilidad.

En consecuencia, una persona del oficio normalmente versada en la materia,
encontraria la sugerencia o motivacion suficiente aplicando los métodos Yy
conocimientos que se tiene sobre el polimorfismo revelados en el documento D3, al
compuesto  hidrocloruro de  6-(piperidin-4-iloxi)-2H-isoquinolin-1-ona  hidratado
divulgado en las anterioridades D1 y D2, con el fin de determinar la existencia de la
forma cristalina del del dihidrato de hidrocloruro de 6-(piperidin-4-iloxi)-2H-isoquinolin-1-
ona, tal como la reivindicada.

De acuerdo con lo expuesto, la reivindicacion 14 no cumple con el requisito de nivel
inventivo (Art. 18).

Puesto que las reivindicaciones dependientes 5-14 no mencionan caracteristicas
inventivas adicionales tampoco se pueden considerar inventivas.

8. Conclusién

Los requisitos de patentabilidad de la presente solicitud estan afectados asi:

Item Documento Reivindicaciones afectadas Requisito que afecta
D1 W02008/077550 1-3y7-14 Novedad
D2 W02007/012421 1-3y7-14 Novedad
D1 WQ02008/077550 4-14 Nivel inventivo
D2 W02007/012421 4-14 Nivel inventivo
D3 Articulo 4-14 Nivel inventivo
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En cumplimiento del articulo 45 de la Decision 486 de la Comision de la Comunidad
Andina, se le indica que debe dar respuesta dentro del término de sesenta (60) dias
contados a partir del dia siguiente de la fecha de notificacion de la presente comunicacion.
En caso de no dar respuesta al presente requerimiento, o0 si a pesar de la respuesta
subsistieran los impedimentos para la concesion, se denegara la patente.

Se invita al solicitante se sirva indicar, si asi lo considera, su renuncia al término faltante de
sesenta (60) dias para dar respuesta a este requerimiento y presentarla por escrito.
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Crystal polymorphism is encountered in all areas of research involving solid substances. Its
occurrence introduces complications during manufacturing processes and adds another
dimension to the complexity of designing materials with specific properties. Research on
polymorphism is fraught with unique difficulties due to the subtlety of polymorphic trans-
formations and the inadvertent formation of pseudopolymorphs. In this report,a summary of
thermodynamic, kinetic and structural considerations of polymorphism is presented. A wide
variety of techniques appropriate to the study of organic crystalline polymorphism and pseu-
dopolymorphism is then surveyed, ranging from simple crystal density measurement to
observation of polymorphic transformations using variable-temperature synchrotron X-ray
diffraction methods. Application of newer methodology described in this report is yielding
fresh insights into the nature of the crystallization process, holding promise for a deeper
understanding of the phenomenon of polymorphism and its practical control.
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1
Introduction

The protean nature of a chemical substance, reflected in its ability to crystallize
in different structural arrangements (polymorphs), has since its discovery [1]
been a source of both fascination and frustration for chemists. At a given
temperature and pressure, only one polymorphic form of a substance is
thermodynamically stable, all other forms being metastable. Since the rate of
transformation of metastable polymorphs to the stable one may be slow, it is
quite common to encounter several polymorphs of a single compound under
normal laboratory conditions. Organic compounds tend to form different poly-
morphs owing to weak, non-directional intermolecular interactions which exist
in the solid state. When a compound can be isolated in different polymorphic
modifications, each with the potential of possessing unique properties (solubi-
lity, density, melting point, enthalpy of fusion, chemical reactivity, electrical con-
ductivity, to name a few), the chemist, pharmaceutical chemist, or chemical
engineer is presented with a degree of flexibility of choice for a particular appli-
cation. Balanced against this flexibility, however, are the considerable practical
difficulties that can arise, both in ensuring reproducible preparation of a speci-
fic polymorph and, during the lifetime of its application, preventing its spon-
taneous transformation to an undesirable form. Since free energy differences
between polymorphic forms of a given substance are generally around a few
k] mol™' [2] and the process of crystallization is affected by many physical para-
meters (e.g. nature of the solvent, cooling and stirring rates, temperature, pres-
sure, presence of impurities), minor variations in preparative conditions can tip
the balance in favour of crystallization of a polymorph which is not necessarily
the thermodynamically stable one. This element of unpredictability in the out-
come of the crystallization process has serious implications for solids design in
crystal engineering [3], where the required specificity of molecular organization
in the crystalline state is crucial.

Various aspects of organic crystalline polymorphism and its occurrence in
the fine chemicals, pharmaceuticals and other industries have been the subjects
of several recent reviews. With varying degrees of overlap, these reviews can be
roughly grouped into the following, according to their focus: thermodynamic
and kinetic aspects [4-7], structural aspects [2, 3,8-17], methodology [18-27],
the crystallization process [28-34] and polymorphic control [35,36]. The reader
is referred to the above for a comprehensive view of what is a rather pervasive
phenomenon in chemistry and whose pursuit is currently enjoying an upsurge
of interest from solid-state researchers [5].

This report describes some recent developments in the understanding of the
thermodynamic, kinetic and structural aspects of organic crystal polymor-
phism with an emphasis on the application of newer methodology used for its
study, since this is one of the areas in which significant progress has been made
in recent years. Numerous examples of polymorphic systems are described to
illustrate the applications of both older and newer techniques for their inves-
tigation. These include studies of pseudopolymorphism manifested by hydrates
and solvates of the parent organic molecule. Finally, the crucial question of
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control in polymorphism is briefly addressed with a view to illustrating current
strategies and their implications for the design of solids.

2
Crystal Polymorphism — Theoretical Principles and Practical Implications

2.1
Background - The Role of Polymorphism in the Production of Materials

Many of the inconsistencies encountered in product performance in the chem-
ical, chemical engineering, pharmaceutical, food and related industries can be
attributed to polymorphism. An important example is inconsistent behaviour of
drug substances upon dissolution which may have a direct influence on bioavail-
ability. This arises because different polymorphic forms of the same drug may
have solubilities which differ by an order of magnitude [24]. Inadvertent
production of the ‘wrong’ polymorph at the crystallization stage following syn-
thesis or at any of the intermediate processing stages can therefore result in
pharmaceutical dosage forms which are either ineffective or toxic [37,38]. Spon-
taneous polymorphic transformations mediated by solvents is common [4] and
liquid preparations of metastable drugs frequently lose their effectiveness due
to precipitation of less soluble, thermodynamically more stable polymorphs or
pseudopolymorphs. A case in point is the antiprotozoal agent metronidazole
benzoate which, when stored as an aqueous suspension below 38°C is meta-
stable, leading to precipitation and growth of the insoluble monohydrate
[39,40].

Dunitz and Bernstein [5] have recently documented several cases of “van-
ishing” polymorphs. These are usually metastable forms which, despite their
thermodynamic instability, may have crystallized preferentially due to more
rapid nucleation. Such metastable forms may persist and be used for many years
before being “displaced”, when a thermodynamically more stable form is pre-
pared. Attempts to regenerate the original polymorph are frequently met with
failure. Specific compounds with such a history include e.g. 1,2,3,5-tetra-
O-acetyl-B-p-ribofuranose, benzocaine picrate and xylitol. This disturbing
phenomenon extends to pseudopolymorphs. A previously known monohydrate
of the antibiotic ampicillin has not been obtained since the appearance of the
trihydrate [24]. A possible explanation for this behaviour is that after minute
particles of the stable polymorph enter the environment, they eventually be-
come widely disseminated (“planetary seeding” [5]) and serve as nuclei promo-
ting crystallization of their own kind exclusively.

Manufacturing processes including crystallization scale-up, drying, heating,
compression and milling can induce polymorphic transformations [24] and it
follows that careful quality control is necessary at all stages to monitor undesi-
rable changes. Systematic investigation of a compound to determine whether it is
prone to polymorphism, as well as the nature of the polymorphism (enantiotro-
pic or monotropic) [23], is routine practice in pharmaceutical pre-formulation
studies. Identification of the different polymorphic forms of a drug substance,
determination of their chemical and physical properties, thermodynamic
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stabilities, and temperatures and rates of interconversion are essential for en-
suring drug preparations with reproducible behaviour [24]. Already, legislation
requiring drug manufacturers to provide information relating to the occurrence
(or apparent absence) of polymorphism in their products has been introduced
[41]. Demonstrating the absence of a tendency to polymorphism is not easy;
most substances when investigated for a sufficiently long time will reveal more
than one polymorph [42].

Successful preparation of crystals of organic compounds having special prop-
erties (e.g. second-harmonic generation, metallic conductivity) may hinge on
polymorphism, only one polymorph of the compound in question displaying
the desired property. Bernstein has recently described representative systems
which clearly illustrate the relationship between a polymorphic structure
(a crystal architecture characterised by well-defined molecular interactions)
and the unique physical properties which that structure confers on the solid
material [13].

These remarks serve to emphasise some of the more important practical
implications and consequences of polymorphism. Overcoming the problems
encountered requires a deeper understanding of the processes of nucleation,
crystal growth and polymorphic transformation. Several recent studies relating
to these topics are reviewed in the next section.

2.2
Crystallization and Polymorphic Transformations — Thermodynamic

and Kinetic Considerations

Crystallization of a specific polymorph from a melt, solution or vapour, com-
mences with nucleation, i.e. the formation of a critical “embryonic” nucleus
which is the structural blueprint for subsequent development and growth of the
macroscopic crystal. The factors determining nucleation rate (e.g. the associa-
ted Gibbs free energy of activation, molecular volume, interfacial energy) gene-
rally differ for polymorphs of the same substance [4]. Since, in a supersaturated
solution, nuclei of all possible polymorphs of the dissolved substance may be
imagined to exist [36], the outcome of crystallization is kinetically complicated
by competitive nucleation processes. Thermodynamic considerations of poly-
morphic crystallization include Ostwald’s law of stages [4, 43], according to
which, at high supersaturation, the first form which crystallizes is the thermo-
dynamically least stable (most soluble) form. This form subsequently dissolves
and transforms into a more stable one. The cycle continues until only the
thermodynamically stable (least soluble) polymorph remains. The practical
implication is that it should be possible to isolate the different polymorphs of
a given compound at different levels of solution supersaturation and hence
exercise some control over the crystallization process.

As regards polymorphic transformations in general, two types are distinguis-
hed, namely enantiotropic and monotropic [23]. These can be described in
terms of the Gibbs free energy G, which has a minimum value for the thermo-
dynamically stable phase of a polymorphic system and larger values for meta-
stable phases and is such that the polymorph with the higher entropy will tend
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Fig. 1a—c. Gibbs free energy vs temperature for: a a dimorphic system, exhibiting; b enan-
tiotropy; ¢ monotropy

to become the stable form at higher temperature (species B in Fig. 1a). Above T,
(the transition temperature), B is the stable polymorph while A is metastable
and vice versa at temperatures below T,.In an enantiotropic system (Fig. 1b), the
free energy curve for the common liquid phase L intersects the A and B curves
at T>T,. In this case, the lower melting form (A) is stable at T < T, the higher
melting form is stable at T >T,, and the transition between the two forms is in
principle reversible. Since transition temperatures in practice are often in the
range 20-200°C, one practical implication of enantiotropy is that conversion of
one polymorph into another may be favoured during routine manufacturing
processes [24]. On the other hand, for a system displaying monotropy (Fig. 1¢),
curve L intersects those for A and B below T, and the higher melting form (A) is
always the thermodynamically stable one. Thus, below the melting point, only
one form is stable and the other metastable. In practice, if a desired metastable
polymorph is obtained during manufacture, it can revert to the stable poly-
morph under suitable conditions (e.g. in suspension, via solvent-mediation, or
during compression). It follows that to prepare a specific polymorph and be
aware of its possible fate during handling, it is advantageous to know the transi-
tion temperatures and thermodynamic stabilities of all the forms that may
appear in the system [24].

The general considerations above highlight the importance of nucleation and
the role of environmental conditions (e.g. solvent, temperature) in the crystal-
lization of polymorphs as well as their interconversions. These areas continue to
be the subject of intense interest especially in the context of polymorphic
control in crystallization.

