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P-2020/47410

SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO
DIRECCION DE NUEVAS CREACIONES
E. S. D.

Re: Expediente No. NC2020/0013806
Solicitud de patente a nombre de ORPHALAN

Yo, CAROLINA DAZA MONTALVO identificada como aparece al pie de mi firma,
domiciliada en la Carrera 11 No. 86-53, obrando como apoderada de la sociedad
ORPHALAN, domiciliada en Paris, Francia, solicitante de la patente de la referencia, en
respuesta al oficio No. 12638 notificado electronicamente el 22 de julio de 2024,
relacionado con los requerimientos de fondo de la solicitud, atentamente me permito
presentar la siguiente informacién:

1. Modificacion a las Reivindicaciones

Con fundamento en la facultad que confiere el articulo 34 de la Decision 486 al
solicitante para modificar la solicitud de patente en cualquier momento del tramite,
presento junto con este memorial nuevo capitulo reivindicatorio, el cual consta de
dieciséis (16) reivindicaciones y reemplaza completamente el presentado
anteriormente. Especificamente, se realizaron las siguientes modificaciones:

1.1. No se incluyen las antiguas reivindicaciones 2, 6, 7, 8, 18 y 19.

1.2. Lareivindicacién 1 se ha modificado para hacer referencia Unicamente al espectro
XRPD de la Forma B de TETA.4HCI, y no al espectro Raman, y para incorporar las
caracteristicas de la antigua reivindicacion 2. Las caracteristicas relacionadas con
el espectro Raman incluidas en la antigua reivindicacion 1 se han trasladado a la
nueva reivindicaciéon dependiente 3.

Se ha realizado una modificacién correspondiente a la reivindicaciéon 6 y 10.

1.3. Las reivindicaciones 6 a 8 se han modificado para aclarar los componentes de la
composicién reivindicada.
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1.4. La reivindicacién 6 se ha modificado para especificar que el antidisolvente
comprende etanol, metanol, acetonitrilo, propan-2-ol, acetona, 1,4-dioxano o
mezclas de los mismos. La base de esta modificacion se puede encontrar en la
pagina 16, lineas 30-31 de la solicitud tal como se presentd. Se han realizado las
modificaciones correspondientes en la reivindicacién 10.

1.5. En vista de las modificaciones previas, se renumera el pliego reivindicatorio y se
ajusta sus dependencias.

En cuanto a estas modificaciones, me permito decir que las mismas no amplian de
ninguna manera la materia objeto de la presente solicitud y se realizan con el dnimo de
superar las objeciones planteadas por el examinador en su concepto técnico.

En consecuencia, se indica que el presente capitulo reivindicatorio, que incluye dieciséis
(16) reivindicaciones, se ajusta a las disposiciones del articulo 30 de la Decisién 486/00.

2. Pago de tasas

Considerando que el presente memorial se presenta junto con modificaciones a las
reivindicaciones se adjunta recibo por concepto de pago de tasa de modificacién a las
reivindicaciones, segun lo establecido en la Resolucion 59669 de 2020.

En relacién con el numero de reivindicaciones, atentamente nos permitimos decir que
no se adjunta tasa por concepto de reivindicaciones adicionales, toda vez que el nuevo
capitulo reivindicatorio tiene menor nimero clausulas que el capitulo reivindicatorio
previo, y en esencia es el mismo objeto, pero definido con mayor claridad.

3. Claridad y concision del pliego reivindicatorio

El solicitante manifiesta que mediante la presentacion del nuevo capitulo reivindicatorio
quedan subsanadas la totalidad de las objeciones, de modo tal que las nuevas
reivindicaciones proporcionan claridad y concisién a la invencidon descrita, siguiendo las
recomendaciones realizadas por el examinador en su concepto técnico.

En relacion con las diferentes objeciones formuladas, se desea manifestar lo siguiente:
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3.1 El examinador indica que las reivindicaciones 1, 3, 9 y 20, emplean la expresion:
“una o ambas”, que no es limitativa, porque hace opcional la caracteristica y no
limita el alcance de la reivindicacién.

A fin de superar la objecién, se ha modificado la reivindicacién 1 para que haga
referencia Unicamente al espectro XRPD de la Forma B de TETA.4HCl. Las
caracteristicas relacionadas con el espectro Raman se han trasladado a la nueva
reivindicacion dependiente 3. Se ha realizado una modificacidén correspondiente
a las reivindicaciones 6 y 10. En vista de lo anterior, la objecién queda
subsanada.

3.2 El examinador indica que las reivindicaciones 6 a 8 presentan ambigledad en
cuanto a la formulacion de la composicién farmacéutica. La redaccion sugiere que
la composicidn comprende Unicamente la Forma A. Sin embargo, la composicion
incluye la Forma B, y los porcentajes establecidos para la Forma A hacen
referencia a su presencia dentro de la Forma B.

Con respecto a esta objecion, se han modificado estas reivindicaciones para
especificar que la composicién contiene la Forma B, asi como, opcionalmente, la
Forma A.

3.3 El examinador afirma que la reivindicacion independiente 9 reclama un proceso,
pero este no se define mediante una secuencia légica de etapas y/o mediante
sus condiciones técnicas esenciales.

Al respecto se resalta que la reivindicacion 9 define las condiciones esenciales
necesarias para obtener la forma cristalina requerida, la Forma B, a saber, la
cristalizacion mediante la adicién de un antidisolvente a una temperatura inferior
a 15 °C. Adicionalmente, se ha afiadido un paso adicional de adicién de cristales
semilla de la Forma B de TETA 4HCI. Esta reivindicacion proporciona ahora mas
detalles sobre las caracteristicas del método y define claramente una secuencia
I6gica de pasos para obtener la forma cristalina reivindicada.

3.4 El examinador sefiala que las reivindicaciones 9 a 14 no son concisas porque el

término: “antisolvente”, comprende un nimero muy extenso de alternativas, lo
que impide establecer claramente el alcance de la proteccidn.
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1.6. Con respecto a esta objecidén, se reitera que la nueva reivindicacion 6 se ha
modificado para especificar que el antidisolvente comprende etanol, metanol,
acetonitrilo, propan-2-ol, acetona, 1,4-dioxano o mezclas de los mismos. Se han
realizado las modificaciones correspondientes en la reivindicacion 10.
3.5 El examinador observa la reivindicacion 12 reclama: “reducir la temperatura a la
temperatura de”.
Se ha realizado la correccion respectiva.
3.6 El examinador indica que la reivindicacidn 13 repite el mismo material que se
encuentra en la reivindicacién independiente 12.
Al respecto, se resalta que la reivindicacion 10 (antigua reivindicacion 12) indica
en el paso (iv) que se reduce la temperatura de -5 a 10°C y agitar la mezcla. Por
su parte, la reivindicacion 11 (antigua reivindicacion 13) hace referencia a que el
paso (iv) comprende reducir la temperatura a -5 a 5°C y agitar la mezcla.
3.7 El examinador afirma que la reivindicacion 19 repite el mismo material que se

encuentra en la reivindicacién independiente 9.

Al respecto se informa que la antigua reivindicacion 19 no se incluye en esta
oportunidad.

En consecuencia, nos permitimos indicar que el presente capitulo reivindicatorio, que
incluye dieciséis (16) reivindicaciones, se ajusta a las disposiciones del articulo 30 de la
Decisidon 486/00.

4. Descripcion

Afirma el examinador que el capitulo descriptivo de la solicitud, este no divulga la
invencion de manera suficientemente clara y completa, para que una persona
capacitada en la materia pueda ejecutarla, incumpliendo de esta forma lo establecido
en el articulo 28 de la Decision 486 de la Comision de la Comunidad Andina,
particularmente el literal (e).

En este sentido, en la memoria descriptiva (Radicado No. NC2020/0013806 de 04 de
noviembre de 2020) se divulga:
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“"En particular, la Forma A se caracteriza por un espectro de Raman que tiene
picos a 933, 1167, 1513 y 1604 + 5 cm-1, tipicamente a 933, 1167, 1513 y 1604
+ 2 cm-1 (pag. 18, lineas 22 a 24),

Teniendo en cuenta el rango variable de £ 5 cm-1, los valores del espectro Raman de
la forma A se superponen con los valores de la forma B reivindicados:

"un espectro de Raman que tiene dos, tres o cuatro picos seleccionados de los
picos a un desplazamiento de Raman de 943, 1173, 1527 y 1612 £ 5cm-1"

En vista de esto, se deduce que no esta clara la diferenciacidon entre las dos formas, A
y B, de acuerdo con los datos proporcionados del espectro Raman. Los valores se
superponen para ambas formas, lo que plantea dudas sobre la capacidad de distinguir
una forma de la otra, si es que ambas formas realmente existen.

A fin de superar la objecion, las reivindicaciones se han modificado de forma que la
caracteristica requerida para la identificacion de las dos formas cristalinas sean sus
espectros de XRPD, y no los espectros Raman.

Como se explica en la pagina 10 y 13 de la descripcidon de la presente solicitud, los
espectros de XRPD de la Forma A y la Forma B son claramente diferentes y, por lo tanto,
la caracterizacion de XRPD proporciona una clara diferenciaciéon entre las dos formas
cristalinas.

Se observa que en la seccién final del informe de examen (donde el examinador
responde a nuestros argumentos anteriores), el examinador sugiere que el analisis de
XRPD no se puede utilizar para distinguir las dos formas polimérficas, porque los picos
de XRPD que caracterizan la Forma A "son evidentes tanto para la Forma A como para
la Forma B". Sin embargo, esto es incorrecto. Como se explicd anteriormente, y como
se recita en las reivindicaciones, la Forma A se caracteriza por un patron de XRPD con
picos a 25,2 y 35,7 £ 0,1° 28. Contrariamente a las afirmaciones del examinador,
ninguno de estos picos se encuentra en la Forma B. Ademas, la definicion de la Forma
B se ha modificado para especificar que la Forma B tiene un espectro XRPD con picos a
25,4, 34,6y 35,3 ° + 0,1°26. Estos picos son los picos mas destacados para caracterizar
la Forma B, como se describe en la presente solicitud, y estos tres picos son los mas
importantes para caracterizar la Forma B.
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En la Forma A no se encuentran picos juntos.

En consecuencia, la Forma A y la Forma B se distinguen claramente por sus espectros
XRPD.

De la seccion final de la accién oficial se puede determinar que una de las
preocupaciones del examinador en torno a la descripcion de la presente solicitud surge
del Ejemplo 7 de la solicitud, que muestra que las formas cristalinas que contienen
cierta cantidad de la Forma B se pueden obtener mediante cristalizacién a 20 °C en
determinadas condiciones. El examinador sefiala que esta es la misma temperatura que
se utiliza en el documento citado D1 (véase el Ejemplo 17 de D1). Sin embargo, el
Ejemplo 7 no sugiere que la simple cristalizacion a 20 °C (tal como la descrita en el
Ejemplo 17 del documento citado como D1) producira la Forma B pura como se define
en las presentes reivindicaciones. En particular, los Unicos experimentos en el Ejemplo
7 que produjeron la Forma B pura (es decir, un producto como se define en la presente
reivindicacion 1) fueron aquellos en los que se afladieron cristales semilla de la Forma
B (véanse las Tablas 15y 16).

En el Ejemplo 17 de D1 no se sugiere que se deban agregar cristales semilla durante el
paso de cristalizacidén. Por lo tanto, los datos presentados en el Ejemplo 7 de la solicitud
no deben generar dudas sobre la conclusién de que el Ejemplo 17 de D1 no produce la
Forma B que no contenga mas del 10 % en peso de la Forma A.

En vista de lo anterior, es posible determinar que la Descripcidén de la presente solicitud
cumple con los requerimientos establecidos en el Articulo 28 de la Decision 486.

5. Nivel inventivo

El examinador establece en su concepto técnico la falta de nivel inventivo de las
antiguas reivindicaciones 1 a 20 en relacién con el documento W0O2006027705 (D1) en
combinacién con el documento CN105753719 (D3).

En este sentido, me permito sefalar que el articulo 18 de la Decisidon 486 establece que
“Se considerara que una invencion tiene nivel inventivo, si para una persona del oficio
normalmente versada en la materia técnica correspondiente, esa invencion no hubiese
resultado obvia ni se hubiese derivado de manera evidente del estado de la técnica”.
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Lo anterior significa que el analisis de nivel inventivo NO es una comparacion de los
objetos de las anterioridades y la solicitud en estudio. El andlisis de nivel inventivo debe
demostrar |la obviedad de la invencién y establecer cdmo ésta no contiene un salto
cualitativo, que demuestre su altura inventiva, teniendo en cuenta que se hace
necesario demostrar que la invencion analizada carece de nivel inventivo y hubiese
sido obvia para una persona versada en la materia.

Considerando las anteriores definiciones, es deseo del solicitante manifestar que la
invencion reclamada en el nuevo capitulo reivindicatorio es tanto novedosa como
inventiva en relacién con el estado de la técnica citado, por las siguientes razones:

Reivindicaciones de Producto

En relacién con las reivindicaciones independientes 1 y 4, el examinador considera que,
a partir de D1, seria obvio desarrollar una nueva forma cristalina de TETA.4HCI con alta
estabilidad y baja higroscopicidad, porque se conocen formas polimoérficas de TETA.2HCI
con estas propiedades fisicoquimicas. Sin embargo, este no es el caso.

Aunque el polimorfismo se exhibe en muchas moléculas pequefias, la presencia (o
ausencia) de multiples formas polimérficas de un compuesto dado, asi como las
propiedades fisicoquimicas de esos polimorfos, esta inextricablemente ligada al
compuesto exacto que se esta considerando. En otras palabras, aunque TETA.2HCl y
TETA.4HCI comparten el mismo compuesto central, es decir, trietilentetramina, no se
esperaria que las dos formas de sal diferentes actien de la misma manera en relacion
con sus formas cristalinas.

En este sentido, la trietilentetramina tiene la siguiente estructura:

H
H

En la forma de sal 2HCI, dos de las posiciones de amina estan protonadas y asociadas
con contraiones de cloruro. Sin embargo, en la forma de sal 4HCI, todas las posiciones
de amina estan protonadas y asociadas con iones de cloruro. Los iones de cloruro son
muy grandes, por lo que la presencia de cuatro aniones de cloruro tiene un impacto
significativo en el tamafio de la molécula, asi como en la distribucidon de la carga
alrededor de la molécula. Estos factores afectaran significativamente la capacidad de
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una molécula de TETA para interactuar con otra a través de interacciones no covalentes
y, por lo tanto, afectaran la forma en que las moléculas se organizan en una celda
unitaria (es decir, cdmo el compuesto cristaliza en formas polimérficas).

Por lo tanto, el hecho de que existan ciertos polimorfos (con ciertas propiedades) para
TETA.2HCI no significa que necesariamente existan polimorfos alternativos con
propiedades similares para TETA.4HCI. De hecho, cuando se enfrenta a un polimorfo
conocido de TETA.4HCI como la Forma A, el experto no tendria motivos para esperar
gue (a) pudiera existir otra forma polimérfica, o (b) que dicha forma polimérfica
alternativa pudiera tener las propiedades mejoradas que se han descrito en nuestra
respuesta anterior (por ejemplo, se podria esperar que la forma conocida Forma A
represente el polimorfo con las mejores propiedades para la administracion
farmacéutica).

De otra parte, se considera que el analisis realizado por el examinador es contrario al
conocimiento comun en la técnica sobre el polimorfismo. Las referencias adjuntas en su
idioma original y de las cuales se resumen a continuacion, describen la imprevisibilidad
del polimorfismo de un compuesto conocido.

1. En general, sigue siendo imposible predecir la estructura, incluso de la forma
cristalina mas simple a partir del conocimiento de su composicion quimica (Nature, vol.
335, 1988, p. 201).

2. Si bien puede no ser sorprendente que se haya encontrado que muchos materiales
farmacéuticamente importantes son polimérficos, o que cualquier compuesto en
particular puede resultar polimdérfico, cada compuesto es esencialmente una situacion
nueva, y el conocimiento y la comprension mas avanzados de la El fendmeno del
polimorfismo sigue siendo tal que no podemos predecir con ningun grado de confianza
si un compuesto es polimérfico, prescribir como hacer posibles polimorfos
(desconocidos) o predecir cuales pueden ser sus propiedades (Polymorphism in
Molecular Crystals, 2002, p. 241) .

3. Como resultado, hay muy poca informacion disponible para guiar de manera general
la prediccion de la estabilidad de los compuestos en estado sélido, y mucho menos en
sus diferentes formas sélidas o diferentes formulaciones (Chemical Master, vol. 6, 1994,
pag. 1149).
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4. Las sustancias farmacoldgicas sélidas muestran una variedad amplia y en gran parte
impredecible de propiedades de estado sélido (Pharmaceutical Research, vol. 12, 1995,
p. 945).

Como se describe en las referencias anteriores, se sabe que se pueden obtener varios
polimorfos cristalinos dependiendo de varios disolventes y condiciones. Sin embargo,
no se sabe ni es obvio obtener realmente un polimorfo cristalino de un compuesto
conocido debido a la imprevisibilidad de las propiedades fisicas del compuesto como lo
evidencian las referencias citadas antes mencionadas.

Ademas, para ejemplos como se evidencia en la referencia adjunta (Chemical Master,
vol. 6, 1994, p. 1150), varios factores pueden afectar la formacion de polimorfos. Dichos
factores son la composicién o polaridad del disolvente, la concentracién o el grado de
sobresaturacién, la temperatura, incluida la velocidad de enfriamiento y el perfil de
enfriamiento, los aditivos, las semillas y la presencia de semillas, el pH y la agitacion.
Por ejemplo, se puede obtener un tipo de polimorfo cristalino enfriando soluciones
saturadas calientes, y se puede obtener un tipo diferente de polimorfo cristalino
evaporando parcialmente una solucidon saturada clara, incluso si se usa el mismo
solvente en ambos métodos. Dados esos diversos factores que contribuyen a la
formacion de un polimorfo cristalino, existe un numero infinito de combinaciones
posibles. Por lo tanto, la formacién de una determinada forma de polimorfo cristalino
requiere un esfuerzo inmenso y la superacidn de obstaculos desafiantes e
impredecibles, que no deberian considerarse obvios para una persona con
conocimientos ordinarios en la técnica.

Reivindicaciones de método

En relacion con la reivindicacidon independiente 9, el examinador alega que seria obvio
utilizar una temperatura de entre 7 y 15 °C para la adicién de antidisolvente, basandose
en la ensefanza en D3 de que la cristalizacion puede ocurrir entre 0 °C y la temperatura
ambiente.

Como punto inicial, la ensefianza de un amplio rango de “entre 0 °C y la temperatura
ambiente” en D3 no contiene una ensefianza explicita hacia el rango de temperatura
especifico de entre 7 y 15 °C que se menciona en las presentes reivindicaciones.
Ademas, en vista de la discusidn anterior sobre la imprevisibilidad de las formas
polimdrficas, no seria obvio para el experto en la materia que un control cuidadoso de
la temperatura de adicion de antidisolvente (en lugar de, por ejemplo, la modificacion
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de cualquier otra condicién en el proceso de cristalizacién) daria como resultado una
forma polimérfica Forma B que tenga las propiedades mejoradas de alta estabilidad,
buena resistencia de la pastilla y baja higroscopicidad que se han explicado en nuestra
respuesta anterior.

No obstante, la reivindicacion 9 (nueva reivindicacion 6) se ha modificado para
especificar que los cristales semilla se afiaden durante la cristalizaciéon. Ni D1 ni D3
sugieren la adicién de cristales de siembra durante la cristalizacion.

Por al menos estas razones, la materia reivindicada implica una actividad inventiva.

Finalmente se llama la atencién del examinador en cuanto a sus inquietudes del Ejemplo
5 de la solicitud y los resultados de la prueba de Heckel que alli se presentan. Como se
muestra claramente en la Tabla 10, una tableta compactada hecha a partir de la Forma
A (Ejemplo de referencia 3) demuestra una baja resistencia a la compactacion (4-6
kilopondios) a velocidades de compactacién rapida. Por el contrario, como se muestra
en la Tabla 13, una tableta compactada hecha de la Forma B (Ejemplo 2) tiene una
mayor resistencia a las mismas velocidades de compactacion (9-11 kilopondios).

Como seinald correctamente el examinador, los valores mas altos en una prueba de
Heckel se correlacionan con una mayor resistencia. Por lo tanto, la solicitud demuestra
que las tabletas compactadas hechas de la Forma B tienen una mayor resistencia a las
mismas velocidades de compactacién (9-11 kilopondios).

Por lo tanto, en vista de las modificaciones realizadas al pliego reivindicatorio y las
aclaraciones aqui presentadas, es posible afirmar que la materia reivindicada implica
un avance inventivo sobre el campo técnico de la invencion, especificamente sobre D1
y D3, solos o combinacion. Es decir, la presente invencién que no habria resultado de
ninguna manera obvio para la persona del oficio normalmente versada en la materia,
por lo que cumple con el requisito de nivel inventivo, segun el articulo 18 de la Decisién
486.

6. Conclusion

Con los argumentos presentados puede concluirse que:
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i) La presente solicitud es clara, concisa y estd debidamente soportada en la
descripcion, cumpliendo con los requerimientos del Articulo 30 de la Decisién
486.
i) La descripcidén de la presente solicitud es clara, cumpliendo con los

requerimientos del Articulo 28 de la Decision 486.
iii) Las reivindicaciones actuales son patentables sobre D1 y D3, cumpliendo asi
con los requerimientos de los Articulos 14, 16 y 18 de la Decisién 486.

Por tanto, atentamente me permito solicitar a ese Despacho otorgar el privilegio de
patente solicitado a la solicitud en estudio, toda vez que cumple a cabalidad con los
requerimientos de la Decisién 486/00.

En consecuencia, solicitamos a ese Despacho pronunciarse en relacidon con todos los
argumentos presentados en este memorial dando estricta aplicaciéon al principio del
debido proceso consagrado en el articulo 29 de la Constitucidn Nacional.

7. Anexos

- Nuevo capitulo reivindicatorio conformado por dieciséis (16) reivindicaciones.
- Comprobante de pago de tasas por concepto de la modificacion al pliego
reivindicatorio.
- Documentos en su idioma original:
v Lu J. & Rohani S. (2009) Polymorphism and Crystallization of Active
Pharmaceutical Ingredients.
v  Byrn S., et al. (1995) Pharmaceutical Solid: A strategic approach to
Regulatory Considerations. Pharmaceutical Research, Vol 12, No. 7, 1195.
v' Moddix J. (1988) Crystals from first principles. Nature Vol 335, 15 September
1988.
v' Byrn S., et al. (1994). Solid-State Pharmaceutical Chemistry. Chem Mater.
1994, 6, 1148-1158.

Sefora Directora,

g%ﬁLINA DAZA ALVO
C.C. 66.783.790 de Palmira Valle

TP-141563 CSJ
notificaciones@clarkemodet.com.co
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P-2020/47410 (NC2020/0013806)
Reivindicaciones presentadas con la respuesta a la 2da Accion Oficial 12638
Octubre 15, 2024

REIVINDICACIONES MODIFICADAS

1. Una forma cristalina de tetrahidrocloruro de trietilentetramina de la Forma
B, caracterizada por un patréon de XRPD que tiene picos a 25,4, 34,6 y 35,3 +
0,1°208; en donde la forma cristalina contiene de 0 a 10% en peso de la Forma
A de tetrahidrocloruro de trietilentetramina que tiene un patrén XRPD con picos
a 25,2y 35,7 +£0,1° 26, en el que los picos del patrén de XRPD se miden usando
una longitud de onda de 1,5418 A.

2. Una forma cristalina de acuerdo con la reivindicacién 1 en donde la forma
cristalina contiene de 95 a 100% en peso de la Forma B de tetrahidrocloruro de
trietilentetramina que tiene un patron de XRPD como se define en la

reivindicacion 1.

3. Una forma cristalina segun cualquiera de las reivindicaciones anteriores, en
la que la forma cristalina de tetrahidrocloruro de trietilentetramina de la Forma
B tiene un espectro Raman que tiene picos en un desplazamiento Raman de 943,

1173, 1527 y 1612 £ 5 cm™.

4, Una composicion farmacéutica que comprende una forma cristalina de
acuerdo con cualquiera de las reivindicaciones 1 a 3 y un vehiculo o diluyente

farmacéuticamente aceptable.

5. Una composicién farmacéutica de acuerdo con la reivindicacién 4, en

donde la composicion farmacéutica es una forma de dosificacidén oral sélida que
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comprende una forma cristalina de acuerdo con cualquiera de las

reivindicaciones 1 a 3 y un vehiculo farmacéuticamente aceptable.

6. Un método para producir una forma cristalina de tetrahidrocloruro de
trietilentetramina de la Forma B, que tiene un patron de XRPD que picos a 25,4,
34,6 y 35,3 £ 0,1°26, en donde el método comprende los pasos de:
(a) agregar un antisolvente a una solucion acuosa de tetrahidrocloruro de
trietilentetramina, en el que la adicidon de antisolvente se lleva a cabo
a una temperatura de 7 a 15 ° C, y en donde el antidisolvente
comprende etanol, metanol, acetonitrilo, propan-2-ol, acetona, 1,4-
dioxano o mezclas de los mismos;
(b) agregar cristales semilla de TETA.4HCI de la Forma B a la solucién
acuosa de tetrahidrocloruro de trietilentetramina;y luego

(c) recolectar los cristales obtenidos

7. Un método de acuerdo con la reivindicacién 6, en el que la forma cristalina de
tetrahidrocloruro de trietilentetramina de la Forma B tiene un espectro Raman
que tiene picos en un desplazamiento Raman de 943, 1173, 1527 y 1612 £ 5

cml,

8. Un método de acuerdo con la reivindicacidén 6 o la reivindicacién 7, en el que

la adicion de antisolvente se lleva a cabo a una temperatura de 7 a 13°C.

9. Un método de acuerdo con cualquiera de las reivindicaciones 6 a 8, en el
gue el antisolvente se aflade a una velocidad de adicidon de 0,01 a 0,5 ml/min

por gramo de TETA.4HCI disuelto en la solucidén acuosa.
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10. Un método de acuerdo con cualquiera de las reivindicaciones 6 a 9, en

donde el método comprende los pasos de:

(i) agregar antisolvente a una solucion acuosa de TETA.4HCl a una
temperatura de 7 a 15°C, en donde el antisolvente comprende etanol,
metanol, acetonitrilo, propan-2-ol, acetona, 1,4-dioxano o mezclas de los
mismos;

(i)  agregar cristales semilla de TETA.4HCI de la Forma B;

(iii)  agitar la mezcla resultante de 7 a 15 °C;

(iv) reducir la temperatura de -5 a 10°C y agitar la mezcla; y

(v) recolectar los cristales resultantes.

11. Un método de acuerdo con la reivindicacién 10, en donde el paso (iv)

comprende reducir la temperatura a -5 a 5°C y agitar la mezcla.

12. Un método de acuerdo con la reivindicacion 11, en donde el antisolvente se

afade a una velocidad de adicion de 0,01 a 0,2 ml/min/g de TETA.4HCI.

13.  Un método de acuerdo con cualquiera de las reivindicaciones 6 a 12 en
donde los cristales recolectados se combinan con un vehiculo farmacéuticamente

aceptable para producir una composicion farmacéutica.

14. Un método de acuerdo con la reivindicacién 13, en donde el método
ademads comprende comprimir la mezcla de cristales y vehiculo

farmacéuticamente aceptable para formar un comprimido.
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15. Un método de acuerdo con la reivindicacién 14, en donde el método ademas

comprende recubrir con azucar o recubrir con pelicula el comprimido.

16. Un método de acuerdo con una cualquiera de las reivindicaciones 6 a 15, en
donde el método es un método para preparar una forma cristalina donde la
forma cristalina contiene de 95 a 100% en peso de la Forma B de
tetrahidrocloruro de trietilentetramina que tiene un patron de XRPD que tiene

picos a 25,4, 1634,6 y 35,3 £ 0,1 ° 26.
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Abstract: Active pharmaceutical ingredients (APIs), frequently delivered to the patient in the solid-state as part of an ap-
proved dosage form, can exist in such diverse solid forms as polymorphs, pseudopolymorphs, salts, co-crystals and amor-
phous solids. Various solid forms often display different mechanical, thermal, physical and chemical properties that can
remarkably influence the bioavailability, hygroscopicity, stability and other performance characteristics of the drug.
Hence, a thorough understanding of the relationship between the particular solid form of an active pharmaceutical ingre-
dient (API) and its functional properties is important in selecting the most suitable form of the API for development into a
drug product. In past decades, there have been significant efforts on the discovery, selection and control of the solid forms
of APIs and bulk drugs. This contribution discusses the thermodynamics and kinetics of polymorphic systems, the charac-
terization of polymorphs, and the transformation between polymorphs. The major techniques for polymorph discovery and

control developed in the past years are discussed as well.

Keywords: Crystallization, polymorphism, pseudopolymorphism, active pharmaceutical ingredients (APIs), discovery, control.

1. INTRODUCTION

Active pharmaceutical ingredients (APIs) are frequently
delivered to the patient in the solid-state as part of such dos-
age forms as tablets, capsules, granules, powders, etc [1]. No
matter whether as pure drug substances or in formulated
products, APIs can exist in various solid forms, such as
polymorphs, pseudopolymorphs (solvates and hydrates),
salts, co-crystals and amorphous solids. Each form may
possess its own unique mechanical, thermal, physical and
chemical properties that can remarkably affect the solubility,
bioavailability, hygroscopicity, melting point, stability, com-
pressibility and other performance characteristics of the drug
[2]. Hence, a thorough understanding of the relationship
between the particular solid form of an API and its func-
tional properties is crucial for selecting the most suitable
form of the API for development into a drug product.

Crystallization refers to the formation of solid particles
from a vapor, the solidification from a liquid melt or the
formation of dispersed solids from a solution. Crystalliza-
tion, incorporating wider definition to include precipitation
and solid-state transitions, is a major technological process
for particle formation in pharmaceutical industry [3]. It is
estimated that over 70% of all solid materials are produced
by crystallization. As a matter of fact crystallization plays a
key role in defining the physicochemical properties of solid
APIs and their final dosage forms.

An understanding of the solid state leads to a full ac-
quirement of the drug properties, which is critical for many
of the activities of the pharmaceutical industry. In this re-
view, we focus on the polymorphism of active pharmaceuti-
cal ingredients. The identification of polymorphic system
and the characterization of polymorphs are emphasized. The
development in polymorph-selective crystallization tech-
nologies has been presented in detail. The thermodynamic
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Ontario, N6A 5B9, Canada; Tel: 519-661-4116; Fax: 519-661-3498;

E-mail: rohani@eng.uwo.ca

0929-8673/09 $55.00+.00

and kinetic factors that can affect the polymorph of final
product are discussed. The polymorphic transformation and
the computational approaches for predicting crystal struc-
tures are also included.

2. SOLID FORMS OF ACTIVE PHARMACEUTICAL
INGREDIENTS

The solid forms in which an API may present include
polymorphs, solvates, hydrates, salts, co-crystals and amor-
phous solids, as shown in Fig. (1). Discovery and identifica-
tion of the solid forms of the active pharmaceutical ingredi-
ent provide various options to develop it into the drug prod-
uct. The choice and design of the preferred form should be
based on a comparison of the physico-chemical properties, of
which the desired properties may lie on the mode of delivery
(e.g., oral, pulmonary, nasal, rectal, transdermal, etc.). There-
fore the preferred solid form may differ for each optimized
dosage form [1].

2.1. Polymorphs

Polymorphism may be defined as the ability of a com-
pound to exist in two or more crystalline forms in which the
molecules have different arrangements (packing polymor-
phism) and/or conformations (conformational polymor-
phism) in the crystal lattice [4,5]. In other words, poly-
morphs have the same chemical composition, different lat-
tice structures and/or different molecular conformations [6-
10]. Polymorphism is a widespread phenomenon observed
for more than half of all active pharmaceutical ingredients
[4,11]. So far, only a small quantity of medicinally active
substances can be considered for a practical purpose to be
non-polymorphic, e.g., aspirin [12,13]. There still is a theo-
retical possibility that those non-polymorphic organic com-
pounds may have potential polymorphs [1].

Polymorphs generally have different physical and chemi-
cal properties resulting in different stability and bioavailabil-
ity of drug products [14]. Mebendazole, a kind of broad-
spectrum anthelmintic drug against the infestations by as-

© 2009 Bentham Science Publishers Ltd.
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Fig. (1). Schematic representation of the structures of solid forms of APls.

caris, threadworms, hookworms and whipworms, has been
found to have three polymorphic forms (A, B, C) displaying
solubility and therapeutic differences [15]. The polymorphs
differ with respect to their spectral and thermal properties as
well. The solubility of the three polymorphs of mebendazole
in 0.03M hydrochloric acid is in the order A, C, B. Solubility
studies and clinical trials have shown that polymorph C is
therapeutically favored [16]. As to the two polymorphs of
sulfamerazine, Sun and Grant [17] have demonstrated that
polymorph | possesses greater plasticity, compressibility and
tabletability than polymorph II.