Some fundamental aspects of the nucleation process have been investigated
by molecular dynamics (MD) methods. In a recent review [44] the advantages
and limitations of molecular cluster models in simulating the dynamics of
nucleation and phase changes have been discussed. In this approach, molecular
dynamic simulations are correlated with experimental nucleation rates extrac-
ted from electron diffraction patterns of molecular supersonic jets. The dynam-
ics of freezing of ammonia, CCl, and water, and the phase transformations of
t-butyl chloride have been analysed. A useful feature of the MD computational
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approach is visual representation of phase transformations. Figure 2 illustrates
MD-derived images of a crystalline cluster of 188 molecules of ¢-butyl chloride
at various stages of freezing. MD simulations show that when sufficiently super-
cooled, the tetragonal phase spontaneously transforms to a lower temperature,
ordered monoclinic phase. Diffraction patterns computed from the MD mole-
cular packing were consistent with experimental neutron powder patterns for
this phase.

Other investigators [45] have recently designed a numerical model to de-
scribe nucleation and growth of polymorphs with the aim of calculating the
temporal sequences of precipitation and phase transformation in metastable
solutions of polymorphic substances. Another group has recently modelled the
formation and aggregation of polymorphs in continuous precipitation [46].
Consideration was given to the simultaneous growth and agglomeration of two
different polymorphs as well as the case of nucleation of a single polymorph
which subsequently transforms into a second one. The results indicated that the
ratio of the nucleation rates, the ratio of the growth rates, and the aggregation
tendencies determined polymorphic product composition as well as particle
size distributions. This study is important since simultaneous precipitation of
different polymorphs is encountered frequently in industrial crystallizations.

A mathematical phase-field model for the kinetics of isothermal polymor-
phic crystallization has recently been proposed [47], according to which crystal-
lization involves rapid relaxation of the metastable state followed by nucleation
and growth of the polycrystalline phase. Computer simulations were used to
obtain results which could be tested experimentally using X-ray scattering ex-
periments. Growth rates of different polymorphic polymers have also been
investigated [48]. Simultaneous development of spherulites of different poly-
morphs occurs at different rates under isothermal conditions. From observation
of interspherulitic boundaries between the a- and y-forms of polypivalolactone,

Fig. 2a-c. Images of a crystalline cluster of ¢-butyl chloride molecules at various stages of
cooling, looking down the threefold molecular axis: a orientationally disordered tetragonal
phase at 130 K; b nucleus of monoclinic phase growing in tetragonal phase at 80 K; ¢ ordered
monoclinic phase at 50 K after transformation. Surface molecules tend to be disordered at all
temperatures. (Reprinted with permission from [44], copyright 1995 American Chemical
Society)
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their relative growth rates could be determined. The thermodynamics and
kinetics of crystallization of large molecules from solution have been discussed
[49]. Modelling of the crystallization of protein molecules indicated that the
concepts and numerics of colloid stability theory are appropriate.

Recent studies of polymorphic transformations in organic crystals mediated
by melt, solution and interface have been reviewed [4]. Interface-mediated
transformation has only recently been recognized as a distinct mode of poly-
morphic transformation. It involves nucleation and growth of a new polymorph
through mass transfer across the interface connecting single crystals of two
different polymorphs and it differs from solid-solid transformations in that a
microscopic solution layer is required as an interface. Transformations medi-
ated by melt, solution and interface are usually more rapid than solid-solid
transitions; for the latter, the activation energy is larger due to the fact that
nucleation and growth of the new phase within a second phase involve diffusion
and structural rearrangement at the reaction interface. The fundamental
thermodynamic relationships governing polymorphic solid state transitions
have been reviewed [6]. It has also been pointed out that the mechanisms of
polymorphic transitions in molecular crystals are largely unknown, though
order-disorder transitions are understood in reasonable detail [5]. An impor-
tant technique for studying solid-solid transformations is thermal analysis and
a review of the basic thermodynamic principles for interpreting thermal anal-
ysis data for both polymorphic and pseudopolymorphic systems has appeared
[23]. Kinetic and thermodynamic aspects of the thermal decomposition of
inclusion compounds (a special class of pseudopolymorphs) have also recently
been discussed [50].

Theoretical and experimental studies of the role of solvent on polymorphic
crystallization and phase transformations abound in the literature of the last few
years and some pertinent examples are described here. For solvent-mediated
transformations, the driving force is the difference in solubility between dif-
ferent polymorphs. An important earlier paper on the kinetics of such phase
transformations [51] described a model featuring two kinetic processes in solid
to solid phase changes via a solution phase, namely dissolution of the metastable
phase and growth of the stable one.

The effect of solvent on the crystallization of polymorphs has recently been
investigated [43] using as a model compound the antibacterial sulphathiazole
whose four known polymorphs are well characterised. The study, whose express
intention was to test the Ostwald law, involved crystallization of the pure poly-
morphic forms of the drug, solubility measurements and crystallizations from
various solvent systems. Systematic variation of supersaturation was employed
in an attempt to crystallize each of the four forms of sulphathiazole, as predicted
by the Ostwald law. Solubility studies showed Form I to be the most soluble
form, followed in order by Forms II, IV and III. The supersaturation crystalliza-
tions using acetone, acetone-CHCl; (3:2), n-propanol and water, revealed that
only the acetone-CHCI, system yielded results in accord with theory, Forms I, III
and IV being isolated from it by varying the supersaturation. Crystallization
from n-propanol, for example, yielded only Form I at all supersaturation levels.
Thus, the finding that some solvents selectively favour the crystallization of a
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particular form (or forms) indicated that, while supersaturation is an important
factor determining crystallization of polymorphs, the solvent may play a dom-
inating role which is not thermodynamic in nature, but rather kinetic. The pro-
posed mechanism, namely selective adsorption of different solvent molecules
on specific faces of particular polymorphs, is consistent with that suggested
earlier [52] for the effects of additives and solvents on crystal morphology. Such
specific adsorption might result in inhibition of nucleation of certain poly-
morphs or retardation of their growth, allowing other, thermodynamically less
favoured, polymorphs to crystallize instead.

The mechanism of a solvent-mediated transformation may change with com-
plete change of solvent, or more subtly, when a gradual change in polarity is
effected by dilution of the original solvent with another. The effects of the
solvent systems water [53] and ethanol/water [54] on the crystallization of
L-histidine polymorphs have been investigated. In aqueous solution at the iso-
electric point, it was found that both the A and B polymorphs precipitate with a
nearly constant ratio over a wide concentration range. However, slow trans-
formation from B to A (which does not occur in the absence of solvent) was
observed and pure A could eventually be isolated. This transformation involves
smooth growth of the stable A polymorph and dissolution of the metastable
form B. The ratio of the rate constants for the appearance of A and the dissolu-
tion of B indicated a growth-controlled mechanism for the transformation. In
subsequent experiments investigating the effect of added ethanol, however, it
was found that the fraction of polymorph A in precipitates decreased rapidly
with increasing volume fraction of ethanol in the mixture, and pure B could be
obtained when this fraction was 0.4. An explanation for the change in growth
mechanism with added ethanol, based on the decreased concentration of poly-
morph A, was proposed [54].

This type of behaviour is not confined to polymorphs but may extend to
pseudopolymorphic forms such as hydrates and solvates. A recent case of
solvent-mediated phase transformation involved polymorphic and pseudopoly-
morphic forms of thiazole carboxylic acid [55], where the transformation is
again sensitive to the composition of the mixed solvent. Three forms of the com-
pound are known, an anhydrous form, a 0.5 hydrate, and a 1.5 hydrate. In
50-80% solutions (% = vol.% MeOH-H,0), transformation of the 1.5 hydrate
to the 0.5 hydrate was observed while transformation to the anhydrous form
occurred in 85-100% solutions. No transformation occurred in 0-30% solu-
tions. Detailed study of a solvent-mediated polymorphic transition has also
been carried out for the antiulcerative agent cimetidine [56] for which seven
polymorphic forms are known. An important feature of this study was the sys-
tematic use of seed crystals to induce crystallization at different supersaturation
ratios.

The possibility of relating solvent effects to polymorphic crystallization at the
molecular level may be realized when the individual crystal structures of the
polymorphs are known. An analysis of this kind was carried out for the anti-
inflammatory drug piroxicam [57] which was found to crystallize as the a-poly-
morph from proton donor and basic solvents, but as the B-polymorph from
non-polar solvents. On the assumption that crystallization of the drug requires
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release of solvent molecules from acceptor and donor sites on the molecule,
it was possible to reconcile the observed intermolecular hydrogen bonding
arrangements in the crystals (infinite chains in a-, cyclic dimers in -) with prob-
able sites of solvation on the piroxicam molecule in solvents of different polari-
ties. In this way, formation of the a- and B-polymorphs from different solvent
systems could be rationalised. Combination of polymorphic crystal structural
data with appropriately detailed solvation models could be a useful adjunct to
the existing methods of rationalising or predicting the outcome of polymorphic
crystallization from solution.

23
Polymorphism - Structural Considerations

Dunitz has recently developed the theme of the crystal as an ordered supra-
molecular entity [2]. From this perspective, different polymorphic modifica-
tions of a given compound may thus be regarded as “supramolecular isomers”.
In discussing the possible structural arrangements occurring in crystals of poly-
morphs, a convenient distinction may be made [3] between rigid molecules (e.g.
planar chloro-aromatics) and those with conformational flexibility (e.g.
N-benzylideneanilines). In the former case, different polymorphic structures
frequently display common features such as similar intermolecular directional
contacts, layer stacking and unit cell dimensions which are related in a simple
way. Conformational polymorphism, the existence of different conformers of a
flexible molecule in the various crystal structures [58], may be expected to occur
when the conformational energy minima differ by less than about 8 k] mol-'. If
the energy barriers separating these minima are sufficiently low, these con-
formers may co-exist in solution and slight variations in crystallization con-
ditions may lead to their individual isolation as conformational polymorphs
[11]. Systems of this type have been exploited to study both the influences of the
crystalline environment on molecular conformation as well as the properties of
molecules which depend strongly on conformation [13]. An example of con-
formational polymorphism in which the structural arrangements are dictated
by non-directional van der Waals forces only is shown in Fig. 3. The molecule in
question is probucol, a drug used to control blood-cholesterol levels. Here, inter-
molecular hydrogen bonding between hydroxyl groups in the crystals is preven-
ted owing to intramolecular steric crowding of these groups by neighbouring
t-butyl substituents. The molecules adopt distinctly different conformations in
the two polymorphs [59], the more symmetrical conformation approaching
point symmetry C,,.

Figure 4 shows representative hydrogen bonded (N-H---O, C-H---O) layers of
planar nitrofurantoin molecules occurring in the a- and B-polymorphs [60]
which are triclinic and monoclinic, respectively. In this system, the molecular
conformations in the two polymorphs are indistinguishable but the symmetries
of their intermolecular hydrogen bonding schemes differ significantly. The
common molecular conformation shown here occurs in five modifications (two
polymorphs and three pseudopolymorphs) of this compound [61]. The three-
dimensional crystal structures of the polymorphs result from close stacking
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Fig. 3. a Molecular structure of probucol; b stereoview of the crystal structure of Form I;
c stereoview of the crystal structure of Form II. (Adapted from [59] with permission)

b

Fig.4a,b. Hydrogen bonded layers in nitrofurantoin polymorphs: a a-form; b f-form (Adapt-
ed from [60] with permission)
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(~3.2 A) of the respective layers shown in Fig. 4. This example conveys an idea
of the variations in polymorphic structural arrangements that are possible with
molecules containing hydrogen bonding functionalities.