One of the most well-known examples of the evolution of
polymorphic APIs into the marketed drug products is Rito-
navir (marketed as Norvir® by Abbott Laboratories). Since
the original Norvir® capsule entered into the market, a previ-
ously unknown but thermodynamically more stable poly-
morph (form I1) of Ritonavir was discovered. This new form
was approximately 50% less soluble in the hydroalcoholic
formulation vehicle than form 1. Then the original Norvir®
capsule was eventually withdrawn from the market [18], and
a new formulation of Norvir® using form Il was launched
[19].

2.2. Pseudopolymorphs

Pseudopolymorphism may be defined as crystalline
forms of a compound in which solvent molecules are in-
cluded as an integral part of the structure [20,21]. Pseudo-
polymorphs (solvates and hydrates) can be stoichiometric or
nonstoichiometric in nature [22]. The propensity of an API
molecule to form pseudopolymorphs is deemed to be rele-
vant to molecular structures, hydrogen bonding ability, and
crystal packing [23-26].

Pseudopolymorphs generally show different solubilities,
dissolution rates, mechanical behavior, stability and bio-
availability from their unsolvated counterparts [27]. For
example, caffeine hydrate is much less soluble in water than
anhydrous caffeine, but the hydrate is much more soluble in
ethanol than anhydrous caffeine [28]. The monohydrate of
theophylline possesses higher mechanical strength than an-
hydrous theophylline, resulting from a large number of in-
termolecular hydrogen bonds in its crystal structure [29]. The
weaker mechanical strength of the anhydrate makes it more
brittle than the monohydrate. Meanwhile, Liu et al. [30] have
further demonstrated that there exist crystallinity differences
between the anhydrous and hydrated forms of caffeine and
theophylline.

The propensity of solvents to be included in molecular
crystals closely links with their ability to effectively partici-
pate in hydrogen bonding. Multi-point recognition with
strong and weak hydrogen bonds between solvent and solute
molecules can facilitate the retention of organic solvents in
crystals [20]. During a crystallization process the pre-
nucleation solute-solvent aggregates contain solute-solute,
solute—solvent and solvent—solvent interactions. Strong sol-
ute-solvent interactions shall result in the nucleation of sol-
vated crystals [6]. The water molecule, because of its small
size, activity and ability to act as both a hydrogen bond do-
nor and acceptor, is found to be more capable of linking to
drug molecules to form new crystal structures than any other
solvent. Approximately one-third of active pharmaceutical
ingredients can form crystalline hydrates [31]. Based on the
location of water in their structures, crystalline hydrates can
be categorized into three categories [32,33]: (i) isolated lat-
tice site hydrates, e.g. cephadrine dehydrate [34]; (ii) lattice
channel hydrates, e.g. theophylline monohydrate [35]; (iii)
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metal-ion coordinated hydrates, e.g. dihydrate and trihydrate
of disodium adenosine 5'-triphosphate [36]. Owing to the
multiple roles of water, some hydrates can be classified into
more than one category [37].

Solvates and hydrates may be either final or intermediate
products of crystallization, and can transform into higher (or
lower) solvates or anhydrous “desolvated” forms [3]. Choice
of development of solvated or unsolvated form of an API
shall depend upon its pharmaceutical properties, how long
and under what conditions it can survive [6].

2.3. Salts

During the selection of the most suitable form of the ac-
tive pharmaceutical ingredient for development into a drug
product, the desirable solid form is generally its thermody-
namically most stable crystalline form [2]. But the stable
crystal form frequently presents insufficient solubility or
dissolution rate leading to a poor bioavailability. In this case,
alternative solid forms should be considered. As for those
ionizable compounds, preparing their salt forms by use of
pharmaceutically acceptable acids or bases is a universal
approach to modulate solubility (or dissolution rate) [38], to
increase chemical stability [39], to improve bioavailability
[40] or to enhance manufacturability [1].

Several strategies for performing the salt selection proc-
ess have been developed, such as in-situ salt screening tech-
nique for ranking the solubility of salts [41], the multi-tier
approach developed by Morris et al. [42] for the selection of
optimal salt form for a new drug candidate. Moreover, the
selection process of pharmaceutical salts can be facilitated
by use of the pKa and pH-solubility curve of the drug [43],
as the type and number of salts that will be formed can thus
be greatly narrowed down [6,38].

The presence of ions shall greatly influence the physico-
chemical properties of the crystals of formed salts, including
solubility, dissolution rate, hygroscopicity, degree of crystal-
linity, crystal habit, and physical and chemical stability
[44,45]. On the basis of these properties, their suitability for
development can be assessed. It is worth noting that, like
their parent compounds, pharmaceutical salts may exist in
several polymorphic, solvated and/or hydrated forms [1]. For
example, ranitidine hydrochloride (RAN-HCI) has been
found to have two polymorphic forms and tautomerism is
considered as the main reason of structural differences in the
solid state of RAN-HCI [46]. Theoretically, RAN-HCI can
have three tautomers (enamine, nitronic acid and imine) in
the solution. Mirmehrabi and Rohani [47] have demonstrated
that solvents that are strong hydrogen bond donors such as
methanol and water interact with nitro group of
nitroethenediamine moiety and favor the formation of ni-
tronic acid tautomer, and nitronic acid is the predominant
tautomer of form 2 crystals. On the other hand, form 1 con-
tains the enamine tautomer, and weak hydrogen bond donor
solvents or aprotic solvents favor formation of enamine
tautomer and subsequently form 1.

Sertraline HCI, the active ingredient in the antidepressant
Zoloft®, is an example of a salt form that is highly polymor-
phic and prone to solvate formation. So far 28 forms of ser-
traline HCI have been disclosed by several companies, in-
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cluding 17 polymorphs, 4 solvates, 6 hydrates and the amor-
phous solid. Almarsson et al. [48] and Remenar et al. [49]
have applied high-throughput (HT) crystallization technique
into the salt screening for sertraline HCI. They have demon-
strated that seemingly minor differences in salt former can
have profound effects on the number of polymorphs and
solvates that can be found in the corresponding salts.

2.4. Co-Crystals

Co-crystals consist of two or more components that are
solid at room temperature. The primary difference between
co-crystals and salts is that in salts a proton is transferred
from the acidic to the basic functionality of the crystalliza-
tion partner, or vice versa, whereas in co-crystals no such
transfer occurs [50]. On the other hand, the main difference
between co-crystals and solvates is the physical state of the
separate pure components at room temperature: if one com-
ponent is in liquid state, the crystals are designated as sol-
vates; if both components are in solid state, the crystals are
designated as co-crystals [1]. So far co-crystals have been
increasingly recognized as an attractive alternative for solid
forms of drug products [51]. Formation of co-crystals using
an APl with the excipient [52], or with other component
[53,54], can provide an opportunity to design drug delivery
systems at the molecular level and to improve some pharma-
ceutical properties of the API [6,55].

Co-crystals containing APIs represent a new type of
pharmaceutical materials. In addition to potential improve-
ments in solubility, bioavailability, and stability, co-crystals
may enhance a large number and variety of essential proper-
ties, including hygroscopicity, compressability, and flowabil-
ity [56]. A well-documented case is itraconazole, a poorly
water-soluble antifungal drug, which can form co-crystals
with various pharmaceutically acceptable acids, such as
fumaric acid, succinic acid and L-, D- or DL-tartaric acid.
Different carboxylic acid co-crystals exhibit a higher solubil-
ity and a faster dissolution rate than the free itraconazole [5].
The co-crystals of aspirin, rac-ibuprofen and rac-flurbipro-
fen have been prepared by disrupting the carboxylic acid
dimers using 4,4V-bipyridine [57].

Co-crystals can be prepared by melt-crystallization [58],
grinding [59] and recrystallization from solvents [60]. When
solution crystallization is employed, the co-crystals’ domain
of existence can be described by the ternary phase diagram
(solvent, molecule, co-crystal former), and the solvent for the
co-crystals must dissolve all components, but must not inter-
fere with the interactions necessary for co-crystals’ forma-
tion. The screening of co-crystals is thus performed within
the given co-crystals’ domain of existence [61]. It is worth
noting that co-crystals can also form solvates and exhibit
polymorphism.

2.5. Amorphous Solids

Amorphous solids consist of disordered arrangements of
molecules and do not possess a distinguishable crystal lattice
[62]. Amorphous solids lack the three-dimensional long-
range order of molecular packing or well-defined molecular
conformation if the constituent molecules are conformation-
ally flexible, but may have short-range order [63, 64].
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Amorphous solid states of an API are far from equilib-
rium than its crystalline counterparts, and possess higher
energy. Amorphous solids normally have desirable pharma-
ceutical properties such as higher solubility [65], faster dis-
solution rate [66], improved bioavailability [67,68] and me-
chanical properties [69] compared to their crystalline coun-
terparts. One distinguished example of the applications of
amorphous APIs is the formulation of insulin suspensions.
Various proportions of amorphous, crystalline and com-
plexed forms of insulin have been marketed to achieve short,
intermediate and long acting. However, amorphous solids are
less physically and chemically stable than their crystalline
counterparts: (i) very apt to crystallize at a later stage during
product shelf life [70]; (ii) often reactive and unstable to
mechanical and thermal stresses [71]; and (iii) extraordinar-
ily sensitive to water sorption [72]. The instability is the
major reason that amorphous pharmaceutical solids are not
marketed as widely as the crystalline forms [5,6,62].

Amorphous solids can be prepared by the following
processes: (a) rapid precipitation by antisolvent addition
[73,74]; (b) quenching a melt by rapid cooling [75]; (c)
freeze-drying [76]; (d) spray-drying [77]; (e) fast evaporation
of solvent in liquid solution [78]; (f) introduction of impuri-
ties [79]; (g) milling or grinding crystalline solids at low
temperatures [80]; (h) desolvation of crystalline materials
[81]; and (i) production by solid-dispersion [82]. For exam-
ple, dehydration of crystalline hydrates has been demon-
strated as a feasible and “gentle” route to the amorphous
state of organic solids [62]. The amorphous form of raffinose
and carbamazepine can be produced by the dehydration of
their pentahydrate [83] and dihydrate [84], respectively. In
general, production of amorphous solids is compound-
specific. Relatively large and/or flexible molecules tend to
form a disordered state even at mild crystallization condi-
tions [3].

The mechanism of the formation of amorphous solids is
still not quite clear [3]. Current research in the crystallization
and stabilization of amorphous solids focuses on: (i) the
understanding of crystallization kinetics of the amorphous
state (amorphous crystallization); (ii) the stabilization of
labile substances during processing and storage by use of
additives; (iii) the interactions between APIs and excipients;
and (iv) the selection of appropriate storage conditions under
which amorphous solids are stable [62].

3. THERMODYNAMICS

As for a polymorphic system, different crystallization
operating parameters normally result in different crystalline
forms. Hence the control of polymorphic form via crystalli-
zation requires a full understanding of the nucleation, crystal
growth, and phase transformation in the crystallization se-
quence. The knowledge about thermodynamic and kinetic
properties of the polymorphic system is essential for the
control of polymorphic crystallization.

3.1. Polymorphic Nature and Thermodynamic Stability

The Gibbs free energy change AG. of a crystallization
process at constant temperature and pressure is
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where AH., AS. are the enthalpy change and the entropy

change of the crystallization process respectively. From the
thermodynamic viewpoint, for a polymorphic system, the
minimization of AG, is the classical thermodynamic driver,

which leads to the formation of stable form, whilst the
maximization of the rate of entropy production is the driver
in irreversible thermodynamics, which will lead to the for-
mation of less stable form. The equilibrium composition of
the polymorphic mixture will depend on the rate at which
excess energy is applied to the system [85].

Meanwhile, the relative thermodynamic stability of
polymorphs and the driving force for a transformation at
constant temperature and pressure is also determined by the
difference in Gibbs free energy between the polymorphs
AG; and has

AG; =AH, —TAS, ®)

where AH., the enthalpy difference between the poly-

morphs, reflects the lattice or structural energy differences
and the entropy difference; AS,, the entropy difference

between the polymorphs, is related to the disorder and lattice
vibrations. When AG, <0, the transformation can occur

spontaneously; AG, =0, the free energy of the two phases
is the same; AG; >0, the spontaneous transformation is not
possible under the specific conditions.

According to the corresponding thermodynamic relation-
ships, polymorphs can be classified as either enantiotropes or
monotropes, depending on whether or not one form can
transform reversibly to another [86—89]. As for a single-
component and dimorphic system, three types of Gibbs free
energy versus temperature phase diagram are schematized in
Fig. (2). Fig. (2a) represents a monotropic system, in which
the liquidus line intersects the curves at temperatures lower
than the thermodynamic equilibration temperature. In other
words, one of the forms is always stable below the melting
points of both forms. As illustrated in Fig. (2a), the free
energy of form A is always lower than that of form B at all
temperatures below Ty, a. Consequently, form B can undergo
a spontaneous exothermic transformation to form A at any
temperature. Furthermore, in this case, crystallization of the
two forms is possible, when the rate of the solid-state trans-
formation is lower than that of the crystallization.

As shown in Fig. (2b) and (2c), the liquidus line inter-
sects the curves at temperatures greater than the thermody-
namic equilibration temperature, thus the system possesses
the enantiotropic nature. Below T; a.g, form A is stable be-
cause the free energy of form A is lower than that of form B,
and form B can undergo spontaneous exothermic transforma-
tion into form A. Above T; ag, form B is the stable solid
phase because its free energy is lower than that of form A,
and form A can undergo spontaneous endothermic transfor-
mation into form B. It is worth noting that, as shown in Fig.
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Fig. (2). Gibbs free energy curves for dimorphic systems: (a) monotropic; (b) and (c) enantiotropic. Melting points, T, for the crystalline
phases are shown by the intersection of the curves for the crystalline and liquidus states. Thermodynamic equilibration temperature, T; a.g, Of
the forms A and B are shown by the intersection of the curves for two crystalline states. T, is the real transition temperature [90].

(2c), the solid-state transformation sometimes is hindered by
steric hindrance. In this case, the real transition temperature
Ty, r is different from the thermodynamic equilibration tem-
perature (i.e. theoretical transition temperature) T; ag, and
simultaneous occurrence of the two forms during crystalliza-
tion is also possible [91].

3.2. Prediction Rules

As shown in Eq. (2) and Fig. (2), the relative stability of
polymorphs depends on their free energies, such that a more
stable polymorph has a lower free energy [92,93]. Under a
specific condition, only one polymorph has the lowest free
energy. This polymorph is designated as the thermodynami-
cally stable form and the other polymorphs are termed as
metastable forms. However, the exact course of G isobars
cannot be followed experimentally, since the entropy cannot
be determined. Therefore, a series of rules have been devel-
oped for predicting the relative thermodynamic stability of
polymorphs and the nature of polymorphic system [8,89].

Heat-of-Transition Rule

This rule generalizes that, if an endothermic enthalpy of
phase transition between two crystal forms is observed at a
specific temperature, so then there is a transition point below
this temperature and the two polymorphs are enantiotropi-
cally related. If an exothermic enthalpy of phase transition is
observed at a particular temperature, and there is no transi-
tion at higher temperatures, the two polymorphs may be
monotropically related [86,87].

Heat-of-Fusion Rule

The heat-of-fusion rule indicates that in an enantiotropic
system the higher-melting polymorph of a pair will have the
lower enthalpy of fusion. If the higher-melting polymorph
also has the higher enthalpy of fusion, the two polymorphs
are monotropically related. The rule will be valid so long as

the Gibbs energy profiles of dimorphic systems can be de-
scribed as Fig. (3) [89].
Entropy-of-Fusion Rule

The melting point is defined as the temperature at which
the liquid is in equilibrium with the solid so that the differ-
ence in Gibbs free energy between the two phases in zero.
The entropy of fusion AS, can then be expressed as

AS, = ®)

Crystallization progress

Fig. (3). Schematic diagram for the crystallization progress in a
dimorphic system from the initial state, G, to two different poly-

morphs A or B. [6,8].
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According to the rule, if a polymorph has the higher
melting point but has the lower entropy of fusion, the two
polymorphs are enantiotropically related. Monotropism is
inherent if the lower melting polymorph has the lower en-
tropy of fusion [94].

Heat-Capacity Rule

At a given temperature, if one polymorph has both the
higher melting point and the higher heat capacity than an-
other polymorph, these two polymorphs are enantiotropically
related. For a pair of polymorphs, if the polymorph with the
higher melting point also has a higher heat capacity at a
given temperature, there exists an enantiotropic relationship
between them. Otherwise, the system is monotropic [89,92].

Enthalpy-of-Sublimation Rule

If the polymorph with the higher melting point has the
lower enthalpy of sublimation, the two polymorphs are enan-
tiotropic. Monotropism is realized if the lower melting form
shows the lower enthalpy of fusion [8].

Density Rule

The most energetically stable structure is expected to cor-
respond to the one that has the most efficient packing. The
two polymorphs are monotropically related if the polymorph
with higher melting point possesses the higher density. Oth-
erwise they are enantiotropically related [8]. This rule is quit
general for ordered molecular solids that are dominated by
van der Waals interactions. Exceptions such as acetazola-
mide [95], are not unexpected when other interactions, such
as hydrogen bonds, dominate the packing, since some ener-
getically favourable hydrogen-bond dominated packing
arrangements can lead to large voids in the crystal structure
with correspondingly lower density [86].

Infrared Rule

The rule is normally for the hydrogen-bonded crystals.
For the highest frequency infrared absorption band in poly-
morphic structure containing strong hydrogen bonds. The
formation of strong hydrogen bonds is associated with a
reduction in entropy and an increase in the frequency of the
vibrational modes of those same hydrogen bonds. The hy-
drogen-bonded polymorphic structure with the higher fre-
quency in the bond stretching modes may be assumed to
have the larger entropy [96].

Solubility Rule

Since the solubility is directly proportional to the free en-
ergy of a polymorph, determination of solubility is the most
reliable method of assessing AG, between polymorphs.

Generally the stable form has a lower solubility. It is impor-
tant to note that although the absolute solubility of a poly-
morph will be solvent dependent, the relative solubility of
different forms will not depend on the solvent used [8].

If one form with a higher melting point has a higher
solubility at temperatures above the transition temperature,
polymorphs are enantiotropic. When the polymorphs are
monotropic, the solubility of one form with the higher melt-
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ing point is always lower than another form with the lower
melting point [89].

4. KINETIC CONSIDERATION ON POLYMORPHIC
CRYSTALLIZATION

4.1. Nucleation of Polymorphs

Crystallization is a complicated process of molecular as-
sembly with a precise packing arrangement. In the classical
nucleation theory [97], the nucleus is assumed to be spheri-
cal, and then the homogeneous nucleation rate is given by
[98]

-AG, 16tM?y°N, ), _
J=A exp| ——2om | = A exp| —| ————A |In25 | (4)
A, p{ RT } A p{ [ 3RTp?
where AGEOm is the energy barrier for homogeneous nuclea-
tion, J is the nucleation rate, A is the collision factor, y is
the interfacial energy, S is the supersaturation ratio, N, is
the Avogadro's Number.

The radius R™ of the critical nuclei for homogeneous nu-
cleation is given by:

R = 2 5)
A
Au=KTInS (6)

where Q is the molar volume, k is the Boltzmann's con-
stant.

Heterogeneous nucleation on a surface is generally con-
sidered to be energetically less demanding than homogene-
ous nucleation due to lowering of the surface energy of the
nucleus on the substrate upon interfacial contact [99]. Hence

*

AG";et = ¢AGhom (7)

where ¢ is the ratio of the Gibbs free energy of heterogene-
ous nucleation to homogeneous nucleation.

The energy-reaction coordinate diagram of a classical
dimorphic crystallization process can be schematically pre-
sented by Fig. (3). Starting from a supersaturated solution of
which the free energy per mole of a solute is termed as G,

form A or B can nucleate. In Fig. (3), form A is more stable
and less soluble than form B. The energy barrier for the

nucleation of form A (G, —G, ) is greater than that for form
B, (G, —G, ), and the supersaturation with respect to form B
(simplified as G, —Gg) is lower than G, -G, for form A.

According to the classical theory of nucleation from homo-
geneous solutions, the size of critical nuclei (critical size) is
dependent on the level of supersaturation. The higher the
level of supersaturation, the smaller this size is. Based on
these considerations either form A or form B can nucleate.
When form B is kinetics favorable under specific conditions,
form B will preferably nucleate and transform to form A.



890 Current Medicinal Chemistry, 2009 Vol. 16, No. 7

The polymorph of final product will depend on both crystal-
lization and transformation rates.

As to a dimorphic system with the monotropic nature
(Fig. 4), when a solution equilibrated at Aq is cooled and
nucleates at Ay, only stable form A can nucleate. The poly-
morph of metastable form B preferably nucleates when nu-
cleation points A, or A; are located upper the metastable
limit of polymorph B. If the transformation rate from poly-
morph B to polymorph A is far lower than the crystallization
rate of polymorph B, e.g. at point A, pure polymorph B can
be collected. Otherwise the final product may be the mixture
of both polymorphs.

Concentration
w
n
=

Temperature

Fig. (4). Polymorphic system of two monotropically related poly-
morphs A and B. Full lines Sa and Sg are solubility curves respec-
tively; dashed lines SS, and SSg are metastable limits (supersatura-
tion).

Furthermore, it is necessary to take account of the struc-
tural elements of molecular assembly processes that determi-

Table 1.
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nate the formation of nuclei and how they are controlled.
From the viewpoint of structure, the polymorph that will
nucleate preferentially from a melt or solution may be the
one whose energy barrier is smallest so as to be most easily
formed or the one whose structural organization is most
readily derived from the molecular arrangement in the melt
or solution. It is suggested that the metastable form some-
times appears to have a structure which most closely resem-
bles that of the melt or solution [100].

4.2. Ostwald Law of Stages and Its Validity

In experimental and industrial practice, it has been com-
monly observed that the metastable form appears first and
then transfer into a more stable structure. From this phe-
nomenon, Ostwald concluded that “when leaving a metasta-
ble state, a given chemical system does not seek out the most
stable state, rather the nearest metastable one that can be
reached without loss of free energy”. That is, in a crystalliza-
tion from the melt or from solution, the solid first formed
will be that which is the least stable of the polymorphs, the
one with the largest Gibbs free energy [101]. Ostwald law of
stages can be explained by that the limit of metastable zone
is closer to the solubility curve for the metastable form than
for the stable form, as shown in the Fig. (4). Besides, the
least stable form normally possesses the highest volume free
energy and the lowest specific step free energy, and thus has
the highest average step velocity and crystal growth rate
[102,103]. As a result, the crystallization of the least stable
form is expected to predominate at high levels of supersatu-
ration. Meanwhile this effect is also dependent upon the
solvent-solute interactions [3].

Although it is a useful indicator of a possible sequence of
production of crystalline forms, Ostwald law of stages is not
as universal and reliable [4]. This is because the appearance
and evolution of solid forms are determined by the thermo-
dynamics and the kinetics of nucleation, growth and trans-
formation under the specific experimental conditions

Analytical Techniques for Characterizing Polymorphs [111]

Category

Techniques

Information

X-ray diffraction

Powder X-ray diffraction

Single-crystal X-ray diffraction

Structure, crystallinity, chemical and phase composition, molecular weight, etc.

Vibrational spectroscopy

Raman spectroscopy

Infrared spectroscopy

Structure, molecular conformation, chemical and phase composition, hydrogen
bonding, etc.

Microscopy

Optical microscopy
Scamming electron microscopy

Atomic force microscopy

Crystal size and habit, etc.

Surface properties, interactions between particles, etc.

Thermal methods

Hot-stage Microscopy
Thermogravimetric analysis
Differential thermal analysis
Differential scanning calorimetry

Isothermal calorimetry

Melting point, transitions, etc.

Melting point, transitions, etc.

Thermal transitions.

Melting point, transitions, heat capacity, crystallinity, etc.

Heat and rate of transition, crystallinity, etc.

Nuclear magnetic resonance
spectroscopy

Solid-state nuclear magnetic reso-
nance spectroscopy

Chemical and phase composition, structure, crystallinity, intermolecular interac-
tion, conformational change, etc.
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[104,105], and by the link between molecular assemblies and
crystal structure [6,106—108].

5. CHARACTERIZATION OF POLYMORPHS

In the pharmaceutical industry, identification of poly-
morphism during early stage development is critical, as un-
anticipated polymorphic changes of a drug substance can
affect chemical and physical stability, solubility, morphol-
ogy, hygroscopicity, and, ultimately, bioavailability
[109,110]. A number of analytical techniques have been
employed for characterizing polymorphs and in-situ monitor-
ing the formation and transformation of polymorphs during
the process, as listed in Table 1.

5.1. X-Ray Diffraction

Generally only X-ray crystallographic methods (i.e. X-
ray powder or single-crystal diffraction) can provide defini-
tive proof of the existence of polymorphism [112]. Single
crystal X-ray crystallography is still the most powerful tech-
nique for the three-dimensional structure determination for
small molecules and macromolecules as it can provide de-
tailed pictures of the structure of the molecule in the crystal
lattice. However, high-quality single crystals for X-ray crys-
tallography are sometimes difficult to obtain. On this account
powder X-ray diffraction (PXRD) is more popular in the
identification of different polymorphs. The positions of the
peaks in a powder X-ray diffraction pattern correspond to
periodic spacings of atoms in the solid state; namely, differ-
ent lattice constants will lead to different peak positions (Fig.
5).

Form1
Form 2
5 10 15 20 25 30 35 40

2 Theta (degrees)

Fig. (5). Powder X-ray diffraction patterns of forms 1 and 2 of
stavudine crystals.

Furthermore, the generally good separation between
peaks in the diffractogram allows for quantitative analysis of
mixtures of polymorphs using PXRD [2]. For example, let us
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assume that polymorphs A and B have characteristic diffrac-
tion peaks at 6, and Oy, respectively. The fractions of the
A and B polymorphs in a sample can be calculated from the
ratio of the area under their characteristic peaks using the
following equations respectively [113]

peak area of the peak at 6,
sum of peak areas of peaks at Gy and 6g

®)

Fraction of A polymorph =

pesk area of the pesk at O

sum of peak areas of peaks at G and Og

9)

High quality PXRD data sometimes can be employed to

obtain complete crystal structures and structure determina-

tion from powder diffraction (SDPD) is currently one of the

exciting frontiers in structural chemistry [114,115]. David et

al. [116] determined the crystal structure of capsaicin, thio-

thixene and promazine hydrochloride from their powder
diffraction data.

Fraction of B polymorph =

When PXRD is used for the characterization of poly-
morphs, both differences in particle size and preferred
orientation [117], together with peaks’ overlap [118], can
affect the sensitivity of PXRD assays. When samples are
prepared for analysis, the particle size must be closely
controlled because preferred orientation effects can vary the
relatively intensity of the diffraction lines. Furthermore,
PXRD does not allow any correlation of individual diffrac-
tion peaks with specific structural features. To achieve good
quantitative analysis for polymorphic composition, a
standard curve must be prepared from pure polymorphic
forms, which may or may not be available. Because of these
factors, much research has focused on alternative techniques
for the determination of crystal form [112].

5.2. Infrared Spectroscopy

Vibrational spectroscopic methods for polymorph identi-
fication such as infrared and Raman spectroscopy can pro-
vide information on structure and molecular conformation in
the solid forms by probing vibrations of atoms [6]. Besides,
the subtle spectroscopic changes arising from intermolecular
(hydrogen) bonding can also be observed [119]. Both tech-
niques can be used in estimating polymorphic composition
rapidly and in confirming results obtained from PXRD
analysis.

Infrared spectroscopic techniques are economical and
easily available, and have already been applied to polymorph
characterizations simply by inspection of spectral differences
[112]. Spectroscopic differences have resulted in the identi-
fication of absorbance bands useful for the quantitative
analyses of polymorph mixtures. The applied infrared spec-
troscopic techniques include diffuse reflectance Fourier
transform infrared (DRIFT-1R) [120], attenuated total reflec-
tion Fourier transform infrared (ATR-FTIR) [121,122] and
near infrared (NIR) [123]. As shown in Fig. (6), to construct
the calibration curve for quantitative analysis, the character-
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istic peaks at W, cm * and W, cm* are selected for pure A

form and pure B form, respectively. The reference peak at
W, cm !, common to both forms, is selected as an internal

standard. The following equation can be employed for cali-
bration [124,125].

0.14
@
o
&
a A fi
3 0.09 - pure orm '
2 pure B torm
<
sample |
0.04 — — .
890 000 WO g1g 920 Wlgag 00W2 950
Wavenumber

Fig. (6). FTIR spectra of the two pure polymorphs and polymorphic
mixture of famotidine [126] illustrating the quantitative analysis of

polymorphic composition in the mixture.
___abe (10)
ab'c+a'bc’

where a and a' are the intensities of the reference peak at
W, cm ! of pure A form and pure B form, respectively. b

and b' are the intensities of the peak at W, cm* of pure A

form and the sample, respectively. C and C' are the intensi-
ties of the peak at W, of pure B form and the sample. Y is

the calculation factor. The calibration curve can be obtained
by use of plotting the calculation factor Y against the concen-
tration of form B in a series of standard samples. The stan-
dard samples shall be prepared as the mixtures of the two
polymorphs in various mass fractions of form B in the mix-
ture.

Although infrared spectroscopy is quite simple and con-
venient, it is worth noting that the infrared spectra of differ-
ent polymorphs of some APIs may be almost identical, e.g.
the polymorphs | and Il of tropine phenylacetate [127]. Be-
sides, the difference in infrared spectra may be resulted from
the difference in purity, crystal size and preparation process
of the samples. Sample preparation may also introduce
changes to the observed absorbance.

5.3. Raman Spectroscopy

Raman spectroscopy provides similar chemical informa-
tion to IR spectroscopy [119]. When it is applied to investi-
gate polymorphism, the Raman spectroscopy can be sensi-
tive to polymorphic changes, and thus can be used for the
quantitative characterization of polymorph transitions in the
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solid state if the compound under study does not exhibit
background fluorescence. When Raman spectroscopy is
employed to analyze fluorescent samples, the wavelength of
the excitation laser can be changed to the near-IR to reduce
fluorescence of problematic samples.

At lower frequency vibrational bands, the Raman spec-
trum arises largely due to lattice vibrations that are very
sensitive to structural changes in the solid state. Differences
in the spectral patterns in this region between polymorphs
may also be due to differences in intermolecular interactions
(e.g. hydrogen bonding) and differences in crystal symmetry
in the polymorphs. The bulk of the chemical structure details
can be obtained from the region at higher frequency vibra-
tional bands.

Raman spectroscopy with a microscope can focus on
small crystalline samples. Information about drug dispersal
in the formulated tablet and polymorphic changes occurring
during formulation can thus be analyzed off-line. However,
when spectra are acquired from the surface with a relatively
powerful laser, the surface will be heated which may cause
polymorphic transitions. On the other hand, Raman spectros-
copy has been widely used for in-situ studies of polymor-
phism because it can perform measurements both behind
glass and in solution. For example, by use of in-situ Raman
spectroscopy, Ono et al. [128] conducted in-situ quantitative
measurement of the polymorphic fraction of different poly-
morphs in the batch crystallization process of L-glutamic
acid. They demonstrated that Raman spectroscopy could be a
powerful tool for measuring the polymorphic fraction in
suspension.

5.4. Microscopy

Microscopy was first applied in the chemical analysis in
1833 by Raspail [129]. In case polymorphs differ in mor-
phology, optical or scanning electron microscopy can be
used to identify polymorphs or to monitor the crystallization
process of a polymorphic system. It is obvious that micros-
copy alone cannot be used to study polymorphism, as there is
no inherent relationship between the morphology and the
structure of crystals.

The atomic force microscope (AFM) is a very high-
resolution type of scanning probe microscope with
nanometer resolution. Since it was invented by Binnig et al.
[130] in 1986, AFM has become one of the foremost tools
for imaging the topography of a variety of surfaces at a range
of resolutions from the micrometers to the molecular scale
[131] and for direct measurement of discrete intermolecular
forces [132]. An example of applying AFM to polymor-
phism is the study conducted by Danesh et al. [133] who
applied tapping mode atomic force microscopy to distinguish
and characterize the polymorphs of drug cimetidine. The
atomic force microscope was also used to investigate the
interaction forces between individual particles qualitatively
as well as quantitatively [134].

5.5. Thermogravimetric Analysis

Thermal analysis includes differential scanning calorime-
try (DSC), thermal-modulated DSC (TMDSC), differential
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thermal analysis (DTA), thermogravimetric analysis (TGA),
hot-stage microscopy (HSM), etc. Thermogravimetric analy-
sis (TGA) is an analytical technique used to determine a
material’s thermal stability and its fraction of volatile com-
ponents by measuring the weight change that occurs as a
sample is heated. The measurement is normally carried out
in air, nitrogen, helium or argon, and the weight is recorded
as a function of increasing temperature. TGA can thus be
used to analyze the processes of decomposition or sublima-
tion, and to determine the fraction of solvent in hydrates and
solvates.