During the last few years, the development of graph set analysis [16] has
greatly facilitated the visualisation and comparison of polymorphic structures.
Here, hydrogen bonding networks are classified as belonging to one of four
distinct patterns, each specified by a designator (G in general): intramolecular
(S), chains (C),rings (R), or other finite patterns (D). Further specification of the
number of donor (d) and acceptor (a) atoms as well as the total number of atoms
(n) comprising the pattern yields a concise and informative description of the
hydrogen bonding arrangement, G3(n). A simple illustration of the use of graph
set descriptors is given in Fig. 5 for a polymorph of thalidomide (space group
C2/c, Z=38) [62]. Alternating hydrogen bonded ring motifs exist in this poly-
morphic structure as a result of bifurcated hydrogen bonding involving the
N-H group. In contrast, the other known racemic modification of thalidomide
(space group P2,/n, Z=4) [63] contains only centrosymmetric dimers of the
type R3(8). Application of graph set analysis to three polymorphs of iminodia-
cetic acid [64] has led not only to facile comparison of the crystal structures, but
has also provided a basis for concise description of the polymorphic transform-
ations occurring in that system. Thus, e.g. transformation of one polymorph
of the acid into another is simply described as a conversion of R3(4) into R%(8).
It has been pointed out that graph set analysis of hydrogen bonded systems also
provides a means for seeking systematic correlations between the resultant
patterns that demonstrate “hydrogen bond pattern functionality” [16]. This con-
cept may be useful in the prediction of crystal structures as well as for the design
of materials with desired supramolecular features. Extension of the graph
set approach to encompass intermolecular atom-atom interactions other than
hydrogen bonding for the classification of polymorphic crystal structures is
envisaged as a natural and desirable development and more widespread use of
this classification can be expected in future.

Elucidation of detailed polymorphic structural features and structural chan-
ges accompanying polymorphic transformations relies heavily on the single
crystal X-ray diffraction technique. The inability to produce single crystals in
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Fig.5. Graph set notation for hydrogen bonded ring motifs in a polymorph of thalidomide
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the laboratory (especially for metastable polymorphs) has hindered progress in
research on polymorphism. If, however, a polymorph is available in a powdered
crystalline form and a computational method exists for predicting possible
three-dimensional crystal structures, then the latter can be used to generate
computed X-ray powder patterns for comparison with the experimental pattern.
While the scope of the present review does not permit detailed exposition of the
approaches and algorithms employed in crystal structure prediction, a sum-
mary of some recent developments, especially as they relate to polymorphism, is
in order. The studies of polymorphism and crystal structure prediction are
indeed two facets of the same topic [65]. Additional powerful motivations for
predicting crystal structures include a better understanding of the crystalliza-
tion process as well as the design of new solid materials. The reader is referred
to several recent treatments of crystal structure prediction [66-70]. Comments
on some of these methods and their applications follow.

In the atom-atom potential (AAP) method as implemented in the program
PROMET [66], symmetry operations (e.g. a screw axis, centre of inversion)
appropriate to the chosen space group, are applied to a molecule in fixed con-
formation (possibly optimised previously by a molecular mechanics calcula-
tion) to generate molecular clusters. Following a search for the most stable
clusters on the potential hypersurface (calculated using empirical atom-atom
potentials), translation is applied to generate one or more periodic structures.
Packing energies are computed and acceptable structures are optimised. This is
a very useful means of generating a series of polymorphic structures for a given
molecule. In this approach, consideration is usually given to only the most
populous space groups (93 % of organic molecules being confined to 18 space
groups [71]) thereby running a small risk of an incorrect choice. If an exper-
imental X-ray powder pattern of the material is available, the correct crystal
structure may be identified by comparison with computed powder patterns
from the candidate structures generated by PROMET. In a study using this pro-
cedure [72] several literature cases were selected, for each of which the crystal
structure of one polymorph had been determined, and mention was made of the
existence of a second polymorph whose crystals were unsuitable for complete
structural elucidation by X-ray analysis. Only unit cell and space group data
were available for these undetermined polymorphs. Each starting molecular
conformation was assumed to be the same as that in the corresponding fully
characterised polymorph and was submitted to the PROMET procedure. In all
cases, satisfactory structures were generated, with predicted unit cell data in
good agreement with the experimental ones and with packing energies in the
expected ranges. These results represent authentic crystal structure prediction,
assisted by partial X-ray data. The method is therefore an alternative to direct
methods of structural solution and also implies that, provided cell and space
group information can be acquired, full structure determination without dif-
fraction data is feasible. The authors of this study are less optimistic as regards
true ab initio crystal structure prediction for numerous reasons, among them
that packing energies for polymorphs of the same compound are always very
similar, rendering the choice of the correctly computed structure difficult in the
absence of other data, and that the occurrence of polymorphs containing mole-
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cules in different conformations is common. The point was also made that the
correct energy ordering of polymorphic structures by computational methods
may bear no relation to the experimental situation, where kinetic factors may
determine which polymorph actually crystallizes under given conditions.

The AAP approach, with some variations, has recently been applied with
varying degrees of success to the prediction of several other structures in-
cluding, in order of increasing molecular complexity, high pressure solid phases
of benzene [73], the three polymorphs of sulfanilamide [74], and the low and
high temperature phases of poly(p-hydroxybenzoic acid) [75].

An ab initio molecular packing analysis procedure (program mpa) which
avoids any prior assumption of space group symmetry has recently been de-
scribed [76]. Only the molecular structure and the force field are required as
inputs and the program finds intermolecular energy minima for packed arrange-
ments for any given number of molecules comprising the asymmetric unit.
Space group symmetry operations are predicted in this procedure and suc-
cessful application to the crystal structures of urea and benzene were reported.
It is significant that the energy minimisation for the urea structure converged
to the correct space group (P42,m) which has a frequency of occurrence of
only 0.39 %.

Quantum mechanical methods have also been applied to crystal structure
prediction. A recent example involved the use of ab initio crystal field methods
with the SM (supermolecule) model and the PC (point charge) model applied to
the three known polymorphs of glycine [77]. Comparison of the optimised
structures with published X-ray structures for these forms indicated that the
quantum-mechanically based SM model employing a 15-molecule cluster pro-
duced results in better agreement with experiment than the PC model which
describes the crystal environment purely electrostatically.

Despite the varying degrees of success attainable by such computational
methods, a survey of the recent literature on this subject seems to indicate that
crystal structure prediction by theoretical methods is more rapid, has greater
chances of success, and consumes far fewer computing resources when coupled
with other techniques which provide additional experimental data for the crystal
in question. (Examples of such combined studies are discussed in Sect. 3.2). At
the same time, it can be argued that successful ab initio crystal structure pre-
diction (i.e. assuming only the molecular structure as given) by whatever means
possible in the future, would represent a very significant advance in the under-
standing of the fundamentals of the crystallization process. Regarding the fea-
sibility of crystal structure prediction in general, some philosophical and tech-
nical points have been discussed, together with excellent practical recommen-
dations for a programme of experimental and theoretical studies for elucidat-
ing the basic principles of organic solid-state chemistry [78]. This is seen as a
prerequisite to the solution of the problem of crystal structure prediction.

Some new insights into the nature of organic crystal polymorphism have
been gleaned from a recent systematic analysis [79] of data for polymorphic
structures retrieved from the Cambridge Structural Database. A total of 345
crystal structures were reduced to 163 clusters (a cluster referring to a group of
two or more polymorphs of the same compound). These clusters comprised 147



176 M.R. Caira

with 2, 13 with 3, and 3 with 4 partners. Differences in molecular properties (P)
(e.g. density, molecular volume, packing coefficient, AAP-calculated packing
energies and other thermodynamic properties) were computed between cluster
members (i, j) as AP=P;-P; or AP=100(P;- P;)/P; (j>1) for a total of 204 data
points. Both monovariate and bivariate statistical analyses were performed on
the data, yielding several revealing trends and correlations. Histograms of dif-
ferences in properties between polymorphic pairs, shown in Fig. 6a-c, indicate
respectively that differences in crystal packing energies, densities and lattice
vibrational entropies for polymorphs are rather small while Fig. 6d reveals that
an appreciable proportion (actually 18%) of polymorphs have Z'>1 (where Z’
is the number of molecules in the crystal asymmetric unit). Some further impor-
tant conclusions drawn from this study are as follows: both calculated and ex-
perimental values for the relative stability of crystal polymorphs are currently
subject to large uncertainties; polymorphs with Z’ >1 are as stable, or even more
stable than those with Z’=1; higher crystal density is, as expected, found to
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Fig. 6a-d. Histograms of differences in properties between polymorphs: a AE (packing
energy, %); b AD (density, %); ¢ AS (lattice-vibrational entropy, ] K™! mol™); d AZ" (no. of
molecules in the asymmetric unit). (Reprinted with permission from [79], copyright 1995,
American Chemical Society)
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correlate with higher packing energy. Finally, from the observation that 24 % of
the polymorphic pairs analysed comprised both a centrosymmetric and a non-
centrosymmetric partner, it was concluded that the link between molecular
properties and centrosymmetry of crystals is evidently weak. The reader is
referred to this seminal study [79] for the full exposition of the above conclu-
sions and their justification, as well as further perceptive observations on the
phenomenon of polymorphism.

3
Methodology for the Study of Crystal Polymorphism

3.1
Review of Preparative Methods

Research on the polymorphism of a new molecular entity normally commences
with experimental screening which can indicate the occurrence of more than
one crystalline form of the substance. An inexpensive method of such testing is
hot stage microscopy (HSM), which has been used very extensively and effec-
tively by a leading proponent [80] for many years to provide preliminary indi-
cations of the presence of crystalline polymorphic and pseudopolymorphic
(solvated), as well as glassy (amorphous) forms, all of which may have practical
utility. Pseudopolymorphic forms are molecular adducts containing solvent of
crystallization and have been classified [37] as stoichiometric solvates and non-
stoichiometric inclusion compounds possessing channel, layer or cage (clathrate)
structures. Procedures for detecting the existence of multiple forms by HSM
have been outlined [37,81]. These include, for example, the observation of solid-
solid transformation upon heating the substance, observation of transformation
(spontaneous or mechanically induced) following the freezing of a melt, and
detection of gas evolution as bubbles from pseudopolymorphs immersed in
silicone oil during heating (indicative of a solid— gas +solid transformation).
Once the existence of multiple forms is established, practical methods for the
preparation of specific forms on a larger scale may be explored. Frequently,
recrystallization of the compound from solvents or solvent mixtures spanning a
wide polarity range is effective in producing several of the different forms in suf-
ficient quantity for complete characterisation by the analytical methods to be
discussed. Most pseudopolymorphs are prepared by crystallization of the parent
organic compound from the respective solvent, whereupon the latter becomes
incorporated in the new crystal. Recrystallization from a mixed solvent system
may yield a pseudopolymorph containing either or both solvents. Exposure of
the parent organic compound to vapours may also result in the formation of
pseudopolymorphs (as occurs e.g. when anhydrous drugs react with atmos-
pheric water to form hydrates). This is exemplified by the drug indomethacin,
for which four polymorphic forms (I-IV) have been identified [82]. Crystalliza-
tion of the commercially available Form I from over fifty solvents yielded Forms
I,IL, IV and mixtures of these, as well as a number of pseudopolymorphs [83]. To
ensure subsequent reproducibility in the preparation of specific forms by
crystallization, careful attention to the details of solvent purity, degree of solu-
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tion agitation, temperature, supersaturation and the rate of cooling of the solu-
tion is necessary. Detailed methods for isolating metastable polymorphs from
the melt or from solution have been reviewed [81].

Desolvation of a pseudopolymorphic form by controlled heating leads to the
formation of a polymorph or a mixture of polymorphs of the parent compound,
hence providing an additional route to isolation of such species. For example, for
indomethacin quoted above, twelve pseudopolymorphs with the general for-
mula indomethacin - (solvent), (n=0.2-1.1) were isolated [83] and their pro-
ducts of desolvation were characterised. Whereas mixtures of Forms I and II
resulted from heating the benzene, CCl,, CHCl; and toluene pseudopolymorphs,
pure Form II was obtained from desolvation of the acetone pseudopolymorph.
The most soluble (and pharmaceutically desirable) polymorph, Form IV, was
obtained in a pure state by desolvation of the pseudopolymorph containing
methanol.