5.6. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measures the
amount of energy absorbed (endothermal event) or released
(exothermal event) by a sample either during continuous
heating/cooling experiments or during isothermal experi-
ments. Such thermodynamic data as melting point, heat ca-
pacity and heat of fusion as well as polymorphic transitions
can be obtained by use of DSC. When DSC is employed for
the characterization of polymorphs, unknown thermal events
such as possible decomposition and recrystallization often
occur. Other analytical methods such as PXRD, TGA or
HSM must be carried out to identify these events. Moreover,
like other most widely used methods for solid-state charac-
terization such as PXRD, FTIR spectroscopy and NIR spec-
troscopy, normal DSC is not sufficiently sensitive for detect-
ing relatively low levels (<5%) of polymorphic impurity.
Tong et al. [135] have developed a modified approach to
quantify trace levels of polymorphic form Il impurity in form
I samples of salmeterol xinafoate using a standard DSC
instrument.

5.7. Hot-stage Microscopy

As a type of thermomicroscopy, hot-stage microscopy
(HSM) is developed as an analytical technique combing the
properties of microscopy and thermal analysis to enable the
characterization of the physicochemical properties of materi-
als as a function of temperature. Varying the temperature of
a specimen and simultaneous viewing it under a microscope
can provide plentiful information on melting and/or recrys-
tallization behaviors. Besides, in case polymorphic transi-
tions are accompanied by a change in a crystal’s birefrin-
gence, HSM can be applied for studying the polymorphic
transitions during the processes of heating and cooling. This
technique also offers the detection of solvates by observing
the evolution of a gas or liquid from a crystal. Therefore,
HSM has been widely used for the solid-state characteriza-
tion of bulk drugs, evaluation of crystal forms and hydrates,
and other physicochemical properties [136].

When polymorphs of some APIs (e.g. cimetidine) have
close melting points and similar bulk thermal behaviors,
normal thermal methods such as DSC or thermomicroscopy
cannot be used to identify polymorphs or elucidate the rela-
tive stability between polymorphs [137]. Sanders et al. [138]
have combined scanning thermal microscopy and localized
thermal analysis to distinguish the polymorphs of cimetidine
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in terms of that various polymorphs have different thermal
conductivity.

5.8. Solid-State Nuclear Magnetic Resonance Spectros-
copy

As a nondestructive and noninvasive analytical tech-
nique, solid-state nuclear magnetic resonance (SS-NMR)
spectroscopy can be used to analyze drug formulations, to
study inclusion compounds, and to examine host—guest in-
teractions [139]. In addition, SS-NMR spectroscopy can be
employed to investigate polymorphism and pseudopolymor-
phism by probing the environments of atoms in the solid
state. Non-equivalent nuclei will resonate at different fre-
quencies and these chemical shift differences may be associ-
ated with changes in conformation or chemical environment
of the API molecules in different solid forms [6]. That is,
SS-NMR spectroscopy can detect various structures resulting
from different packings, conformational changes and hydro-
gen bonding. Apart from most often used *C NMR spec-
troscopy, many other nuclei (e.g., *°F, **N, #Na, *P, *’0, or
’H) can be used, depending upon the sample to be studied
[140-142]. As it is quantitative and selective, SS-NMR spec-
troscopy can quantify mixtures of polymorphic crystalline
forms, or of crystalline and amorphous materials, so that
polymorphic transformations and molecular motion in the
solid can be investigated. All analyses can be performed
without the need for pure forms or a standard curve [143].

Although it has unique advantages over other analytical
techniques, SS-NMR spectroscopy has some disadvantages.
For example, it generally demands much expertise in the
technique to run it properly. Its sensitivity is often insuffi-
cient so that a large quantity of sample should be provided to
generate an adequate spectrum when using low natural
abundance nuclei such as *C. Analysis times of SS-NMR
experiments may be another problem as they can range from
a few minutes to several days or more, depending upon the
sample and the type of NMR experiment used. Moreover,
peak assignment in the SS-NMR spectrum sometimes seems
a thorny subject because multiple peaks could be present for
a single nuclear site or the presence of overlapping peaks
[144].

6. POLYMORPH DISCOVERY AND CONTROL

Various methods have been employed to produce differ-
ent polymorphs of an API, such as cooling or quenching of
melts [145], deposition (desublimation) [146], solvent drop
grinding [147], solution crystallization from single or mixed
solvents [148], etc. The crystallization process of poly-
morphs is consisted of competitive nucleation, growth, and
the transformation from a metastable to a stable form. To
selectively crystallize polymorphs, the mechanism of each
elementary step in the crystallization process need be re-
vealed with relation to the operational conditions and the key
controlling factors. It is recognized that the nucleation proc-
ess is the most important to the control of the polymorphic
crystallization.
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6.1. Traditional Methods

A large number of factors can influence the outcome of
polymorphic crystallization, including supersaturation, tem-
perature, solution concentration, cooling rate, solvent, agita-
tion, pH, additive, impurity, seeding, interface, etc. Kitamura
[149] has grouped the controlling factors for polymorphic
crystallization into two groups, where the relative impor-
tance of each controlling factor depends on systems and
crystallization methods. The primary factors, the basic im-
portant factors in the operation of the polymorphic crystalli-
zations, include supersaturation, temperature, seeds, the
stirring rate, the addition rate of antisolvent, the cooling rate,
the mixing rate of reactant solutions, etc. On the other hand,
such factors as solvents, additives, interfaces, etc. are
grouped in the secondary factor group. Both primary and
secondary factor groups impart thermodynamic and Kinetic
effects on polymorphic crystallization. Nevertheless, the
mechanism of the effect and the quantitative relationship
between the operational factors and the crystallization char-
acteristics of polymorphs is not clearly understood yet.

Control of Supersaturation Level

According to Eq. 4, the nucleation of polymorphs is de-
pendent upon supersaturation level. Fig. (7) schematically
shows three of possible competitive nucleation types of di-
morphic systems. For example, the nucleation of form A can
be higher than that of form B in whole range of supersatura-
tion ratio (Fig. 7a), at high supersaturation ratio (Fig. 7b), or
at both low and high supersaturation ratio (Fig. 7c). For
some polymorphic systems the polymorphs can be selec-
tively obtained by careful control of the level of supersatura-
tion.

Control of Nucleation Temperature

The temperature normally affects the intermolecular in-
teractions, solubility, supersaturation, the collision frequency
between molecules, etc. Therefore, the temperature is one of
the predominant operational factors that affect the nuclea-
tion, growth and transformation of polymorphs. In the proc-
ess of crystallization from solution, the effect of crystalliza-
tion temperature sometimes may be overshadowed by other
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factors, particularly deliberate or adventitious seeds. Obvi-
ously, the effect of temperature has both thermodynamic and
kinetic implications, particularly for enantiotropically related
polymorphs that change relative stability order near the tran-
sition temperature [3].

Solvent Screening

The most active pharmaceutical ingredients are purified
and isolated by crystallization from an appropriate medium
during the final step in the synthetic process. As to the crys-
tallization of polymorphic APIs, the discovery of possible
polymorphs typically starts with crystallization of APIs from
a number of solvents; the appropriate choice of solvent can
have a dramatic effect on the polymorphic outcome of a
crystallization process. For example, forms Il and 111 of drug
sulfathiazole can be crystallized in water, two other forms |
and IV are obtained from acetone, whilst n-propanol gives
only form I [150].

Crystallization of polymorphs from solvent may be under
kinetic or thermodynamic control depending on the condi-
tions. In the latter case the nature of the solvent will have no
relationship with the polymorph produced [105]. Whereas in
the former case, the selectivity of solvent upon polymorphs
is related to kinetic rather than thermodynamic mechanisms,
e.g. selective adsorption of solvent molecules on crystal
faces followed by inhibition of nucleation and growth of
particular polymorphic forms [3], the solvent-solute interac-
tions, etc. [108]. The solution-solute interactions can affect
nucleation, crystal growth and solution-mediated polymorph
transformation [151], which consequently affect the appear-
ance of polymorphs. Besides, such bulk properties of solvent
as viscosity, surface tension, etc. may also affect the crystal-
lization Kinetics and the occurrence domain of polymorphs
[97].

In order to address the effect of solvent on polymor-
phism, the ability of hydrogen bonding of solvent is analyzed
[152]. Hydrogen bonding can occur between solute-solute,
solvent-solvent, and solvent-solute molecules. A solvent
molecule that has greater ability to donate or accept hydro-
gen bonding than the solute molecule will establish hydrogen

A

1A

(b)

Fig. (7). Schematic illustration of the effect of supersaturation level on the nucleation rates of two polymorphs [8].
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bonding with the solute molecules and may not allow the
other solute molecules approach the same site. This will
affect the final outcome of crystal structure and may even
lead to a solvate formation [106].

To a certain extent supercritical fluid can act as a crystal-
lization medium. Crystallization from the supercritical fluid
can enhance molecular diffusion and ease of solubility. The
control of temperature, pressure and solvents provides a
means to carefully control the occurrence of polymorphs [3].
Kordikowski et al. [153] used supercritical CO, to control
the polymorphs of sulfathiazole. Pure polymorphs of sulfa-
thiazole were obtained at different temperatures and flow
rate ratios of CO,/solvent. With methanol forms I, 111, and IV
and their mixtures could be crystallized. With acetone form |
or a mixture of form | and amorphous sulfathiazole was
obtained. Moribe et al. [154] found that during the rapid
expansion of supercritical solutions (RESS) process the
stable form of phenylbutazone could transfer to the metasta-
ble form. They [155] recently have contributed a review on
the application of supercritical carbon dioxide for polymor-
phic control and for complex formation of APIs.

Seeding Technology

Seeding is frequently used to control the product crystal
polymorph. This control strategy is effectively utilized dur-
ing the nucleation phase by adding seeds of the desired form
and thus overriding spontaneous nucleation. The effective-
ness of seeding is greatly related to the amount of solid sur-
faces introduced and crystallization rate. It is expected that
more solid surfaces should be introduced when higher crys-
tallization rate is conducted.

The drug substance hydroxytriendione exists in three
modifications, forms I, 1l and IIl. The form II, thermody-
namically stable form at room temperature, is chosen as the
solid-state form for the active pharmaceutical ingredient.
Spontaneous nucleation will lead to either of the two other
forms. Beckmann et al. [156] have developed a seeding
process to ensure the reproducible crystallization of the de-
sired form Il. Zhou et al. [157] have optimized and con-
trolled the polymorphic crystallization of etoricoxib by seed-
ing with the desired polymorph at a moderate supersaturation
condition. As for the polymorphic crystallization of chiral
compound, Courvoisier et al. [158] have investigated the
effect of the polymorphic form of the seeds on the preferen-

Table 2.

Additives Frequently Used in the Crystallization Process
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tial  crystallization. The  5(4'-methylphenyl)-5-methyl-
hydantoin is known to crystallize in two polymorphic forms,
orthorhombic and monoclinic forms. Seeded isothermal
preferential crystallization method was applied to perform
the separation of the enantiomers at a 2-L scale with two
types of seeds, monoclinic and orthorhombic. However,
orthorhombic form was never obtained in the crops but the
physical parameters of the crystals produced (size, form,
etc.) were strongly affected by the nature of the polymorph
seeds.

Tao et al. [159] seeded the liquid of D-mannitol with its
polymorphs (alpha, beta, and delta) and revealed several
cases of cross-nucleation between polymorphs. When seeds
of the alpha polymorph alone was added, the same poly-
morph grew, whereas at small undercoolings seeds of the
delta polymorph yielded the nucleation of the alpha poly-
morph. The surfaces of metastable anhydrous phases of
theophylline [160] and carbamazepine [161] have been re-
ported to facilitate the nucleation of the stable hydrate forms
during dissolution. In the case of cross-nucleation, the poly-
morphic selectivity of seeding cannot be anticipated.

Introduction of Additives

Adding additives sometimes causes a dramatic effect on
the outcome of crystallization [162]. Through influencing the
processes of nucleation and crystal growth, additives often
influence the product’s structure, shape, crystal size distribu-
tion, purity, bioavailability, stability and shelf life, filterabil-
ity; caking/agglomeration property, etc. Commonly used
additives for the crystallization of small molecules and pro-
teins are listed in Table 2.

To date, how additives affect crystallization is still poorly
understood. Methods for choosing additives for crystalliza-
tion are still largely empirical. Probable mechanisms of the
effect of additives on crystallization include: (a) altering
solubility and the width of the metastable zone, solution
structure or thermodynamic phase behavior; (b) varying
adsorbent layer around crystals, but not incorporate into
crystal lattice; (c) being adsorbed on the surface of crystals,
and blocking growth; (d) incorporating into crystal lattice of
product when additive having similar lattice; () changing
surface energy of the crystals, etc.

If a compound, which is similar in character to the form-
ing nuclei, is attached to a surface, the crystal growth rate
may be altered. In solution, structurally similar additives

Crystallization of proteins

Crystallization of small molecules

Metal ions: Co”, Cs', Ca2+, Mg%, Mn2+, Zn2+, Cd2+, etc,
from 0.05M ~ 0.1M

Metal ions: Cr3+, Fe3+, AI3+, cu’, Cd2+, Mn2+, etc,
from ppm ~ large quantity

Surfactants: non-ionic and ionic surfactants,
non-ionic detergents

Surfactants: sodium dodecyl benzenesulfonate (SDBS),
surfactant gels, etc.

Organic compounds: dimethyl sulfoxide (DMSO), urea,
glycine, alditols, phenol, diols, glycerol,

polyethylene glycols (PEGs),

polysaccharides, etc.

Salts: sodium chloride, ammonium chloride, etc.
Organic compounds: urea, oxalate, alcohols,
amino acids, etc.
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may influence crystal structure by selectively binding the
faces of a growing crystal. When the crystal structures of
polymorphs are already known then the design of the pro-
moters or inhibitors for nucleation or crystal growth is feasi-
ble by use of tailor-made additives [6]. Flufenamic acid
(FFA) is a kind of nonsteroidal anti-inflammatory drug. Its
metastable polymorph V can undergo a rapid interface-
mediated polymorphic transformation. Lee et al. [163] used
a salt additive ammonium chloride to induce crystallization
of the metastable polymorph V of FFA. In addition, reaction
byproducts and other impurities sometimes can influence the
polymorphic outcome and crystal properties [1]. 4-Methyl-2-
nitroacetanilide has three polymorphs; He et al. [164] have
investigated the effects of the isomorphic molecules 4-
chloro-2-nitroacetanilide  and  2-nitro-4-trifluoromethyl-
acetanilide on the crystallization of 4-Methyl-2-nitro-
acetanilide. At the same doping level the percentage of 4-
chloro-2-nitroacetanilide incorporated into the crystal lattice
of polymorph A is much higher than that of 2-nitro-4-
trifluoromethyl acetanilide. Mirmehrabi and Rohani [165]
found that the impurities thymine and thymidine had signifi-
cant effects on the crystal habit and crystal bulk density of
stavudine but had no influence on the polymorphic structure.

Polymer-Induced Heteronucleation

When the surface introduced can decrease the free energy
for nucleation, heterogeneous nucleation occurs much faster.
One kind of approach to controlling polymorphism that di-
rectly targets nucleation is the method of polymer-induced
heteronucleation. In this method APIs are crystallized in the
presence of polymeric nucleants that mimic the pharmaceuti-
cals by solvent evaporation, cooling, sublimation or other
traditional crystallization techniques. Crystallization in the
presence of polymer heteronuclei controls formation of dif-
ferent polymorphs presumably through a selective nucleation
process mediated by the polymer surface. The first applica-
tion of polymer heteronuclei for crystalline polymorph selec-
tion was conducted by Lang et al. [166]. In their work, the
presence of certain polymers including nylons, isotactic
polypropylene, chlorinated polyethylene, poly(tetrafluor-
oethylene), poly(2,3,5-tribromostyrene), and poly(vinyl
chloride) was found to cause the growth of the orthorhombic
polymorph of acetaminophen from evaporation of aqueous
solution. Whereas, other polymers such as ethyl cellulose,
polycarbonate, poly(vinyl acetate), etc. favored the mono-
clinic form of acetaminophen. The orientation of crystal
growth from the polymer surface varied between polymer
types, indicating an important role for stabilization of the
crystal faces by the polymers through specific interactions.

This technique has also been applied for other polymor-
phic systems, such as carbamazepine, sulfamethoxazole and
5-methyl-2-[(2-nitrophenyl)amino]-3-thiophene carbonitrile
(ROY) [167]. Briefly, the polymer can act as an additional
diversity element to affect the crystallization outcome.
Polymer-induced heteronucleation is expected to control the
formation of established forms and to discover unknown
polymorphs without prior knowledge of solid-state structure

[6].
Capillary Crystallization

Counterdiffusion crystallization in capillary primarily di-
rected toward protein crystallization. Its principles are de-
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rived using well-known concepts coupling the ideas of pre-
cipitation and diffusion mass transport in a restricted geome-
try [168], where high supersaturation can be produced and,
turbulence and convection are reduced. Recently capillary
crystallization techniques have been applied for polymorph
generation. For example, Chyall et al. [169] obtained a me-
tastable polymorph of nabumetone (4-(6-methoxy-2-
naphthalenyl)-2-butanone), by evaporation of a 1:3 water-
acetone solution at room temperature inside a 1.0 mm capil-
lary tube. In addition to providing high levels of supersatura-
tion the evaporation of a solution in a capillary is nonturbu-
lent and convection is minimized, which provides quiescent
growth environments and may promote the generation of
crystal forms not easily attainable using other methods. The
metastable polymorph (form B) of metformin hydrochloride
was also obtained by capillary crystallization [170].

Apart from the preparation of new polymorphs of organic
compounds, a particular advantage of capillary crystalliza-
tion is that the produced crystals can be directly analyzed by
PXRD or single crystal X-ray diffraction without removal
from the crystallization vessel [6].

Nucleation Confined in Nanopores

The unique characteristics of nucleation suggest that nu-
cleation in specific pores possessing dimensions near the size
of critical nuclei typically in nanometer scale can be regu-
lated through adjustment of the pore size. This adjustment
may provide a possibility that polymorphs can selectively
nucleate in these pores, as polymorphs may have different
critical nuclei sizes. Recently, Ha et al. [171] reported a
novel approach to polymorph selectivity under nanoscopic
confinement. They found that, the form 1l of anthranilic acid
crystallized in the pores of 55-nm CPG (controlled pore
glass), whereas the form Il became evident in 23-nm CPG
and was clearly predominant in 7.5-nm CPG.

Heteronucleation on Substrates

A variety of substrates have long been employed in con-
trolling polymorphism in crystallization process. Selective
growth of a thermodynamically less preferred polymorph of
the salt (DMTC")(TMO")-CHCI; has been achieved from
CHCI; solutions by nucleation on single-crystal succinic acid
substrates [99]. This can be explained by a ledge-directed
epitaxy mechanism in which the dihedral angle between two
close-packed planes of a substrate ledge site matches that of
two close-packed planes of a prenucleation aggregate corre-
sponding to the observed polymorph. By extending this
method, a combinatorial library of inorganic and organic
crystal surfaces has been used as substrates for the poly-
morph discovery of many compounds by the epitaxial
mechanism [172]. Another impressive example on this sub-
ject is that selective nucleation and discovery of polymorphs
of ROY were accomplished through the epitaxial growth on
single-crystal substrates. ROY has six structurally character-
ized conformational polymorphs. The yellow needle poly-
morph of ROY can be collected through the sublimation of
ROY on the (101) face of a pimelic acid single crystal.
Whereas the sublimation of ROY on the (010) face of a
succinic acid single crystal resulted in the concomitant for-
mation of three polymorphs: yellow needles, orange needles,
and red plates. The red plates were designated as the seventh
form of ROY [173].
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An alternative strategy for polymorph control by use of
surfaces is to introduce self-assembled monolayers (SAMs)
into the crystallization solution which can selectively pro-
mote or inhibit the heterogeneous nucleation of a specific
polymorph. Hiremath et al. [174] have demonstrated that
functionalized SAMs can be used as substrates for the selec-
tive growth of a less stable polymorph of 2-iodo-4-
nitroaniline. Orthorhombic and triclinic crystals of 2-iodo-4-
nitroaniline grow concomitantly from supersaturated ethanol
solutions, but the less stable orthorhombic form can be selec-
tively grown on 3’-X-4-mercaptobiphenyl (X=NO,, I) self-
assembled monolayer templates.

Laser-Induced Nucleation

External fields such as ultrasonic field, electric field and
magnetic filed have been attempted to influence the crystal-
lization process of small molecules and proteins. However,
the mechanism of accelerating or suppressing nucleation by
these fields is still ambiguous.

Nonphotochemical, laser-induced nucleation (NPLIN)
has been suggested as a crystallization technique that can
effectively affect nucleation process and thus the outcome of
crystallization. Garetz et al. [175] firstly reported an experi-
ment in which nucleation of supersaturated solutions of urea
in water might be induced when exposed to intense, plane-
polarized pulses of near-infrared laser light. A photochemi-
cal mechanism for the process has been proposed, i.e., the
electric field may induce the alignment of urea molecules in
preexisting clusters of randomly oriented urea molecules,
which can help them to organize to form a crystallite. In
other investigations by the same group, it was demonstrated
that the technique could provide polymorphic selectivity.
When supersaturated aqueous solutions of glycine exposed
to intense pulses of plane-polarized laser light at 1.06 pm,
the least stable y form of glycine unexpectedly crystallized.
Whereas the most stable oo form was always produced when
the same solutions was not exposed to the laser. This result
suggests that NPLIN may be a promising approach to poly-
morph control and discovery [176].

6.2. New Approaches

Recent advances in computational chemistry, combina-
tional technologies, experimental techniques, hardware and
software systems have triggered some new approaches to the
solid forms’ discovery for APIs, such as high-throughput
crystallization, crystal structure prediction, etc.

High-Throughput Crystallization

To explore an API’s polymorphs, hydrates, solvates,
salts, co-crystals and amorphous states, a huge number of
experimental conditions should be carried out, which is quite
difficult and time-consuming by conventional experimental
methods. As the concepts of high-throughput (HT) screening
and combinatorial synthesis are applied to the development
of drugs, high-throughput (HT) crystallization systems have
recently been developed and are emerging as an accelerator
for the discovery and screening of solid forms of an API
[177].

In a fully integrated HT system, crystallization is per-
formed at small scale using a combinatorial approach, where
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a large variety of parameters of composition and process
conditions are investigated in parallel. The API can be dis-
pensed in the solid state with appropriate powder-handling
systems, or as a solution followed by solvent removal. Then
combinations of solvents and/or additives are added to each
crystallization vessel. Liquid transfers can be achieved using
liquid-handling robots or multi-channel pipettors. The most
used crystallization methods include cooling crystallization,
antisolvent crystallization, evaporative crystallization, pre-
cipitation, etc. Crystals produced in the vessels are analyzed
by a combination of optical image analysis, Raman spectros-
copy and/or PXRD to differentiate polymorphs. Because the
number of crystallization trials under different experimental
conditions is greatly increased by an HT approach, the prob-
ability of discovering new forms is increased. After a par-
ticular form at small scale is identified in the HT screening,
scale-up studies will be conducted to further optimize the
process for laboratory scale production [1,6].

The HT crystallization has been applied to discover solid
forms for a series of APIs, such as acetaminophen, sulfathia-
zole, etc. Peterson et al. [177] discovered the highly unstable
form 111 of acetaminophen by use of the HT crystallization
technique. Another example is that solid forms of the salts of
sulfathiazole were explored through HT crystallization tech-
nique by use of varying stoichiometric ratios of pharmaceu-
tically acceptable organic and mineral bases [178]. The
screen resulted in the rapid identification and characteriza-
tion of 10 salt forms and showed that the salts exhibited a
range of melting points depending on the counter-ion type
and stoichiometric ratio. Briefly, HT crystallization technol-
ogy can provide rapid and comprehensive discovery of solid
forms of APIs, which thus can facilitate selecting the optimal
physical or chemical form of a given API for development
into a drug product.

Crystal Structure Prediction

The ultimate goal of crystal structure prediction is to pre-
dict the crystal structure from the molecular structure of a
compound. Although various research groups have success-
fully predicted the structures of some small, relatively rigid
organic molecules with few functional groups in last dec-
ades, it remains troublesome to predict the crystal structure
of a compound from its chemical composition [179]. To
date, it is still extremely difficult to predict the influence of
subtle conformational changes and weak interactions be-
tween adjacent molecules on the crystalline structure [1].
Even if a crystalline form can be predicted, its relative stabil-
ity to other crystalline forms is difficult to predict with accu-
racy. In addition, the crystal structure prediction for either
multi-component (e.g., solvates, hydrates, co-crystals) or
ionic systems is not yet possible [180,181].

The theory of Kitaigorodsky is typically employed for
the crystal structure prediction [182]. Interactions between
molecules are assumed to be weak and lacking in directional-
ity. In addition, it is assumed that all interactions taper off at
longer distances in roughly the same way. In such an iso-
tropic model, close packing dominates the formation of crys-
tal structures, thus hypothetical crystal structures that ap-
proximately satisfy these close-packing conditions can be
generated by computer programs. Among these calculated
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Table 3. Examples of Polymorphic Active Pharmaceutical Ingredients in the Literature
Compound Forms Crystallization methods Factors investigated Refs.
Abecarnil A /B, C = Cooling = Supersaturation = Impurity [186]
= Supercritical antisolvent = Temperature = Solvent
Acetaminophen 1, 11, 11, trihy- = Cooling = Polymer heteronuclei [167]
drate = Evaporation = Excipient [187]
p-Aminobenzoic acid | a, B = Cooling = Solvent = Cooling rate [188]
Carbamazepine a, B, v, 2 sol- = Solution-mediated = Surfactant [161]
vates transformation
Cimetidine A, B, C,D, = Evaporation = Solvent [137]
monohydrate | . cooling = Cooling rate
Diflunisal LA TV, 2 = Crystal structure = Hydrogen-bonding [185]
solvates prediction
Eflucimibe A'B = Cooling = Cooling rate = Seeding [189]
= Initial concentration
Estradiol A, B, 2 sol- = Evaporation = Solid-state characterization [190]
vates -« Melt
Ethylenediammonium | Monoclinic, = Reactive =pH [191]
3,5-dinitrobenzoate Triclinic
Famotidine A'B = Cooling = Solvent = Temperature [126]
= Cooling rate = Seeding
= Initial concentration
Fluconazole (M = Supercritical antisolvent = Solvent [192]
Fluticasone propion- 1,2 = Supercritical antisolvent = Structure determination through [193]
ate powder X-ray diffraction
(R,R)-Formoterol AB,C = Reactive = Impurity [194]
tartrate
L-glutamic acid a, B = Cooling = Amino acid additive [195]
Hydroxytriendione (NI = Cooling = Seeding [156]
= Evaporation = Solvent
Indomethacin a, B,y = Cooling = Substrate [196]
Mebendazole A /B, C = Cooling = Solid-state characterization [16]
Metformin hydrochlo- | A, B = Capillary = Solvent [170]
ride
Nabumetone (M = Evaporation = Solid-state characterization [197]
Nifedipine L LI, 5 = Evaporation = Solid-state characterization [198]
solvates
Oxybuprocaine hy- (NI = Molecular modeling. = Hydrogen-bonding [199]
drochloride
Phenylbutazone a, B, 9 &y = Cooling = Supersaturation [113]
Progesterone 1,2 = Crystal structure = Solvent [200]
prediction = Hydrogen-bonding
Ranitidine hydrochlo- | 1,2 = Antisolvent = Solvent [47]
ride
Ribavirin (M = Cooling = Solid-state characterization [135]
= Melt
Ritonavir 11 = Evaporation = Solvent [201]
= Solution-mediated transformation [202]

= High-throughput
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(Table 3). Contd.....
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Compound Forms Crystallization methods Factors investigated Refs.
Salmeterol xinafoate 11l = Supercritical antisolvent = Temperature = Pressure [203]
Sertraline hydrochlo- | 28 = High-throughput = Solvent [49]
ride = Salt former
Stavudine I, 11, 1 hydrate = Cooling = Solvent = Agitation [165]
= Supersaturation = Impurity
Stearic acid A /B,C,D,E = Cooling = Solvent [204]
Sulfamerazine 11 = Solution-mediated = Solvent [108]
transformation = Additive (impurity) [205]
Sulfamethoxazole (Y = Evaporation = Polymer heteronuclei [167]
= Solvent
Sulfathiazole (I AVAY = Cooling = Solvent [206]
= Evaporation = Template [207]
= SEDS = Supercritical CO, [153]
Sulindac LA, 3 = Cooling = Solvent [208]
solvates
Thiazole derivative, A B,C,2 = Antisolvent = Solvent = Addition rate [149]
BPT solvates = Initial concentration
Tolbutamide LA v = Cooling = Additive (cyclodextrin) [209]
= Supercritical antisolvent = Additive (metal ion) [210]
= Solvent [211]
Venlafaxine hydro- 1,2,3,4,56 = Solid-to-solid = Temperature [212]
chloride transformation

structures some may not be observed in experimental studies.
For example, approximately half of the energetically feasible
predicted crystal structures of carbamazepine exhibit the

C=0---H-N Rg (8) dimer motif, and have been observed in

the known polymorphs. Whereas the other energetically
feasible structures with the C=0---H-N C(4) chain hydrogen
bond motif have not been observed yet. This is attributed to
that the kinetics favored the nucleation of crystal structures

based on the Rg (8) dimer motif [183]. Recently some re-

search groups have incorporated the kinetic factor during
crystallization into the overall prediction process [5,184].

Crystal structure prediction is beneficial to solid form
discovery for active pharmaceutical ingredients. Some hy-
drogen-bonding motifs or molecular layer types are fre-
quently observed in the predicted structures, which can be
used to assist the design of crystallization experiments. Cross
et al. [185] combined crystal structure prediction with tar-
geted experimental crystallization to screen the solid forms
of diflunisal. Graph set analysis was used to analyze and
classify the structural predictions, and crystallization sol-
vents were selected to promote the formation of crystals
containing the most commonly predicted hydrogen-bonding
motifs. Four new crystal structures of diflunisal were dis-
covered, including two solvates and two new polymorphs.

In spite of more than a century of great efforts, the fun-
damental mechanisms and molecular properties that drive
molecular crystal form diversity, specifically the nucleation

of polymorphic forms, are not well understood [106]. As a
result, the prediction for assessing polymorphic behavior of
active pharmaceutical ingredients remains a great challenge.
It is expected that the on-going development of theoretical
methods coupled with validation of the predictions through
extensive crystallization screening will bring about better
models and computational methods [1].

In summary, multifarious techniques have been devel-
oped for the discovery and control of the polymorphs of
active pharmaceutical ingredients. A list of examples of
polymorphic systems that have been systematically studied is
presented in Table 3. Nevertheless, among those existing
techniques there is still no method to guarantee the produc-
tion of desired form even the most thermodynamically stable
form of an API [6]. There remains a lack of fundamental
understanding of the nucleation process and those factors
that may contribute to crystallization of diverse forms of a
compound. In the cause of polymorph discovery and control,
the mechanisms of the effects of crystallization conditions on
the nucleation, crystal growth and transformation of poly-
morphs needs to be further clarified.

7. POLYMORPHIC TRANSFORMATION

When an API exhibits polymorphism, the knowledge of
the relative stability and the transformation kinetics between
polymorphs is essential to the development of its drug prod-
uct and to the appropriate storage condition. Many pharma-
ceutical crystals, such as theophylline [213], chlorpropamide
[214], carbamazepine [215], etc., are known to undergo a
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variety of polymorphic transformations during their process-
ing and formulation. These polymorphic transformations
shall affect the stability and the bioavailability of drug prod-
ucts.

Polymorphic transformations proceed generally via the
solid-solid or the solution-mediated mechanism [209]. The
kinetics of polymorphic transformation of drugs can be af-
fected by such variables as the structure of the product, im-
perfections within the crystal structure and sample history
[215]. The process of polymorphic transformation can be
monitored by in-situ or off-line analytical techniques.

7.1. Solid-Solid Transformation

The solid-solid transformation is dependent on internal
rearrangements or conformational changes of the molecules
in crystals [209]. Stress-induced transformation refers to that
solid-solid transformations of APIs are caused by mechanical
stress. This kind of phase transformation is more frequently
associated with the formation of metastable forms or amor-
phous states [6]. Betamethasone acetate has three polymor-
phic forms (form 11, lo, 1) and a hydrate. When the three
polymorphic forms were subjected to the ball-milling in an
agate centrifugal mill, the crystallinity of all three forms
decreased with time during the grinding and gradually turned
to the amorphous state [216].

Temperature-induced transformation is another wide-
spread phenomenon of solid-solid transformation. The form
Il of betamethasone acetate was completely converted to the
form I} when heated at 160 °C for 15 min. The form lo at 95
°C for 7 days transformed to the form I partially, but the
same treatment did not cause any change of the form I3
[216]. By use of terahertz pulsed spectroscopy and differen-
tial scanning calorimetry, Zeitler et al. [217] found forms I11,
1V, and V of sulfathiazole converted to form | via a solid—
solid phase transition at temperatures below 450 K.

7.2. Solution-Mediated Transformation

The solution-mediated transformation is controlled by
differences in solubility of stable and metastable forms,
where a metastable form possesses higher solubility [209]. If
the starting point lies within the metastable zone of the stable
phase, the transformation starts only after elapse of the cor-
responding induction period. In the case when the starting
point is located outside the metastable zone of the stable
solute, the transformation proceeds without any delay [218].
When the temperature is increased and/or the stable form is
introduced as “seed”, the transformation process normally
shall be accelerated.