A technologically very important and potentially beneficial feature of some
polymorphs obtained in this way is the possibility that they may acquire altered
rheological or other properties (flowability, texture, particle size distribution,
compressibility) when compared with the same polymorphic crystalline forms
obtained by direct crystallization from solution. Two examples of considerable
pharmaceutical relevance may be cited, namely those of lactose and paraceta-
mol. The lactose used as an excipient in pharmaceutical tablets and capsules is
a-lactose monohydrate. It was found that thermal dehydration of this species or
desiccation of a-lactose containing methanol yielded a stable product with
superior binding properties and excellent flowability [84]. Tablets prepared by
compaction of the stable product had an overall porosity nearly equal to those
of tablets prepared with the original materials. The very poor compression
abilities of paracetamol prompted an investigation of solvation/desolvation as a
process for preparing pure paracetamol with improved properties [85]. A
crystalline hemisolvate of paracetamol was prepared by cooling a hot saturated
solution of the drug in dioxane. Desolvation of this species yielded pure parace-
tamol with significantly improved technological properties including flowabili-
ty, die filling, and hardness/pressure profile. A crucial point is that this improve-
ment was not attributable to the production of a new polymorphic form of the
drug; the X-ray powder diffraction pattern of the desolvated material was the
same as that of the commercially available, monoclinic polymorph of paraceta-
mol. However, detailed examination with scanning electron microscopy reveal-
ed that desolvation produces material with an unusually porous, sintered-like
texture which lends itself to compression more readily than other forms of the
drug. Interestingly, solvation/desolvation using other oxygen-donor solvents
(e.g. acetone, cyclohexanone) yielded paracetamol in the same (monoclinic)
form but failed to produce paracetamol crystals with the required texture. An
earlier review on polymorphism [37] lists several drug pseudopolymorphs
whose desolvation leads to significant particle-size reduction (or microniza-
tion) of the ensuing polymorphic crystallites. This usually results in improved
dissolution and tabletting properties of the polymorph.

Mechanical grinding and compression of compounds represent another
possible route to polymorphs. In the former case, the local pressures induced by
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the mechanical stress may initiate the transformation of the original polymorph
into another crystalline form. From an industrial viewpoint, grinding and com-
pression are attractive processes, being relatively inexpensive and requiring no
solvents. In addition, complete polymorphic conversion may be effected in very
short times (several minutes in some cases). Recent examples include the pro-
duction of polymorphic Form I of sulphathiazole by planetary ball-milling of
Form III [86], the transformation of metastable Form I of caffeine into the stable
Form II by either grinding or compression [87] and production of Form I of pro-
bucol by manual trituration of Form II [59]. The role of grinding in the design
of pharmaceutical dosage forms has been investigated and the effects of increas-
ed specific surface areas and enhanced solubilities following mechanical action
have been noted [88]. The same group reported the effects of environmental
temperature and compression energy on the polymorphic transformations of
the antidiabetic chlorpropamide [89] and discussed the relation between the
polymorphic transformation pathway during grinding and the physicochemical
properties of bulk powders of cephalexin, chloramphenicol palmitate and indo-
methacin [90]. Local temperature variations during grinding may also play a
role in effecting polymorphic transformation and it is desirable to separate the
two influences. This was recently achieved with cortisone acetate by cryogrind-
ing at 78 K, during which the monoclinic form transformed to an orthorhombic
form in ten minutes purely by mechanical effects [91].

Prolonged mechanical grinding of a crystalline compound may produce
material in an amorphous (or glassy) state which, due to the lack of long-range
internal order of the constituent molecules, displays a broad melting tempera-
ture range and a diffuse X-ray diffraction pattern. A discussion of polymor-
phism without reference to amorphism would represent serious neglect of an
important aspect of phase behaviour. The amorphous state represents the
thermodynamically least stable form of the compound, which consequently has
a tendency to revert to a more stable form. The amorphous material is also the
most soluble form of the compound and this property is used to advantage in
pharmaceutical preparations in cases where the solubility of the crystalline
form of the drug is low, leading to poor systemic absorption. A well known
example is the antibacterial novobiocin acid, for which the solubility of the
amorphous (and therapeutically active) form is ten times that of the crystalline
(inactive) form [92]. However, use of an amorphous form in a suspension may
require addition of another component to suppress spontaneous transforma-
tion to a thermodynamically more stable form. For novobiocin acid prepara-
tions, the additives methylcellulose and polyvinylpyrrolidone are successful in
this respect. It seems likely that the amorphous state may attain even greater
practical significance in view of the recent reference to “amorphous poly-
morphism”[14],1.e. the existence of more than one distinct amorphous phase of
the same substance. This phenomenon, which has been studied by computer
simulation, evidently occurs in substances where the thermodynamic behaviour
of the liquid state exhibits liquid-liquid phase separation or a tendency towards it.

In concluding this discussion of the methods of preparing polymorphs,
several examples may be quoted of observations or procedures which, owing to
their novelty or confinement to only one particular compound, cannot be
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described as general. However, since systematic study of the factors which might
be involved in effecting or affecting polymorphic transformation in these cases
could in principle find wider application, brief mention of such examples is
made here. The effect of explosion on polymorphs of chitin and chitosan has
recently been studied [93]. Explosion of a-chitin resulted in no change, but
explosion of hydrated chitosan of low crystallinity yielded a product with
increased crystallinity as well as a small amount of the anhydrous phase. The
effect of an electric field on polymorphic transformation in certain classes of
compounds may be a phenomenon warranting systematic investigation. Strong
temperature-dependence of the f — a polymorphic transition of isotactic poly-
propylene (containing additives) has been observed when the system is exposed
to an electric field [94]. The effects of neutron-irradiation on the kinetics of
polymorphic phase transitions for several inorganic compounds have been
reported [95], but similar studies using organic compounds as substrates are
lacking. It has, however, been demonstrated that ionizing radiation can induce a
polymorphic transformation in an organic compound. A polycrystalline sample
of the B-polymorph of a diacetylene nitroxide has been reported to undergo
transition to the a-polymorph on irradiation with CuKea or *°Co sources [96].
X-ray powder diffraction was used to monitor this phase tranformation.

Finally, the role of serendipity in producing polymorphs may be mentioned.
Two recent cases involved unsuccessful attempts to produce molecular com-
plexes by reaction of two components in solution, resulting instead in the pre-
cipitation of crystals of one component in a desirable polymorphic form.
Attempts to grow crystals of methotrexate by various techniques failed [97].
However, tetragonal crystals of the compound were obtained from a solution
containing methotrexate and thymidine, prepared for the purpose of obtaining
a co-crystal of these components. Similarly, attempted complexation between
5-sulphamethoxydiazine and p-aminosalicylic acid failed, the solution of these
species in a 1:1 molar ratio producing instead large crystals of Form II of the
sulphonamide [98]. Interestingly, this polymorph of the drug is the biologically
most active form and is usually crystallized from ethanol followed by rapid
cooling of the solution to —12 °C. This yields small particles with little or no geo-
metrical form [99]. A possible explanation for the crystallization of Form II
during attempts to produce the complex has been discussed [98].

3.2
Review of Investigative Methods

Having outlined the methods of preparation of polymorphs and pseudopoly-
morphs, this report now focuses on the methodology used to study these forms.
The discussion commences with a survey of some well established and still
widely used techniques, each of which is illustrated by one or more applications.
This is followed by a survey of newer methodology which is being used to
probe organic crystal polymorphism.

A wide spectrum of analytical techniques may be used to characterize poly-
morphs and pseudopolymorphs in terms of their structure, spectral energies,
thermodynamic stabilities, kinetics of transformation and solubility behaviour.
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The choice of analytical and physicochemical methods for the characterization
of polymorphs is dictated by the need to measure properties which ultimately
depend on the different internal arrangements of the same molecules in these
phases. When pseudopolymorphs are also considered, the range of suitable
analytical techniques is significantly broadened owing to the presence in the
crystal of the solvating molecule and the possibility of analysing the physical
and chemical changes which may accompany both formation and decomposi-
tion of pseudopolymorphs.

Some remarks on the use of white- and polarized-light microscopy serve as
an appropriate introduction to this section. With the advent of more sophistica-
ted analytical methods, the use of microscopy has, to some extent, fallen into
neglect. This is unfortunate, since investment of relatively little time and effort
in studying a crystal of a polymorph or pseudopolymorph by microscopy can be
invaluable, enabling one to assess the overall quality of a recrystallization, to
detect crystal faults, fractures and macroscopic inclusions, and obtain prelim-
inary information which will facilitate subsequent X-ray examination. Detection
of different crystal habits (acicular, tabular, bladed, plate-like, prismatic) using
white-light microscopy is not necessarily indicative of polymorphism since
crystal habit depends on crystallization conditions and may vary widely for a
given polymorph. However, this method is useful for distinguishing polymorphs
having different colours in reflected or transmitted light. Pseudopolymorphs
which undergo pseudomorphosis (i.e. loss of solvent on removal from their
mother liquor) tend to form opaque, microcrystalline masses which are also
discernible by ordinary microscopy. Addition of a polarizing attachment allows
distinction between optically isotropic crystals and anisotropic crystals as well
as the measurement of refractive indices [100]. Optically isotropic crystals
belong to the cubic system and have a single value for their refractive index. The
vast majority of crystalline organic compounds are optically anisotropic, having
multiple refractive indices and displaying numerous optical effects which may
be used to differentiate polymorphic forms. Anisotropic crystals reveal them-
selves by producing variable interference colours as well as regular extinction of
plane-polarized light on rotation of the microscope stage. They may be uniaxial
(characterized by two principal refractive indices and belonging to the trigonal,
tetragonal or hexagonal systems) or biaxial (with three refractive indices and
belonging to the triclinic, monoclinic or orthorhombic systems). Measurement
of these refractive indices is certainly a means of identifying a polymorph
unequivocally, but is seldom done for this purpose. The uniaxial or biaxial
nature of the crystal is easily determined from observation of the respective
characteristic interference figure when the crystal is viewed with condensed
(conoscopic) light. Taken together, extinction directions, crystal morphology
and uniaxial or biaxial character can facilitate the identification of a new poly-
morph, as exemplified by the following case from our laboratory. Carbamazepi-
ne commonly crystallizes in the monoclinic system with a prismatic habit [101].
Microscopic examination of crystal batches obtained by recrystallization of the
drug from a wide range of solvents confirmed the predominance of this form.
However, crystals obtained from tetrahydrofuran were acicular, yielding extinc-
tion parallel to the needle-axis and presenting a uniaxial interference figure.
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Measurement of the interfacial angles of a crystal section both microscopically
and using an optical goniometer yielded values of 120+ 1°. Thus, a new poly-
morph belonging to either of the trigonal or hexagonal systems was unequivo-
cally identified. This was confirmed by subsequent X-ray photography which
revealed a trigonal space group [102].

Owing to its vast depth of field, scanning electron microscopy (SEM) is
widely used for observing the texture, morphology and surface features of
both powders and large single crystals of polymorphs. The high vacuum used
for sample observation precludes study of pseudopolymorphs containing
volatile solvents but SEM micrographs of polymorphs are useful for purposes
of identification provided that crystallization conditions and SEM sampling
methods are carefully controlled.

Crystal density is an important technological parameter since it affects the
flow properties of bulk solids. Due to the different bulk densities of polymorphs
and their abilities to retain solvent, different isolation strategies are required in
industry [24]. Furthermore, if mixtures of different solid phases are present in a
sample (e.g. in a powdered pharmaceutical formulation), differences in com-
ponent densities may lead to a heterogeneous product during processing due to
phase segregation. Distinguishing polymorphs of the same compound by densi-
ty measurement (determined by flotation or gas displacement pycnometry) is
difficult because, as shown in Fig. 6b, differences in the densities of such species
seldom exceed 5% and the experimental error of routine measurements is typi-
cally 2%. However, the latter can be reduced if special precautions are taken
during flotation measurements, especially with regard to eliminating occluded
air. Under these conditions,anomalously high or low measured densities may be
useful indicators of the presence of pseudopolymorphs. Thus, e.g., a measured
density of 1.30(1) g cm™ for a crystal of doxylamine succinate obtained from
ethyl acetate was sufficiently different from that of polymorphic Form I
(p=1.21(1) g cm™) to indicate the presence of a pseudopolymorph. Subsequent
X-ray analysis showed the crystal to have the unexpected composition (doxyl-
amine succinate), - (succinic acid) [103].