Skrdla et al. [112] have systematically investigated the
solution-mediated transformation of a pharmaceutical com-
pound (2R,3S)-2-({(1R)-1-[3,5-bis(trifluoromethyl)phenyl]
ethyl}oxy)-3-(4-fluorophenyl) morpholine hydrochloride
from metastable form Il to stable form 1, by use of FTIR.
The time-course of transformation is found to be in accor-
dance with the Prout-Tompkins model. Based on the Ar-
rhenius plot consisting of the natural logarithm of the reac-
tion rate constants plotted against their corresponding recip-
rocal temperatures, the energy of activation for the transfor-
mation from form 11 to form | is obtained as 42 kJ/mol.
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Because of its tremendous advantages over other tech-
niques, in-situ Raman spectroscopy has recently been widely
used to monitor the solution-mediated polymorphic trans-
formation. By use of Raman spectroscopy coupled with an
immersible fiber optic probe, Wang et al. [219] have studied
the solution-mediated polymorphic transformation from form
11 to form | of progesterone.

8. SUMMARY

In the last decades, great progress has been made in the
understanding of the mechanisms of polymorphism, which
leads to the molecular level design of pharmaceutical solids
and better control of the desired forms. Polymorph control
has advanced from being a mysterious process to a meaning-
ful tool to solve the problems occurring in the process of
drug development. It is recognized that the interplay between
molecular structures, intermolecular interactions, thermody-
namics, and kinetics may affect the processes of molecular
assemblies and thus can determine the crystallization out-
comes. This review has introduced the mechanisms of poly-
morphism and recent advances in the technologies for the
characterization, discovery and control of polymorphs. It is
expected that new crystal forms with novel properties and for
novel drug products will explosively expand with the pro-
gresses in high-throughput crystallization and crystal struc-
ture prediction techniques.

ABBREVIATIONS

AFM = Atomic force microscope

API = Active pharmaceutical ingredient

ATR-FTIR = Attenuated total reflection Fourier trans-
form infrared

CPG = Controlled pore glass

DRIFT-IR = Diffuse reflectance Fourier transform infra-
red

DSC = Differential scanning calorimetry

DTA = Differential thermal analysis

FFA = Flufenamic acid

HSM = Hot-stage microscopy

HT = High-throughput

NIR = Near infrared

NPLIN = Nonphotochemical, laser-induced nuclea-
tion

PXRD = Powder X-ray diffraction

RAN-HCI = Ranitidine hydrochloride

RESS = Rapid expansion of supercritical solutions

ROY = 5-methyl-2-[(2-nitrophenyl)amino]-3-
thiophene carbonitrile

SAM = Self-assembled monolayer

SDPD = Structure determination from powder dif-

fraction
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SS-NMR

TGA

TMDSC =

Solid-state nuclear magnetic resonance

Thermogravimetric analysis
Thermal-modulated DSC
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Pharmaceutical Solids: A Strategic Approach to

Regulatory Considerations

Stephen Byrn,!* Ralph Pfeiffer,' Michael Ganey,>* Charles Hoiberg,” and

Guirag Poochikian®

Purpose. This review describes a conceptual approach to the characterization of pharmaceutical solids.
Methods. Four flow charts are presented: (1) polymorphs, (2) hydrates, (3) desolvated solvates, and (4)
amorphous forms. Results. These flow charts (decision trees) are suggested as tools to develop infor-
mation on pharmaceutical solids for both scientific and regulatory purposes. Conclusions. It is hoped
that this review will lead to a more direct approach to the characterization of pharmaceutical solids and
ultimately to faster approval of regulatory documents containing information on pharmaceutical solids.

KEY WORDS: polymorph; hydrate; amorphous form; desolvated solvate.

Interest in the subject of pharmaceutical solids stems in
part from the Food and Drug Administration’s (FDA’s) drug
substance guideline that states ‘‘appropriate’’ analytical pro-
cedures should be used to detect polymorphic, hydrated, or
amorphous forms of the drug substance. These guidelines
suggest the importance of controlling the crystal form of the
drug substance. The guideline also states that it is the appli-
cant’s responsibility to control the crystal form of the drug
substance and, if bioavailability is affected, to demonstrate
the suitability of the control methods.

Thus, while it is clear that the New Drug Application
(NDA) should contain information on solid state properties,
particularly when bioavailability is an issue, the applicant
may be unsure about how to scientifically approach the gath-
ering of information and perhaps what kind of information is
needed. This review is intended to provide a strategic ap-
proach to remove much of this uncertainty by presenting
concepts and ideas in the form of flow charts rather than a
set of guidelines or regulations. This is especially important
because each individual compound has its own peculiarities
which require flexibility in approach. The studies proposed
herein are part of the Investigational New Drug (IND) pro-
cess.

Solid drug substances display a wide and largely unpre-
dictable variety of solid state properties. Nevertheless, ap-
plication of basic physicochemical principles combined with
appropriate analytical methodology can provide a strategy
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for scientific and regulatory decisions related to solid state
behavior in the majority of cases. By addressing fundamen-
tal questions about solid state behavior at an early stage of
drug development, both the applicant and the FDA are in a
better position to assess the possible effects of any variations
in the solid state properties of the drug substance. The re-
sulting early interaction of the parties with regard to this area
would not only tend to ensure uniformity of the materials
used throughout the clinical trials but also fully resolve solid
state issues before the critical stages of drug development. A
further benefit of these scientific studies is the development
of a meaningful set of solid state specifications which criti-
cally describe the solid form of the drug substance. These
specifications would thus also facilitate the approval of a
change in supplier or chemical process.

Our approach in this review is to suggest a sequence for
collecting data on a drug substance that will efficiently an-
swer specific questions about solid state behavior in a logical
order. In “‘difficult’’ cases, perhaps where mixtures of forms
must be dealt with, or other unusual properties are encoun-
tered, the suggested sequences would still have to be fol-
lowed as a first stage in this investigation.

We have chosen to present this approach in the form of
a series of decision trees, or flow charts (algorithms), one for
each of the most common solid state forms. The charts are
accompanied by examples from the literature representing
the kind of data that would be useful in supporting the var-
ious decisions.

Decision trees provide conceptual frameworks for un-
derstanding how the justification for different crystal forms
might be presented in the drug application. Industry may
wish to use these decision trees as a strategic tool to organize
the gathering of information early in the drug development
process. Put another way, these decision trees provide a
thought process that will lead to development of the most
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appropriate analytical controls. One should also note that it
is the responsibility of the industry to select the appropriate
test or tests to identify the phase of the solid and determine
its relevant pharmaceutical properties. This approach is su-
perior to simply performing a broad range of tests without
regard to their relevance.

We should point out that, from a regulatory standpoint,
if a company can establish a specification/test to ensure pro-
duction of a well defined solid form of the drug substance,
then it is not necessary to do all of the physical/chemical
testing outlined in the decision trees. From a scientific stand-
point, however, such an approach is risky since new forms
may appear unpredictably during various stages of the de-
velopment process. The appearance of these new forms usu-
ally slows the drug approval process and makes planning
difficult.

Four decision trees are described in the sections that
follow: Polymorphs; Hydrates (Solvates); Desolvated
Solvates; and Amorphous Forms. Polymorphs exist when
the drug substance crystallizes in different crystal packing
arrangements all of which have the same elemental compo-
sition (Note that hydrates can exist in polymorphs). Hy-
drates exist when the drug substance incorporates water
in the crystal lattice in either stoichiometric or non-
stoichiometric amounts. Desolvated solvates are produced
when a solvate is desolvated (either knowingly or unknow-
ingly) and the crystal retains the structure of the solvate.
Amorphous forms exist when a solid with no long range
order and thus no crystallinity is produced. It is apparent
that the appropriate flow chart can only be determined after
the solid has been characterized using some of the tests de-
scribed in the first decision point of the decision trees/flow
charts (i.e. X-ray powder diffraction, elemental analysis,
etc.). If there is no interest in marketing or producing an
amorphous form or desolvated solvate at any stage in the
process, then the corresponding flow charts do not need to
be addressed. As already mentioned, it is advisable to inves-
tigate the drug substance for the existence of polymorphs
and hydrates since these may be encountered at any stage of
the drug manufacturing process or upon storage of the drug
substance or dosage form.
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All of the flow charts end (see for example Figure 1)
with an indication of the types of controls which will be
required based on whether a single morphic form or a mix-
ture will be produced as the drug substance. Although this
ending provides a simplistic view of a very complicated pro-
cess of selecting appropriate controls, it is included to illus-
trate the consequence of the decisions made with regard to
the drug substance. The reader should realize that the actual
selection of the appropriate control could be the subject of
another review which might contain another set of flow
charts or decision trees.

POLYMORPHS

The flow chart/decision tree for polymorphs is shown in
Figure 1. It outlines investigations of the formation of poly-
morphs, the analytical tests available for identifying poly-
morphs, studies of the physical properties of polymorphs
and the controls needed to ensure the integrity of drug sub-
stance containing either a single morphic form or a mixture.

A. Formation of Polymorphs—Have Polymorphs
Been Discovered?

The first step in the polymorphs decision tree is to crys-
tallize the substance from a number of different solvents in
order to attempt to answer the question: Are polymorphs
possible? Solvents should include those used in the final
crystallization steps and those used during formulation and
processing and may also include water, methanol, ethanol,
propanol, isopropanol, acetone, acetonitrile, ethyl acetate,
hexane and mixtures if appropriate. New crystal forms can
often be obtained by cooling hot saturated solutions or partly
evaporating clear saturated solutions. The solids produced
are analyzed using X-ray diffraction and at least one of the
other methods. In these analyses, care must be taken to
show that the method of sample preparation (i.e. drying,
grinding) has not affected the solid form. If the analyses
show that the solids obtained are identical (e.g. have the
same X-ray diffraction patterns and IR spectra) then the an-
swer to the question ‘‘Are polymorphs possible?’’ is ““No”’,

POLYMORPHS

Drug Substance

No
Polymorphs
Discovered?
Yes
Different Recrystallizing

Solvents (different .
polarity) - vary Different
temperature, concentration, Physical
agitation, pH Properties?

Tests for Polymorphs Different

- X-Ray Powder Diffraction

- DSC (Thermoanalyticai & Physical)

- Solubility Profile

- Stability (Chemical

—— No
Single Morphic Form
Qualitative Control
Yes (e.g., DSC or XRD)
Mixture of Forms
Drug Quantative Control
Substance (e.g., XRD)
Composition?

Monitor Polymorph
in Stability Studies

- Migf:;?gds’ - Morphology of Xtals
- IR Py - Calorimetric Behav.
- Solid State NMR - % RH profile

Figure 1.

Flow chart/decision tree for polymorphs.
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and further research is not needed. The work of Miyamae et
al. serves as a good example of solid state studies of a drug
substance which exists as polymorphs (1). Powder diffrac-
tion showed that there were two crystal forms (see Figure 2).

These workers also carried out single crystal analysis of
the two crystal forms of the compound. The structures are
shown in Figure 3. While such studies are not required, and
indeed sometimes not possible, they provide an unequivocal
confirmation of the existence of polymorphs. Moreover,
" once the single crystal structure of a phase has been deter-
mined, it is possible to calculate the corresponding X-ray
powder pattern. This provides an irrefutable standard for
identifying the phase by that method.

The DSC thermal curves of the two forms are slightly
different, as shown in Figure 4 and thus may not be the
preferred way of differentiating these polymorphs.

The IR spectra of the two polymorphs are quite simi-
lar(1), and IR does not appear to be a powerful method for
differentiating the crystal forms in this case. Thus, for 8-(2-
methoxycarbonylamino-6-methylbenzyloxy)-2-methyl-3-(2-
propynyl)-imidazo{1,2-a}pyridine, powder diffraction ap-
pears to be the best method for differentiating the two forms.

Solid-state NMR is another powerful technique for an-
alyzing different crystal forms (2,3). Figure 5 shows the
solid-state C-13 NMR spectra of Forms I and II of prednis-
olone. Differences in the positions of the two resonances in
the 120 ppm range clearly differentiate the two forms. In
principle, solid state NMR is an absolute technique in which
the signal intensity is proportional to the number of nuclei
provided appropriate conditions are met. In addition, solid
state NMR is a bulk technique which is not very sensitive to
surface changes. This method appears to be very sensitive
and will undoubtedly be used more often in the future as a
tool to detect different crystal forms. However, with present
technology, errors in solid-state quantitative studies may be
rather large.

Form A
Form B
&
T T v v 1
10 20 30 40
Diffraction angle 28, degree

Figure 2. Powder X-ray diffraction patterns of the polymorphs of
8-(2-methoxycarbonylamino-6-methylbenzyloxy)-2-methyl-3-(2-
propynyl)-imidazo{1,2-a}pyridine (1).
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Figure 3. Stereoscopic drawings of the crystal packing of both poly-
morphs of 8-(2-methoxycarbonylamino-6-methylbenzyloxy)-2-
methyl-3-(2-propynyl)-imidazo{1,2-a}pyridine viewed along the
shortest axis (Form A, b-axis; Form B, a-axis) (1).

B. Do the Polymorphs Have Different Physical Properties?

If polymorphs exist then it is necessary to examine
the physical properties of the different polymorphs that
can affect dosage form performance (bioavailability and sta-
bility) or manufacturing reproducibility. The properties of
interest are solubility profile (intrinsic dissolution rate, equi-
librium solubility), stability (chemical and physical), and
crystal morphology (including both shape and particle size),
calorimetric behavior, and %RH profile. If there are no dis-
cernible differences between these physico-chemical prop-
erties, then the answer to the second question in the decision
tree, ‘‘Different physical properties?”” is “No.”

The variable physical properties of several drugs with
different polymorphs are reported in the literature. For ex-
ample, the dissolution profiles of the polymorphs of chlor-
amphenicol are significantly different (4). In addition, van’t
Hoff solubility analysis has been used to elucidate the dif-

%) Form A
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Figure 4. DSC thermal curves of the polymorphs of 8-(2-
methoxycarbonylamino-6-methylbenzyloxy)-2-methyl-3-(2-
propynyl)-imidazo{1,2-a}pyridine (1). These curves show that Form
A melts whereas Form B undergoes a small endothermic transition
and then melts at the same temperature as Form A.



948

L]
150 100 S0

pen
L_J., ) .
T L LI 1 1
200 150 100 50 o PPH

Figure 5. Solid state NMR of the two Crystal Forms of Predniso-
lone (2).

ferent solubilities of two polymorphs of methy! predniso-
lone(5). This method involves determining the equilibrium
solubility of each polymorph at various temperatures. The
log of the equilibrium solubility is then plotted vs 1/T. This
should give straight lines for each polymorph and the tem-
perature at which the curves intersect is the transition tem-
perature. This technique does not work if the polymorphs
interconvert.

For balance, it is important to point out that there are
also cases where polymorphs exist but they have virtually
identical dissolution properties(6).

C. Drug Substance Control

The important question lies in the properties that differ
among polymorphs and whether those properties affect the
dosage form performance (i.e., quality or bioavailability). If
they do then from a regulatory standpoint it is appropriate to
establish a specification/test (e.g. powder X-ray diffraction
or IR) to ensure the proper form is produced. From a pro-
duction standpoint, it is important to develop a process that
reproducibly produces the desired polymorph.

If mixtures of forms cannot be avoided, then quantita-
tive control is needed to ensure that a fixed proportion of
forms is obtained. Furthermore, the method of analyzing for
the proportion of forms would have to be validated. Also, the
proportion of forms would have to remain within stated lim-
its through the retest date of the drug substance and poten-
tially throughout the shelf life of the product; a difficult re-
quirement if the forms interconvert. Thus, the way to avoid
a substantial amount of work in this area is to select a single
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solid form for production. Usually, this would be the most
physically stable form when their bioavailabilities are not
significantly different. Selection of the most stable from
would, of course, insure that it there would be no conversion
into other forms.

Powder diffraction is often a useful method to determine
the percentages of polymorphs in a mixture; however, the de-
tection limit is variable from case to case and can be as high as
15%. Matsuda (7) carried out a mixture analysis of phenylbu-
tazone polymorphs. Diffraction lines disappear and appear as
the ratio of the crystal forms change. Some of these calibration
curves developed from this analysis are almost horizontal,
meaning that any given mixture gives the same line intensity in
this mixture range. However, other calibration curves are
sloped and would appear to allow a reasonable analysis. It is
fair (although Matsuda did not carry out an estimate) to esti-
mate the errors in this analysis as +15%.