Among the thermal methods of analysis, thermogravimetric analysis (TGA),
differential thermal analysis (DTA) and differential scanning calorimetry (DSC)
have been used extensively to quantify thermal events accompanying controlled
heating of polymorphs and pseudopolymorphs [18, 23]. Figure 7 shows com-
bined TGA and DSC traces for two pseudopolymorphs of nitrofurantoin [61],
containing respectively N,N-dimethylformamide (DMF) and dimethylsulphoxi-
de (DMSO).

In TGA, the sample (~5-10 mg) is heated at a predetermined rate and the
weight is recorded as a function of temperature. This technique cannot distin-
guish polymorphs of a given organic compound, but for pseudopolymorphs
which lose their included solvents prior to melting or decomposition of the
parent (“host”) compound, the percentage weight loss may be accurately mea-
sured and used to calculate the stoichiometry of the pseudopolymorph. Data
recorded from the TGA traces shown in Fig. 7 indicated a nitrofurantoin: DMF
stoichiometric ratio of 1:1 and a nitrofurantoin: DMSO ratio of 2:1. A TGA
trace may reflect simple one-step weight loss of included solvent or more complex
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Fig. 7a, b. Combined TGA-DSC traces for pseudopolymorphs of nitrofurantoin containing:
a DMF; b DMSO (Reprnted with permission from [61], copyright 1996, Gordon and Breach
Publishers)

multi-step weight losses. Coupled with TGA, evolved gas analysis (EGA) using
IR or mass spectrometry is an important means of identifying gaseous products
[18] and may be used to quantify both the pyrolysis products from thermal
degradation of polymorphs as well as solvents released from desolvation of
pseudopolymorphs. Another important application of the TGA method is the
determination of the activation energy for desolvation of a pseudopolymorph
from traces recorded at varying heating rates [104]. Its application to pseudopo-
lymorphs of succinylsulfathiazole [105] and tenoxicam [106], and to inclusion
compounds of synthetic hosts [50] have recently been described.

In DTA, the sample temperature (T;) is compared with that of a reference
compound (T,) as a function of increasing temperature. The resulting plot of AT
(=T,-T,) vs T may display endothermic peaks corresponding to desolvation
(for pseudopolymorphs) or fusion (for polymorphs) and exothermic peaks
representing recrystallization or decomposition processes. In the related DSC
technique, the difference in energy inputs into a compound and a reference sub-
stance is plotted against T during a controlled temperature programme. In
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theory, the area under the curve in a DSC trace is directly proportional to the
enthalpy change for the thermal event, but special precautions are necessary to
obtain accurate values for this quantity [18]. An alternative method for deter-
mining enthalpies of desolvation of pseudopolymorphs, based on direct vapour
pressure measurement of the liberated solvent as a function of temperature, has
been described [50]. The DSC traces in Fig. 7 display endotherms (peaks A,
above the baseline) whose temperature ranges correlate well with those of the
TGA traces, confirming that these peaks represent desolvation processes. The
bimodal nature of these endotherms is difficult to interpret but evidently re-
flects complex desolvation mechanisms. The difference in the DSC temperature
ranges for loss of DMF (100-125 °C) and loss of DMSO (160-235°C) is striking.
These pseudopolymorphs were subsequently shown by single crystal X-ray
analysis to contain their respective solvent guest molecules in constricted
channels formed by the nitrofurantoin host framework; each DMF molecule is
bound to one drug molecule by a single hydrogen bond, whereas each DMSO
molecule forms two hydrogen bonds with neighbouring drug molecules, thus
providing a possible explanation for the significantly higher onset temperature
for the loss of DMSO. In this connection, the use of the simple parameter T, - Ty,
(T,,=extrapolated DSC desolvation onset temperature, T, =boiling point of the
guest solvent) has been proposed as a possible measure of the relative thermal
stabilities of inclusion compounds [50]. For both pseudopolymorphs referred to
in Fig. 7, desolvation produced the -polymorph, as confirmed by the characte-
ristic sharp fusion endotherm at 273 °C, followed by a decomposition exotherm
peaking at 279°C.

Recent reviews of thermoanalytical methods and their application to poly-
morphic systems [18, 23] include descriptions of modern instrumentation,
discussions of the influence of instrumental and sample parameters on measu-
red data, as well as guides to the interpretation of DSC traces. One review [23]
includes a summary of the thermodynamic rules established by Burger [107] for
distinguishing monotropic and enantiotropic transitions. It is worth empha-
sising that in the absence of supporting techniques such as hot stage microscopy
(HSM), X-ray diffraction (XRD) and Fourier transform infrared spectroscopy
(FT-IR), errors in the interpretation of DSC data may result. Reference to HSM
was made earlier in connection with its use in screening recrystallized batches
of a compound to identify polymorphs and pseudopolymorphs. Apart from its
ability to yield melting points and transition temperatures for polymorphic
changes or glass transitions, HSM is an invaluable adjunct to the DSC technique
in that visual recording of thermal events (e.g. desolvation, recrystallization,
sublimation) may corroborate assignments of endothermic or exothermic
peaks appearing in DSC traces. As pointed out recently [108], visual observation
can sometimes be more sensitive indicators of phase changes than DSC mea-
surements. The report describes the construction and use of the device shown
in Fig. 8, which allows simultaneous DSC measurement and microscopic ob-
servations with a video-camera. A second camera is used to give a direct read-
out of the varying sample temperature.

Solid-state infrared (IR) spectroscopy in the spectral range 400-4000 cm™!
has been used extensively to distinguish different polymorphic forms as well as



Crystalline Polymorphism of Organic Compounds 185

Video-
cameras

Microscope [:
FP 800
Coatrol Unit
18M-PC
——
[ Videorecorder

Printer

Screen

Fig.8. Schematic description of an apparatus for simultaneous visual and DSC observations
using the Mettler Thermosystem FP800 (Reprinted with permission from [108])

different pseudopolymorphs of the same compound. To ensure transparency to
IR radiation, samples are usually prepared by trituration of crystalline material
and suspension in Nujol or by pressing a co-ground mixture of the compound
with KBr into a disk. However, since complete polymorphic transformation can
sometimes be effected even by gentle manual grinding, it is advisable to confirm
the existence of polymorphs by an independent method prior to a detailed IR
analysis. Differences in molecular conformation and crystal packing features for
different polymorphs of an organic compound manifest themselves in IR
spectra chiefly by frequency shifts and splittings in, e.g., N-H, O-H and C=0
absorption peaks (when these functional groups are present) due to differences
in hydrogen bonding arrangements. The goal of IR analysis is the deduction of
polymorphic structural differences from such spectral effects, but detailed
interpretation is often limited and it is somewhat easier to rationalise these
effects retrospectively if single crystal X-ray data can be obtained for the various
forms.

This is illustrated by the following examples from our laboratory. A study of
the literature on the compound sulphamerazine revealed that its polymorphism
was controversial. The crystal structure of the drug recrystallized from acetone
had been shown to be orthorhombic, Pbca with Z=8 [109]. Centrosymmetric
hydrogen bonded (N-H---N) dimers exist in the crystal structure as shown
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schematically in Fig. 9. We obtained crystals of a second polymorph of sulpha-
merazine [110] by recrystallization from methanol and established the space
group as Pn2,a, Z=8. This form contains the same hydrogen bonded motif as
shown in Fig. 9, but it is pseudo-centrosymmetric. The two polymorphs are
distinguishable from IR spectra, the form containing the centrosymmetric
dimer (with only one unique N-H-:-N hydrogen bond) yielding only one IR
peak (3453 cm™) assignable tov,,NH whereas that containing the pseudo-cen-
trosymmetric dimer (with two distinct N-H---N hydrogen bonds) displayed a
doublet (3493,3478 cm™).

We recently reported FT-IR spectral data for seven crystalline forms of the
androgen dehydroepiandrosterone [111], showing that differences in both fine
structure and in the locations and intensities of major absorption bands can be
used to distinguish them. X-ray crystal structures of three forms were deter-
mined [112], Form I (a polymorph), Form S1 (a 4:1 hydrate) and Form S4 (a
methanol half-solvate). Form I (space group P2,, Z=4) contains infinite chains
of steroid molecules linked head-to-tail (shown schematically in Fig. 10) by two
crystallographically distinct intermolecular O-H---O=C hydrogen bonds,
consistent with two observed O-H stretching bands (3501, 3458 cm™). Doublets
for the O-H absorption bands observed also in both Forms S1 and S4 can be
correlated with distinct O-H :--O hydrogen bonds observed by X-ray analysis,
and specifically, with unusual “flip-flop” hydrogen bonding in Form S4. In this
study, attempts to determine the thermodynamic relationships between the
various polymorphic forms were based partly on the application of Burger’s IR
rule [107] which relates IR band positions to relative stabilities.

The use of IR-spectra to distinguish polymorphs from pseudopolymorphs of
the same parent compound, or to distinguish pseudopolymorphs containing
different solvents, is relatively straightforward, since solvent molecules which
are commonly incorporated in pseudopolymorphic crystals (e.g. water, ketones,
alcohols) will exhibit their own characteristic absorption bands. IR spectros-
copy was used to distinguish polymorphs of the antidiabetic drug glibenclamide
from its solvates with pentanol and toluene [113]. Pseudopolymorphs of the
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Fig.9. Schematic representation of the hydrogen bonded dimer occurring in two polymorphs
of sulphamerazine
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compound gossypol (a toxic constituent of cotton-seed) obtained from three
different solvents showed characteristic differences in their IR spectra in the
3500 cm™! region [114]. Pseudopolymorphs of a host containing the same guest
in different molar ratios are also known. An alicyclic diol of the helical tubuland
family [115] forms two crystallographically distinct lattice inclusion complexes
with 1,2-dichlorobenzene having host-guest ratios of 4:1 and 3:1 [116]. These
were readily distinguished from their IR spectra in the fingerprint region.

The spectral techniques available for the characterization of polymorphs and
solvates have been reviewed [27] and the merits of FT-IR spectroscopy for the
acquisition of high-quality spectra have been stressed. The review also lists drug
substances whose polymorphism has been investigated by IR-spectroscopy.
Another recent review on the use of the IR method to investigate polymorphism
is based on spectra for a derivative of sulphadoxine as a model compound [21].
Dynamic aspects of polymorphism are also amenable to study by IR spectros-
copy. The effect of hydrogen bonding on the lattice dynamics, polymorphism,
mesomorphism and phase tranformations of long-chain carboxylic acids as
gauged from IR spectra has recently been reported [117].

A relatively new trend is the application of near-IR spectroscopy for com-
pound identification and quantitation in many industrial environments in-
cluding chemical processing and food science. The advantages of near-IR over
conventional IR spectroscopy for the investigation of polymorphs have been
described [118]. A fast, sensitive pattern recognition method for identifying a
polymorph and determining its quality using near-IR spectra has been devel-
oped [119]. Pattern recognition methods involve training a computer to re-
cognize spectra of acceptable samples of a material and to reject unacceptable
ones by multivariate statistical analyses. This study showed that the method
described can discriminate between the desired polymorph and other crystalline
forms, the statistical results indicating that levels as low as 2% of an adulterating
polymorph may be reliably detected. The authors maintain that the near-IR
method, which can be automated, provides a reliability comparable to that of
XRD for polymorphic identification but is likely to be less costly to implement.

There is a growing interest in the use of Raman spectroscopy for studying
polymorphism and pseudopolymorphism [27]. The Raman technique has
recently been used to distinguish two triclinic polymorphs of terephthalic acid
[120] and, in combination with IR spectroscopy, to study the conformational
polymorphism of 1-bromopentane [121].
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Fig. 10. Head-to-tail hydrogen bonding in Form I of dehydroepiandrosterone. A and B are
crystallographically distinct and distances are in A
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The use of white-light microscopy to identify differently coloured poly-
morphs was mentioned above. Colour polymorphism may be quantified using
UV/vis electronic spectroscopy (diffuse reflectance, fluorescence methods).
Colour differences for polymorphs of the same compound may originate from
differences in charge transfer interactions or different molecular conformations
in the crystals. Pseudopolymorphs may also be distinguished using fluorescence
spectroscopy since they may display characteristic absorption maxima as well as
fluorescence intensities. Systems which exhibit colour polymorphism have been
reviewed [27].

Implicit in the examples cited above to illustrate applications of various anal-
ytical methods for studying polymorphism is the definitive role of single
crystal X-ray diffraction in providing unequivocal evidence for the very
existence of these forms. Different polymorphs of a given compound have, by
definition, non-equivalent crystal structures and the method of choice for detec-
ting such non-equivalence is single crystal X-ray analysis. In many instances, the
differences between polymorphs are so subtle that they can be distinguished
only by this method [79]. This technique goes well beyond merely detecting
different forms, providing in addition a wealth of structural information for
each species at a level of detail and precision currently unsurpassed by other
analytical techniques. Furthermore, as illustrated by several of the examples
above, detailed knowledge of the molecular parameters and crystal packing
features obtained by this method provides a very reassuring basis for the inter-
pretation of results gleaned from other analytical techniques. For these reasons,
much effort is expended by researchers in growing single crystals of poly-
morphs and pseudopolymorphs with adequate quality for complete X-ray struc-
tural elucidation.

For routine crystallographic studies of polymorphs or pseudopolymorphs
containing small and medium-sized molecules, the methodology of crystal
structure determination is well established and the reader is referred to stan-
dard monographs on the subject [122, 123]. However, a few points on current
routine methodology are worth emphasising in order to place some of the newer
developments (to be discussed later) in perspective.

Existing standard methods employ single crystals usually no smaller than
0.1-0.5 mm, automated X-ray intensity data-collection (typically with a
four-circle diffractometer) and standard crystallographic software packages for
data-processing, structure solution and refinement. Room-temperature data-
collection is common, despite the gain in structural definition possible with
cryostatic devices for cooling the crystal. Low-temperature analyses are some-
times carried out on pseudopolymorphs in which the included solvent mole-
cules tend to have excessive thermal motion or are disordered at room-temper-
ature. The advent of fast detectors (organic scintillators, image-plates, multi-
wire area detectors) and more powerful structure determination packages has
greatly increased the speed with which crystal structures can be solved and
refined [124].

In the absence of single crystals of suspected polymorphic forms, X-ray pow-
der diffraction (XDP) serves as the primary test for non-equivalence of crystal
structures, the XDP pattern of such a species being unique [25]. However, since
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sample preparation involves grinding in a mortar to an average particle size
<100 pm to minimise preferred orientation effects, the possibility of a pres-
sure-induced phase transformation during sample preparation must be con-
sidered. The XRD pattern of an unground sample of the material may be
checked as a precautionary measure. Patterns are generally recorded on samples
with mass range 200-500 mg using automatic diffractometers with strip chart
output. The method is generally non-destructive, allowing recovery of the
sample. Film methods (e.g. the Debye-Scherrer technique) require a few mg of
material only and are still frequently used when only small amounts of poly-
morphic forms can be isolated. According to the guidelines specified in the US
Pharmacopeia [125], agreement between a sample and a reference standard
should be within the calibrated precision of the diffractometer for diffraction
angle (typically a reproducibility of £0.10-0.20° in 26) with permissible relative
intensity variations of up to 20 %.

A recent analytical study stresses the growing need, prompted partly by
legislatory requirements, to differentiate polymorphs and to quantify polymor-
phic mixtures in pharmaceutical production [126]. The compounds benzil and
benzoic acid were chosen as a model system for the development of an XRD
protocol which could be extended to the quantification of mixtures of drug
polymorphs. The study involved the evaluation of sample thickness, the deter-
mination of preferred orientation effects, optimum milling conditions and the
construction of diffraction intensity-composition calibration curves for mix-
tures of benzil and benzoic acid. Since the composition of such mixtures can be
accurately determined by an independent method, namely HPLC, validation of
the quantification of mixtures by the XRD protocol was possible. It was con-
cluded that the protocol is accurate for the model system to within a few percent.
It is desirable that the general validity of the approach suggested be tested on a
range of real polymorphic systems.

The information contained in an XRD pattern of a powdered material is a sig-
nificantly condensed version of that obtained by single crystal X-ray analysis
and it is a routine matter to reconstruct the XRD pattern of a polymorph by
computation, using as input the space group data, refined atomic coordinates,
atomic thermal parameters and unit cell data which have been obtained from a
single crystal X-ray study of that species. Some years ago, it was recommended
[127] that computation of the XRD pattern of a new polymorph should always
be carried out if single crystal data become available. The computed pattern,
being free of experimental aberrations, serves as the best reference pattern for
the polymorph in question. We have followed this practice and can strongly
endorse its usefulness, not only for the purpose of identifying the polymorphic
form present in a newly crystallized sample, but also for assessing the poly-
morphic purity of such a sample. Figure 11 shows the experimental XRD pattern
of a polymorph of the non-steroidal anti-inflammatory drug tenoxicam and, for
comparison, the computed pattern based on the single crystal X-ray data [106].
The level of agreement in peak positions attests to the polymorphic purity of the
sample (no extraneous peaks being evident in the experimental pattern) while
the discrepancies in corresponding peak intensities indicate some degree of pre-
ferred orientation in the sample. Finally, since the sample was a powder derived
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Fig. 11a,b. XRD patterns for a polymorph of tenoxicam: a experimental; b calculated from
single crystal data. (Reprinted with permission from [106], copyright 1995, American Chemi-
cal Society and American Pharmaceutical Association)

from large single crystals previously identified by X-ray analysis, the overall
agreement of the patterns reveals the non-trivial result that grinding single
crystals of the polymorph does not effect a phase transformation to another
polymorph. In the case of the drug probucol (Fig. 3), the experimental XRD
patterns for the two polymorphs were identical as a result of transformation of
one polymorph into the other during sample preparation [59].

Neutron and electron diffraction techniques have also been used to some
extent to study the polymorphism of organic substances. Owing to its ability to
locate hydrogen atoms accurately in crystals, neutron diffraction is the method
of choice for distinguishing subtle differences in hydrogen bonding for poly-
morphic crystal structures. However, the technique is costly and the low inten-
sity of neutron beams demands relatively large single crystals (around 1 mm? or
larger) which are seldom available. Crystallographic studies are therefore usual-
ly carried out on polycrystalline samples, yielding powder neutron diffraction
patterns analogous to XRD patterns. A fairly recent development is the use of
pulsed neutron sources coupled with time-of-flight analysis [100]. As an ex-
ample of its application to the study of polymorphism, the case of cyclohexanol
may be cited [128]. Structural elucidation of three polymorphs (cubic (I), mono-
clinic (II) and orthorhombic (III)) revealed that I is disordered, that II contains
a cyclic dimer of cyclohexanol, and that a polymeric arrangement exists in III.

Because incident electrons interact strongly with crystals, electron diffraction
is capable of yielding detailed structural information from very small crystals
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(typically 0.01-0.02 mm). It has been cited as a more reliable method for deter-
mining crystal unit cell and space group data than computer-assisted indexing
of XRD patterns [100]. The crystal structure of a high-temperature polymorph
of chitosan from electron diffraction data has recently been reported [129].
Structural modelling of this complex molecule involved constrained linked-
atom least-squares refinement with stereochemical restraints.

Dilatometric analysis is a less widely used technique for characterising poly-
morphs, but has, for example, been applied to the study of polymorphic trans-
formations occurring in theobroma oil, methyl stearate and chloramphenicol
[25]. Substances which contract as they transform from a metastable (less
dense) polymorph to a stable (more dense) polymorph can be studied by mea-
suring their specific volume as a function of temperature. A recent study in-
volved the combined use of dilatometry and neutron scattering to characterise
the orthorhombic and monoclinic polymorphs of m-nitrophenol [130]. Crystals
of both polymorphs showed significant anisotropy of expansion and it was
possible to reconcile the direction of lowest expansion with that of the hydrogen
bonding interactions. Attempts to correlate these results with those obtained
from IR and Raman spectra were subsequently reported [131].

Solubility and dissolution rate analyses are of vital importance for poly-
morphs and pseudopolymorphs of pharmaceutical relevance. For a given drug,
metastable polymorphs tend to have higher solubilities and faster dissolution
rates than the stable polymorph. When metastable forms are employed in solid
dosage forms (tablets, capsules), they generally yield higher and earlier blood
serum levels [25]. Thus, for potent drugs with a narrow therapeutic index (e.g.
the cardiotonic digoxin), inadvertent use of a metastable polymorph in a tablet
could result in patient death from overdose. In vitro dissolution testing is there-
fore carried out routinely as part of the quality control of manufactured tablets
and capsules. It may also be performed directly on powders or single crystals of
the drug polymorphs or pseudopolymorphs comprising the active agent. Essen-
tially, this involves placing the sample in the dissolution fluid, agitating it in a
reproducible manner at constant temperature (usually 37°C), and measuring
the drug concentration in solution as a function of time. Compendial testing
methods include the rotating basket, rotating paddle, and flow-through cell
techniques. Automated systems employ a peristaltic pump which circulates the
dissolution fluid through a UV spectrophotometer flow-cell for continuous
monitoring of drug concentration. The advantages and disadvantages of
modern analytical techniques available for dissolution testing have been re-
viewed recently [22].

Polymorphs generally dissolve more rapidly than their hydrates, but there
have been reports of drug pseudopolymorphs containing, e.g., ethyl acetate or
n-pentanol, which display enhanced solubilities, both in vitro and in vivo, when
compared with their nonsolvated forms [25]. Figure 12 shows powder dissolu-
tion rate curves for two polymorphs of nitrofurantoin. The significance of the
curves for this system is that the retarded initial dissolution rate for the a-poly-
morph may render it more favourable for pharmaceutical formulation since
there is evidence that adverse side effects may be associated with rapid absorp-
tion of the B-polymorph [61].
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Fig. 12. Powder dissolution rate curves for two nitrofurantoin polymorphs. (Reprinted with
permission from [61], copyright 1996, Gordon and Breach Publishers)

Measurements of the equilibrium solubilities of a polymorph as a function of
temperature permit evaluation of the enthalpy of dissolution from a van’t Hoff
plot (i.e. logarithm of solubility vs T-!). The point at which such plots intersect
for two different polymorphs of the same compound corresponds to the transi-
tion temperature for their interconversion.

It should be stressed that the analytical methods surveyed above achieve their
optimum effectiveness and lead to deeper insights into polymorphism and
pseudopolymorphism when used in combination. A simple illustration is the
combined use of dissolution rate analysis and crystal structure analysis of two
polymorphs. Used individually, these techniques would produce merely data,
whereas the combined approach could lead to an explanation for the differences
in dissolution rates based on differences in crystal packing. Some reported
studies utilise a wide range of techniques, permitting a comprehensive analysis
of a polymorphic system, while others may use only two, but nevertheless effec-
tive, complementary techniques (e.g. DSC and XRD). The following examples
selected from the recent literature illustrate this point.

Four polymorphic forms (I-IV) of the drug diflunisal (analgesic, anti-inflam-
matory) were prepared and characterised by DSC, HSM, IR, XRD, and dissolu-
tion studies [132]. The thermoanalytical methods revealed that on heating, all
polymorphs recrystallized to the stable one (Form I) prior to melting. Only one
transition peak in the DSC traces was observed, for the transformation of Form
III to Form I. Intermolecular hydrogen bonding features were deduced from IR
spectroscopy and this method was also shown to distinguish all the forms. Mea-
surements of the intrinsic dissolution rates indicated (unexpectedly) that Forms
IL,IIT and IV had slightly lower values than that of the stable form. Results of this
kind are invaluable for ensuring correct formulation of the drug. Some examples
of other important drug polymorphic systems for which similar, fairly com-
prehensive studies have recently been reported include acyclovir [133], me-
probamate [134], prasterone [111], ranitidine hydrochloride [135], and chlor-
amphenicol palmitate [136].

Other compounds whose polymorphism and/or pseudopolymorphism have
been investigated in recent years, together with the methods used, include
pentachloropyridine (DSC, Raman and IR spectroscopy) [137], cyclohexanol
(far-IR, adiabatic calorimetry) [138], nifedipine (HSM, IR, DSC) [139], sulfanil-
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amide (DSC, XRD) [140], paraffins C,; — C4, (DTA, thermobarometric analysis)
[141] and tripalmitin (DSC, thermodiffractometry, microcalorimetry) [142].
This list represents a very small selection, merely serving to indicate the variety
of techniques employed.

Several recent developments in the areas of structure determination are
having a significant impact on the study of organic crystal polymorphism and
these are now surveyed, together with examples of applications to specific
systems. In the discussion above, it has been maintained that a knowledge of the
crystal structure of a polymorph provides a sound basis for interpretation of
other analytical data pertaining to that species and is crucial for even a rudi-
mentary understanding of phase transformations at the molecular level. It is
also well known that many polymorphs of technological interest cannot readily
be obtained as single crystals suitable for X-ray structural elucidation. However,
since the advent of the Rietveld, or “whole-pattern”, refinement technique [143]
which allows crystal structure refinement using X-ray or neutron powder
diffraction data, the status of powder XRD has been elevated from that of a mere
“fingerprinting” technique to one of formidable power as a structure-solving
tool. This power has been significantly enhanced by recent progress in obtaining
trial structural models for Rietveld refinement directly from the diffraction
intensities. Since the powder pattern is a one-dimensional projection (on 26) of
the three-dimensional single crystal diffraction data, a key problem in this
challenging research area is unravelling the intensities of severely, or exactly,
overlapping reflections. In a recent study, an algorithm for achieving this was
reported [144] and, together with software routines for space group determina-
tion and a fast iterative Patterson squaring routine, this combination led to the
successful ab initio crystal structure determination of an aluminophosphate-
based molecular sieve from X-ray powder data exclusively. It is noteworthy that
as many as 65 % of the reflection data used in this analysis suffered from severe
overlap. This approach holds great promise for future structure determination
of polymorphs which hitherto have been obtained in the form of powders only.

More recently, a method using powder diffraction for structure solution was
described in which structural information is not extracted directly from the
intensities; instead, trial structures are generated using a Monte Carlo approach
[145] commencing with a collection of atoms initially randomly placed in the
crystal unit cell. A series of trial structures is then generated by random move-
ment of the atoms, each trial structure being accepted or rejected depending
on the level of agreement between the calculated and experimental powder
patterns. The Monte Carlo method employed is based on the Metropolis impor-
tance sampling algorithm using the crystallographic R-factor as the basis for
constructing trial models. The best model is then used in a conventional
Rietveld refinement. The structures of two compounds, with eleven and twelve
non-hydrogen atoms in the respective asymmetric units, were solved by this
procedure using high-resolution powder X-ray intensity data measured with a
position-sensitive detector. The novel feature of this method is the use of the
Monte Carlo algorithm for generating trial structures.

Crystal structure prediction based on lattice energy minimisation has already
been discussed and attention has been drawn to the serious drawbacks of this
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approach when used on its own. However, used in combination with the Rietveld
method, its chances of success are very significantly improved, as recently
demonstrated for a polymorphic system [146]. Of two polymorphs, A and B, of
a guanidine derivative (1), only form B was available in the form of single
crystals and its structure was solved in the conventional manner using X-ray
diffraction methods. Polymorph A was available only as a powder and the struc-
tural problem was further complicated by molecular features allowing not only
for different conformers of the molecule, but also different tautomers. Indexing
of 26 lines of an XRD pattern of polymorph A measured on a Guinier camera led
to the assignment of the triclinic system. Energy calculations using MOPAC93
were used to search for likely conformers and tautomers suitable for crystal
packing calculations. High-precision ab initio quantum mechanical methods
were used to confirm the trial models, the four most stable ones being chosen for
packing analysis using a corrected Dreiding force-field. Two routes were pur-
sued, one assuming the XRD indexing results, the other ignoring them. In the
first case, crystal structures were generated for the space group P1 only, leading
to a most stable structure with unit cell parameters very close to those deduced
from the indexing. Subsequent optimisation and Rietveld refinement yielded a
final structure with an R-factor of around 10%. When the indexing results were
ignored, stable conformers were packed in common space groups (e.g. P1,P2,/c,
P2,2,2)). Of the predicted force-field minimised structures, that which gave the
best agreement with the experimental XRD pattern turned out to be one in the
space group PI. Following interactive Rietveld refinement, this structure
(gratifyingly) converged to the same one as determined assuming the indexing
results. A very important feature of this study was the use of an ordinary in-
house XRD pattern (as opposed to a high-resolution pattern) for the indexing
and Rietveld refinement steps. The authors pointed out that both the ab initio
quantum mechanical as well as the packing calculations for this problem con-
sumed enormous amounts of computational resources. They nevertheless pre-
dicted that structure determination based on an ordinary powder pattern and
packing calculations could evolve into a reliable and inexpensive routine pro-
cedure in view of the envisaged drop in computational costs which they state is
about an order of magnitude every three years.

The structure of a metastable and shortlived polymorph of the drug
piracetam (2) has been solved from XRD data using the AAP method [147].
This species (Form I) was prepared by heating a mixture of Forms II and III
and quenching at room temperature. Form I spontaneously transforms into II
at 298 K within a few hours of quenching, but it was possible to capture
high-resolution XRD data within two hours using a position-sensitive detec-
tor. The same (known) molecular conformation as occurs in Forms II and III
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was assumed in the crystal packing calculations and the AAP method yielded
two distinct minima, only the higher energy structure being correct (con-
sistent with the metastability of Form I) as shown by successful Rietveld
refinement. This impressive study supports the contention that the need for
single crystals for structure solution is becoming less critical [65] and also
demonstrates that even shortlived organic polymorphic species can be struc-
turally characterised.

Another major development which continues to have a significant impact on
structure determination of polymorphs has been the advent of synchrotron
radiation as a source for diffraction studies [148]. This radiation, which is
tuneable and whose intensity exceeds that of conventional X-ray sources by
orders of magnitude, is bringing about a revolution in structure determination,
not only for polymorphs, but for materials in general. In particular, very small
crystals (in the micron range) can now be analysed using data generated using
synchrotron radiation and collected with ultra-rapid detection devices. Time-
resolved studies are also amenable to study with synchrotron radiation owing to
its pulsed time structure and the possibility of recording the X-ray diffraction
data from picosecond exposures. An on-line system using in situ X-ray diffrac-
tion has recently been developed for examination of the polymorphic forms of
pharmaceutical materials [149]. It comprises a temperature-controlled stainless
steel in situ cell for X-ray measurements attached to a two-circle diffractometer
on a beamline at the Daresbury Synchrotron Radiation Source. The pH of a solu-
tion of a drug is varied by titration in a glass solution-saturation vessel and
crystallization due to change in the solute solubility yields a crystallized slurry
which is circulated through the cell for continuous monitoring of its diffraction
pattern.

For the (unnamed) antibiotic investigated, Fig. 13 shows a series of diffrac-
tion patterns measured at different temperatures. From these, the transforma-
tion between two solvates of the drug at around 309 K is clearly evident. Using
the system described, enthalpy release following crystallization can also be
measured by monitoring the temperature of the crystallization solution. The
authors point out the growing awareness of the importance of understanding
crystallization processes for many specialty chemicals in process technology
and the increasing popularity of on-line characterization techniques. In situ
synchrotron X-ray diffraction offers the advantages of non-invasive charac-
terization of polymorphism and polymorphic changes, and the possibility of
studying very small crystalline particles.

The investigation of polymorphism and pseudopolymorphism by means of
solid-state NMR spectroscopy is also gaining in popularity owing to recent
advances in both instrumentation and computer pulse sequence strategies [27].
Most studies employ *C or ’N NMR since 'H NMR produces broad, uninfor-
mative peaks even after removal of proton-proton dipolar interactions. In the
MAS (‘magic angle spinning’) technique, the sample is spun at high velocity at
the critical angle of 54.74° with respect to the applied magnetic field. The resul-
ting averaging of the chemical shift anisotropy reduces spectral broadening con-
siderably, yielding sharp peaks with fine structure from which valuable in-
formation on individual atomic chemical environments can be deduced. To
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Fig. 13. In situ X-ray diffraction patterns of an antibiotic substance for crystallization range
283-323 K. (Reprinted with permission from [149])

accelerate data-acquisition, enhancement of *C magnetisation is achieved by
the CP (“cross polarization”) strategy and the combined method is referred to as
CPMAS NMR spectroscopy. With it, polymorphic conformational differences,
crystal packing differences and the effects of hydrogen bonding may be charac-
terised. Varying the sample temperature allows dynamic studies of solid-solid
phase transformations. Incorporation of solvents in pseudopolymorphs intro-
duces significant changes in local environmental magnetic effects through, e.g.,
hydrogen bonding, and such changes are therefore also open to study by the
CPMAS technique.

Figure 14 shows N CPMAS spectra for four polymorphic modifications
[150] of the imidazole derivative (3), from which it is clear that N chemical
shifts are good indices for their identification. '*C CPMAS has also recently been
used to distinguish three polymorphs of complex triacylglycerols [151]. Spectral
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Fig.14. >N CPMAS spectra for four polymorphs of the imidazole derivative 3. (Reprinted with

permission from [150], copyright 1996, Gordon and Breach Publishers)

differences were used to characterise conformations and crystal packing diffe-
rences in the three forms. Examples of applications of CPMAS to the study of
polymorphism and pseudopolymorphism of pure drug substances [27] as well

as drug-excipient mixtures [152] have been described.

In a recent study of the molecular motion in the crystal of the salt (4), the
results of *C CPMAS NMR and high-resolution powder XRD were combined
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[153]. An important feature of this study was the determination of the activation
energy for rotation of one of the N-methyl groups in the crystal from variable-
temperature NMR data. The X-ray crystal structure was solved from high-resol-
ution powder XRD data using direct phasing methods and refined by the
Rietveld method. It was possible to reconcile the NMR-derived activation energy
with the crystal packing which revealed that one of the N-methyl groups is
significantly more hindered than the other. This study illustrates the potential of
a combined approach to probing molecular motion in the solid-state. Its appli-
cation to polymorphic systems is an obvious and desirable extension.

3.3
Polymorphic Systems and Polymorphic Changes - Case Studies

Four selected case studies are cited here to illustrate some of the difficulties
encountered in research on organic crystal polymorphism, even when relatively
simple molecules are involved. Since space does not permit discussion, précis of
these model studies are presented in the hope that the interested reader will
consult the original, absorbing accounts for details.

The polymorphism of anthranilic acid has been studied for over a century.
Despite this, many properties of crystals of this simple molecule remain obscure
and a recent re-examination of the phase transitions was undertaken using
X-ray and FT-IR techniques [154]. A special feature of this system is that phase
transitions appear to depend subtly on grinding pressure. The main conclusion
drawn from the investigation cited is that polymorph I is transformed into poly-
morph III on heating, not into polymorph II as commonly stated in the literature.

The crystallization behaviour of the high explosive 2,4,6-trinitrotoluene
(TNT) has invoked intensive research since the first report on its optical inves-
tigation in 1879 [155]. Despite numerous on-going studies, the conditions for
crystallizing the monoclinic and orthorhombic forms lack definition. A system-
atic re-examination using Laue and Weissenberg X-ray methods, DSC, gonio-
metry and computer simulations was undertaken to establish the role of crystal-
lization conditions in determining the nature of polymorphism as well as TNT
crystal morphology [156]. Complicating features of this system are extensive
twinning in the monoclinic phase and remarkable similarity in the structures of
the two polymorphs which results in their XRD patterns being almost indistin-
guishable. The study established (inter alia) conditions for crystallizing the two
forms, finding that their occurrence was determined by growth solvent only and
was independent of the rate of crystallization. The orthorhombic polymorph
was shown to be metastable relative to the monoclinic polymorph.

Terephthalic acid (TA) is an important industrial chemical used in the pro-
duction of polyester. Its purification involves multi-stage recrystallization under
extreme conditions. The phase characterisation and morphologies of Forms I
and II of TA were studied by HSM, thermal analysis, Raman spectroscopy, single
crystal Laue X-ray diffraction, lattice energy and morphological calculations
[157]. Contrary to earlier reports, this study revealed that Form II (not Form I)
is the thermodynamically stable form of TA under ambient conditions. The
apparent stability of Form I was shown to be due to twinning in microcrystals
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leading to “collective stabilisation”, which prevents spontaneous transformation
to Form II.

Structural, thermodynamic, kinetic and mechanistic aspects of phase trans-
formations among three differently coloured forms of dimethyl 3,6-dichloro-
2,5-dihydroxyterephthalate have been studied by various methods [108] includ-
ing simultaneous DSC and optical microscopy using the apparatus shown in
Fig. 8. The three forms, (Y) yellow, (LY) light yellow and (W) white, which exhibit
extraordinary polymorphic behaviour, are now known to be conformational
polymorphs and the transformations among them appear to occur by nuclea-
tion and growth of the new phase outside the domains of the old one, not by
single-crystal to single-crystal transformation. Some perspective on research on
polymorphism can be gained from the concluding remarks of this account
which stress the prevailing lack of understanding of the complexity of phase
transitions and the formidable experimental difficulties experienced in ob-
taining reproducible results.

4
Towards Control of Polymorphism

4.1
The Need for Polymorphic Control

In a review sketching the important developments in synthetic organic chem-
istry during the past 25 years and predicting future directions [158], it was
emphasised that the exciting synthetic targets today are no longer molecules to
be prepared “for their own sake”, but rather, they are systems possessing specific
functions or properties. The systems which are being pursued with this goal
in mind are largely those whose properties are governed by non-covalent inter-
actions, as evidenced by the rapid growth of the discipline of supramolecular
chemistry in recent years. In the realm of solid-state chemistry, the goals of
crystal engineering [3] are, analogously, the design and preparation of materials
with specific properties (e.g. metallic conductivity, thermochromism, photo-
activity, second-harmonic generation), these properties being strictly dictated
by the crystalline assembly or supramolecular organization in the solid-state.
Preparation of such assemblies has been severely impeded by the lack of an
underlying theoretical framework for understanding the subtle interplay of
factors determining crystal packing. There is no guarantee, in the first instance,
that a given molecule will form a stable crystal which will survive the treatment
to which it will be subjected. The occurrence of polymorphism (in which both
thermodynamics and kinetics play a role) is an additional complicating factor,
since the three-dimensional array possessing the desired property is but one,
unique arrangement among many alternative arrays having similar free ener-
gies, but lacking that property. As an example, one property of solid materials
currently attracting widespread attention is that of non-linear optical (NLO)
behaviour, whose effect is second-harmonic generation (SHG). This property
has potential for the design of laser devices, optical communications and in-
formation processing. SHG depends on both the molecular hyperpolarizability
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(B) of the compound in question and on the orientation of the molecules in the
crystal. Specifically, a non-centrosymmetric packing arrangement is required
for a solid to exhibit NLO properties and, while it is possible to alter the value of
B by synthetic modification, encouraging molecules to adopt a non-centrosym-
metric packing arrangement is a formidable challenge.

The question of whether polymorphism is the “nemesis of crystal design” was
discussed at length nearly a decade ago [3]. Since then, however, systematic
studies in the areas of crystal nucleation, growth and morphology have led to
definite proposals for rational stereospecific control of polymorphism as well as
some success in its attainment in special cases [36]. Thus, while ab initio crystal
structure prediction is still a distant goal [72] and the preparation of specific,
desired phases is still elusive, there is at least the possibility of rational inter-
vention during the nucleation or growth stages of crystallization for influencing
the outcome, provided that the detailed polymorphic behaviour of the system
has been established from systematic study. This again provides strong justif-
ication for the application of a wide range of techniques for comprehensive
studies of systems exhibiting polymorphism. As implied by case studies des-
cribed earlier in this report, there are numerous instances in industrial environ-
ments where control of both crystal morphology and the polymorphic form of
a compound is vital, and here the outlook for success, based on the strategies to
be described briefly below, is promising.

4.2
Current Strategies and Prognosis for Crystal Engineering

Practical “control” of the polymorphic outcome of a crystallization process can be
interpreted at different levels, ranging from the purely empirical, such as the use
of identical crystallization conditions in the hope of obtaining a particular poly-
morph in a reproducible manner, to a much more ambitious strategy based on,
e.g., rational design of additives which could suppress or inhibit nucleation of
undesired polymorphs through selective molecular recognition mechanisms,
thus allowing unhindered growth of a desired metastable polymorph. Between
these extremes, there are different variations, both physical and chemical, that are
effective in producing specific polymorphs, as exemplified below. Reports of this
kind appear in the recent patent literature, attesting to the technological and com-
mercial importance of the polymorphs concerned. A patent for the preparation of
Form 1 of the widely used antiulcerative drug ranitidine hydrochloride describes
its crystallization from a mixed solvent in the presence of seed crystals, the
preferred process involving in situ reaction of HCl with the free-base [159].
Industrial-scale preparation of the stable polymorphic form of N-(4-hydroxy-
phenyl)retinamide is effected by successive chemical reactions with all-trans
retinoic acid as the starting material [160]. The desired polymorph is formed by
recrystallizing the wet product from 95% EtOH. The S-form of an organic phos-
phite, reported to be an effective process stabiliser for polyolefins, has been pre-
pared by heating the compound at 125 °C in the absence of solvent [161].
Desolvation of pseudopolymorphs may be considered as a means of poly-
morphic control. This was discussed earlier in this report in the context of
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altering the rheological properties of drug polymorphs in particular. However,
thermal treatment or vacuum drying has also been applied to more general
inclusion compounds containing both natural and synthetic host molecules in
order to prepare pure polymorphic forms of the host. Of the seven polymorphic
forms of gossypol (5) identified thus far [162], only two were obtained by appro-
priate recrystallizations from solution, while the remainder resulted from desol-
vation of various gossypol clathrates. The latter could be divided into isostruc-
tural groups and it was found that all members of a given group yielded the same
polymorph on desolvation. These unusual and intriguing results imply the
existence of a “template” effect in this system. Similar experiments with pseudo-
polymorphs of indomethacin (6) also yielded a series of isostructural pseudo-
polymorphs [83], but in this case there was virtually no correlation between a
given series and the identity of the polymorph resulting from desolvation. A
systematic study of such systems to elucidate the mechanisms of desolvation is
desirable if this process is to be exploited in a predictive way for the control of
polymorphism.

Polymorphic inclusion compounds of a host molecule with the same guest
can occur if the host-guest interactions are flexible enough to allow nearly equi-
energetic, but crystallographically distinct host-guest packing arrangements.
Reports of the preparations of such polymorphs are rare [163], but would prob-
ably increase in frequency if a variety of preparative conditions were to be
employed.

As with most organic compounds, inclusion complexes are usually prepared
only once and the chances of detecting polymorphism are correspondingly
small. The well known host molecule cholic acid (7) has been shown to form
different polymorphic inclusion complexes with the same guest [164]. The poly-
morph which crystallizes is determined by the absence or presence of a third
chemical species. Crystallization of cholic acid from, e.g., acrylonitrile yielded
the 1:1 host-guest complex with space group P2,2,2,, while addition of acrylo-
nitrile to a saturated solution of the host in butan-1-ol yielded a 1:1 cholic
acid - acrylonitrile complex with space group P2,.X-ray analyses confirmed that
the polymorphs contained different packing arrangements as well as different
hydrogen bonding networks. The controlling role of the third component in
effecting precipitation of a specific polymorph was not clarified in the report
but selective adsorption of solvent molecules on the surfaces of growing crystals
may be involved.

During the last ten years, considerable progress has been made in the control
and modification of crystal properties using “tailor-made auxiliaries” [35, 36].
These auxiliaries may act either as promoters of crystal growth (making them
useful for the study of nucleation processes) or as inhibitors (for use in the con-
trol of, e. g., morphology, enantiomeric resolution and polymorphism). The
strategy for effecting kinetic resolution of a conglomerate involves the design of
chiral-resolved polymeric inhibitors which will, in solution, bind selectively to
only one of the growing enantiomeric crystalline phases, thus preventing its
growth and permitting unhindered growth of the other enantiomeric phase.
Where simultaneous crystallization of the racemic phase might occur, design of
the inhibitor would have to take this into account. It must be emphasised that
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successful design of auxiliaries depends on a detailed knowledge of the packing
arrangements, as well as the relationship between packing arrangements and
crystal morphology for all species that might appear in the system. An early
demonstration of this approach (which was subsequently successfully applied to
several other systems) involved resolution of racemic histidine hydrochloride
[165]. In the report of this resolution, it was mentioned that this approach was
being tested for use in the precipitation of metastable polymorphic crystals by
kinetic control.

HO N
HO H,CO k
H,C CH, COOH
5 gossypol HyC - COoH 6 indomethacin
HO ch _-H

HO™’

7 cholic acid

Recent application of these principles to polymorphic control is shown
schematically in Fig. 15 for a hypothetical dimorphic system in which one poly-
morph is centrosymmetric and the other crystallizes in a polar space group [36].
In the former crystal, the molecules are arranged in antiparallel orientation
whereas in the latter they are aligned along a common direction. A tailor-made
auxiliary which binds to both crystals would do so at the two (indistinguishable)
ends of the centrosymmetric crystal but only at one end of the polar crystal. The
latter would therefore grow at the expense of the former and polymorphic
control will have been achieved.

This concept was successfully applied to N-(2-acetamido-4-nitrophenyl)pyr-
rolidene (PAN) where crystallization of the metastable polymorph of PAN could
be induced by addition of a remarkably small amount (0.03 %) of the designed
inhibitor [36]. Generalisation of this strategy is not straightforward, however,
since polar crystals may belong to space groups of relatively high symmetry
which require the constituent molecules to adopt a variety of orientations with
respect to the polar axis [35]. Strategies which have been explored to engineer
non-centrosymmetry into crystals for NLO properties have been listed in a
recent paper describing the polymorphism of 1,3-bis(m-nitrophenyl)urea [166].

Research on the use of tailor-made surfaces for promotion of nucleation has
been pursued in parallel with studies of crystal growth inhibition [35, 36]. The
objective here is to gain a deeper understanding of the mechanism of molecular
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Fig.15 a Schematic illustration of the packing arrangement in a polar and a centrosymmetric
crystal. b The effect of a designed inhibitor on crystal growth. (Adapted from [36] with
permission

clustering associated with the formation of pre-critical nuclei of crystalline
phases. The relevance for organic crystal polymorphism is that direct observa-
tion of the dynamics of crystal nucleation could elucidate the effects of additives
on polymorphic control. Much of this work has been based on the use of Lang-
muir films to induce nucleation at the air-water interface [36]. To illustrate the
level of interpretation which is currently possible from such experiments, a
recent study of the self-assembly of crystalline monolayers and multilayers of
n-alkanes on a water surface is cited [167]. Surface observations were carried out
using synchrotron grazing incidence X-ray diffraction and specular X-ray
reflectivity. These allowed detailed characterisation of the crystalline films
including determination of their space groups. It is noteworthy that these were
found to be identical to those of the corresponding three-dimensional crystals,
thus demonstrating that the full crystal symmetry already exists even for
crystallites whose thickness corresponds to only a few molecular layers.
Related to the above strategy is the concept of engineering solid surfaces for
promoting nucleation and epitaxial growth of desired polymorphs. If it is as-
sumed that the pre-nucleation aggregate for a polymorph resembles the mature
crystal, it should be possible to design a surface which mimics a particular
crystal plane of the desired species, and upon which heterogeneous nucleation
will occur and epitaxial polymorphic growth will result. This has been realised
in the technique of ledge-directed epitaxy [168] in which the intersection of a
terrace plane and a step on a crystal surface (a “ledge”) functions as a nucleation
site for organic crystals. For polymorphic control, the crucial requirement is that
two well-defined, close-packed crystal planes of the polymorph have a dihedral
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angle which matches that of the substrate ledge site. Successful application of
this principle to the selective nucleation and growth of a thermodynamically
less favoured polymorph of a complex organic salt on succinic acid single
crystals as substrates has recently been reported [169].

The approaches outlined above continue to provide new insights into the
fundamental process of crystallization of organic molecules and studies of the
type described promise to contribute very significantly in the future to a detail-
ed understanding of the molecular origins of crystal polymorphism and to its
effective control. The author believes that the phenomenon of polymorphism
will, notwithstanding such progress, retain its aura as a remarkable manifesta-
tion of Nature’s diversity.
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