Tanninen and Ylirussi (8) used computer curve fitting to
carry out a mixture analysis of prazosin. In this particular
case, they reported a highly accurate analysis, and, in fact,
showed a calibration curve that could detect 0.5% of one
form in another. This is obviously a highly accurate mixture
analysis by powder diffraction and shows the power of this
method for some applications. However, this analysis re-
quired extreme care in sample preparation and may be more
difficult to carry out in a production setting where particle
size may not be controlled. Similar comments apply to the
analysis of mixtures by IR, where the accuracy and precision
may also vary considerably from case to case. Given the
analytical problems in dealing with mixtures of forms, it may
generally be simpler to develop a method to prepare only one
crystal form.

In summary, it is important to determine whether poly-
morphs are present and to solve any problems before pivotal
clinical studies are initiated.

D. Determination of the Polymorph Present in the
Drug Product

In cases where stability or bioavailability issues exist,
the solid form present in the drug product should be inves-
tigated, if possible.

For bulk drug substances, X-ray powder diffraction and
other techniques can identify the polymorph; however, solid
state NMR appears to be the best method for the study of the
drug substance in the dosage form (2, 3). Solid-state NMR
study of three commercial products containing prednisolone
showed that the products A and B contain Form I, whereas
product C contains Form II.. This analysis was possible even
though these tablets contain approximately 95 mg of excip-
ients and 5 mg of drug. There are numerous cases, often
involving complex mixtures or low dose products, where
solid state NMR (and, in fact, any technique) will not be
sensitive enough to identify the polymorph present in the
drug product. However, the safety and efficacy is, of course,
controlled by the potency assays and by the physical tests
(e.g., dissolution).

HYDRATES (SOLVATES)

The flow chart/decision tree for hydrates (solvates) is
shown in Figure 6. It outlines investigations of the formation
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Figure 6. Flow chart for solvates or hydrates.

of hydrates (solvates), the analytical tests available for hy-
drates (solvates), studies of the physical properties of hy-
drates (solvates) and the controls needed to ensure the in-
tegrity of drug substance containing either a single morphic
form or a mixture.

A. Have Hydrates (Solvates) Been Discovered?

The flow chart for hydrates (solvates) (Figure 7) is ap-
plied after the preliminary crystallizations have been com-
pleted. These are essentially the same as in the polymorph
decision tree but, in addition, should include solvent-water
mixtures in order to maximize the chance for hydrate for-
mation. These experiments can be guided by the moisture
uptake (% RH) studies. Any solids that indicate a significant
change in water content as indicated by the % RH-moisture
profile should also be examined. The resulting solid phases
are preferably characterized by a combination of methods—
two for phase identity and two to reveal composition and
stoichiometry.

With a very few exceptions, the structural solvent con-
tained in marketed crystalline drug products is water. It is
nevertheless often desirable to characterize other solvated
crystalline forms of a drug for several reasons: they may be
the penuitimate form used to crystallize the final product and
thus require controlled characterization; they may form if
the final crystallization from solvents, especially mixed sol-
vents, is not well controlled; they may be the actual crystal-
lized form of a final product that is desolvated during a final
drying step; they may be the form used in recovery for sub-
sequent rework. The relevance of these points will vary from
case to case, but for the present discussion we shall treat the
subject of solvates in its broadest form.

Examples taken from the literature serve to illustrate
the kind of data that proves useful in characterizing solvated
crystal forms. For example, a recent report from our labo-
ratory showed that IR and solid state NMR was useful for
the identification of the different crystal forms of dirithro-
mycin(9). TGA is another powerful method for the analysis

of solvates. For example, one early study showed that TGA
could differentiate three different hydrated salts of feno-
profen(10). Combined with IR or other methods, TGA is an
unequivocal method for the verification of the existence of
solvates. In addition, TGA is a good method for looking at
mixtures of solvated and unsolvated crystal forms, and prob-
ably can be developed into an analytical method for deter-
mining the ratios of solvated and unsolvated forms.

DSC is also a good method for detecting solvates since
there is usually heat change involved in desolvation, espe-
cially for hydrates(11). Specifically, DSC by itself does not
prove the existence of a solvate, but once other analytical
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Figure 7. Water uptake vs percent relative humidity for sodium

cefazolin.
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data from TGA, NMR, etc. are available, DSC becomes a
good method for analyzing solvates and determining a per-
centage of solvates present.

The three solvates of ethynylestradiol (0.5 acetonitrile,
1.0 methanol, 0.5 water) provides another interesting exam-
ple (12). These solvates have different cell parameters and
are crystallographically completely distinct materials. The
hemihydrate was obtained from an organic solvent which is
not completely miscible with water but was saturated with
water. In fact, it is known that crystallization from water-
immiscible solvents containing small but slightly different
proportions of water can produce different hydrates of a
substance.

The DSC/TGA of the three ethynylestradiol solvates(12)
are unique and in this case it may be possible to develop
DSC/TGA into an analytical procedure for determining the
proportions of each solvate. The DSC in some of these
traces appears to show a melt and recrystallization corre-
sponding to the loss of solvent of crystallization. However,
the exact interpretation of this is not possible without either
a DSC microscope or interrupting the tracing to analyze the
sample at various temperatures. The methanolate appears to
lose solvent in two equal steps, indicating that there may
also be a hemimethanolate of this compound. Again, confir-
mation of this would require interrupting the heating and
analyzing the substance after the first solvent loss has oc-
curred. In addition, the DSC/TGA traces suggest that all of
the forms are converted to an anhydrous form which then
melts at a higher temperature. Thus, interrupting any one of
these thermal curves just prior to the final melt could reveal a
new form that gives the powder pattern for the anhydrate. Un-
fortunately, no data of this type is provided in the case cited.

DSC analysis of solvates shouid be carried out using
either an open pan or a pan with a pin-prick; otherwise,
unusual and variable results will be obtained because the
solvent is not provided a way of escape from the pan. One
advantage of using an open pan for DSC is that it reproduces
the conditions under which the TGA is performed.

Comparison of the ethinylestradiol powder diffraction
patterns clearly establishes that these solvates are different
crystal forms as would be expected from the single crystal
data(12). In summary, DSC, TGA, and powder diffraction
are all good methods for analysis of the different crystal
forms of ethinylestradiol.

Figure 7 shows a percent relative humidity versus water
uptake study of the type recommended by the USP commit-
tee on water(13) In this case, there are two hydrates which
are relatively well behaved insofar as they are completely
hydrated at about 10% relative humidity and remain uni-
formly hydrated throughout a wide humidity range. On the
other hand, the so-called pentahydrate, which really is only
a pentahydrate at very high humidity, changes water content
considerably as the relative humidity is changed. The USP
committee on moisture specifications recommended that
moisture uptake vs relative humidity studies should be rou-
tinely performed on all drug substances and excipients (13).

B. Do the Hydrates (Solvates) Have Different
Physical Properties? ‘

The physical properties of hydrates are often quite dif-
ferent from the anhydrate form. Figure 8 shows the dissolu-
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tion profile of theophylline hydrate and anhydrate. This fig-
ure shows that the anhydrate reaches a much higher solubil-
ity in water, and on extended exposure recrystallizes to the
less soluble hydrate. Such differences must be further exam-
ined for possible effects on bioavailability.

In our laboratory we have described the different crystal
forms of hydrocortisone-21-tertiary butylacetate(14). Our
studies showed that the nonstoichiometric ethanolate is ox-
ygen-sensitive and, of course, would show different physical
properties from the stoichiometric ethanolate and the other
solvates. Prednisolone tertiary-butylacetate also exists as a
nonstoichiometric hydrate which is oxygen sensitive(15).
Thus, these are cases where different crystal forms have
different chemical stability, although there may be no signif-
icant differences in solubility.

C. Mixtures of Polymorphs and Hydrates

Other drug substances exist as both polymorphs and
solvates. For example, furosemide exists in two poly-
morphs, two solvates, and an amorphous form (16, 17). The
polymorphs are enantiotropically related, which means that
at one temperature one polymorph is more stable, but at a
different temperature the other polymorph is physically
more stable. That is, plots of solubility versus temperature
cross for the two polymorphs. In addition, the different crys-
tal forms have different photostability (chemical stability in
light) and moreover have different dissolution rates. Thus,
there are significant differences in both chemical and phys-
ical properties.

The five different forms, or modifications of furosemide,
give clearly different powder patterns. Thus, powder diffrac-
tion is a good method for analysis of these different forms.
There are similarities between the IR spectra of the five
different forms but there are also some significant differ-
ences, and expansion and careful analysis could lead to an
FT/IR method for analysis of these different forms. IR would
probably be a useful method for analysis at least for pairs of
these compounds. However, it is not clear whether IR could
be used to determine the percentages of several different
forms in a more complex mixture. The DSC and TGA of the
different forms are significantly different. As expected, the
solvates show weight loss in the TGA.
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Figure 8. The dissolution-time curves for anhydrous and hydrated
theophylline in water at 25°. The two types of open circles represent
successive experiments (18).
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The interconversion of the different forms of furosemide
have been analyzed and a diagram constructed. Such a dia-
gram can be experimentally difficult when so many pairs of
crystal forms must be studied for possible interconversions
and under different conditions. It is clear from this diagram
that many of the forms of furosemide can be converted to
form L. This study is one of the most complete reports of
solvates and polymorphs available in the literature and
serves as a model for studies of such systems for regulatory
submissions.

D. Determination of the Hydrate Present in the
Drug Product

Another important area is the analysis of the material
which is produced after wet granulation of a substance which
can form hydrates. We are aware of cases where the bulk
drug substance is manufactured and stored as the anhydrate.
However, upon wet granulation, there is a conversion (either
partial or complete) to a hydrate. Subsequent drying is some-
times not adequate to convert the substance back to the
anhydrate, and a hydrate or a mixture of hydrate and anhy-
drate remain. The formation of a hydrate and its subsequent
drying can result in a change in particle size of the drug
substance (19). It may also be possible to cause transforma-
tions during other processing steps. It is thus recommended
that if wet granulation or processing that subjects the drug to
even brief changes in temperature or pressure (e.g. milling or
compression) is contemplated, then extensive studies of the
ability to convert the drug substance to a new crystal form be
carried out by mimicking the processing step in the labora-
tory.

DESOLVATED SOLVATES
The term ‘‘desolvated solvates’ refers to compounds

that are crystallized as solvates but undergo desolvation
prior to analysis. Often these ‘‘desolvated solvates’’ retain
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the structure of the solvate with relatively small changes in
the lattice parameters and atomic coordinates, but no longer
contain the solvent. In addition, desolvated solvates are apt
to be less ordered that their crystalline counterparts. These
forms are particularly difficult to characterize properly since
analytical studies indicate that they are unsolvated materials
(anhydrous crystal forms) when, in fact, they have the struc-
ture of the solvated crystal form from which they were de-
rived. Several observations may give clues that one is deal-
ing with a desolvated form: (1) The form can be obtained
from only one solvent; (2) On heating, the form converts to
a structure known to be unsolvated; and (3) The form has a
particularly low density compared to other forms of the same
substance. Experiments that help to clarify whether an ap-
parently solvent free modification is a desolvated form or a
true anhydrate include: (1) Single crystal X-ray structure
determination in the presence of mother liquor from the
crystallization; (2) comparison of the X-ray powder diffrac-
tion patterns and solid state NMR spectra of the solvated
and desolvated crystal forms; and (3) determination of the
vapor pressure isotherm by varying the vapor pressure of the
specific solvent involved. A desolvated form will often take
up stoichiometric amounts of the relevant solvent. In addi-
tion, crystals of the form directly isolated from the crystal-
lizing medium will show a plateau in their isotherm as the
vapor pressure of the solvent is reduced.

Figure 9 shows the flow chart used to address regulatory
issues involving desolvated solvates. It is similar to the poly-
morphs flow chart except that the first question involves
determining whether a solvate was formed initially and then
desolvated, perhaps by *‘air drying.”” The remaining ques-
tions are identical to the polymorphs flow chart.

Figure 10 shows the behavior of three different crystal
forms of the same antibiotic. One crystal form takes up about
two waters of hydration and further analysis indicated that it
was the dimethanolate which had been desolvated by drying.
The second crystal form takes up approximately one water
and was originally the monomethanolate which had been
desolvated by drying. The third crystal form also takes up

DESOLVATED SOLVATES
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Solvate - Yes __[ Single Desolvated
Solvat
Desolvated? Yes ovate
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Figure 9. Flow chart for desolvated solvates.
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Figure 10. Water sorption by three crystal forms of cephaloridine.
The brackets indicate the crystal form produced by desolvating the
designated methanolate.

about one molecule of water and is the 0.75 hydrate typically
obtained from water solution.

AMORPHOUS FORMS

Amorphous forms are of substantial interest because
they usually are much more soluble than their crystalline
counterparts. Indeed, there are cases where the amorphous
forms is the only solid form that has adequate bioavailability.
The initial question with this flow chart (Figure 11) is similar
tothepreviousones: ‘‘ Areamorphousformspossible?’’ Amor-
phous forms can be prepared in different ways, for example,
by spray drying or by freeze drying. One can test whether an
amorphous form has been produced by using one of the
methods listed. X-ray powder diffraction and microscopy
are the two primary methods for determining whether an
amorphous form has been produced. Powder diffraction is an

Byrn, Pfeiffer, Ganey, Hoiberg, and Poochikian

excellent method for determining the existence of an amor-
phous form since they usually exhibit a broad hump between
2 and 20° 26. An amorphous form is expected to have no
peaks in the powder diffraction pattern. The USP test for the
presence of an amorphous form involves determining, by
microscopy, whether the material lacks birefringence. IR
and solid-state NMR may be useful for detecting amorphous
forms since the amorphous nature of the solid sometimes
results in broad lines, or in NMR, altered relaxation times.
The next question on the flow chart is: **Do the amorphous
forms have different physical properties?”’ The answer to
this question will almost certainly be ‘‘Yes.”” Three differ-
ences from crystalline forms may generally be expected: 1)
Amorphous forms would have greater solubility, 2) Amor-
phous forms take up water more extensively, and 3) Amor-
phous forms are sometimes less chemically stable. Another
key question for an amorphous form is: ‘‘Does it crystallize,
and how and when?”’ This question is very important since
inadvertent crystallization can greatly affect the solubility
and dissolution rate, and lead to other failures in formula-
tion. Attempts to purposely cause amorphous forms to crys-
tallize can provide information on the parameters involved in
crystallization of amorphous forms. Specific questions in-
clude: (1) *‘Does the amorphous form crystallize upon expo-
sure to heat and/or humidity?,”” and (2) *‘What other factors
(e.g. mechanical pressure and seeding) can lead to the crys-
tallization of the amorphous forms?”’

The amorphous form of any substance can be partly
characterized by the glass transition temperature, T, (11).
When heated to a temperature above T,, the solid transforms
from a glassy state to a more fluid-like rubbery state. The
corresponding increased molecular mobility greatly raises
the likelihood of two adverse events: (1) Crystallization and
subsequent decreased solubility; and (2) Reduced chemical
stability in the more reactive amorphous solid. Amorphous
solids are also often prone to absorb moisture and this water
sorption reduces the glass transition temperature further.
The weight of water required to reduce the glass transition

AMORPHOUS FORMS

Drug Substance
No
Amorphous —— No
Form
Discovered ?
Yes Single Morphic Form
Produced in Different Ways Qualitative Control
- Freeze Drying . Yes (e.g., DSC or XRD)
- Spray Drying Different
- Milling/Processing Physical Mixture of Forms
Tests for Polymorphs Properties? Drug Quantative Control
- X-Ray Powder Diffraction Different Substance (e.g., XRD)
. DSC ifferen PSS
- Microscopy - Solubility Profile Composition? .
‘IR - Physical/Chemial Monitor Polymorph
_ Solid State NMR Stability in Stability Studies
- Particle Size/Shape
- Tg
- Water Uptake

Does it Crystallize? How? When?

Figure 11. Flow chart for amorphous solids.
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temperature to room temperature is of obvious interest and
is termed W,.. Table I shows a series of interesting studies on
amorphous forms of some common pharmaceuticals.

The table compares the glass transition temperatures
(Ty) of a number of pharmaceutical solids with the melting
temperatures (T,,). It is interesting that the average ratio of
the glass transition temperature to the melting temperature is
about 0.70. This table provides a simple rule of thumb which
allows the prediction of the glass transition temperature of
pharmaceuticals from the known melting point. Crystalliza-
tion and other solid-state phenomena, such as degradation
reactions, as we have said, would be more likely to occur at
temperatures above the glass transition temperature. For
stability, one might, therefore, wish to prepare amorphous
forms only for drugs which have a T, well above room tem-
perature.

Amorphous indomethacin crystallizes upon standing at
room temperature(Figure 12). Obviously, formulations con-
taining amorphous indomethacin are at significant risk to
crystallize and thus become less soluble. This has to some
extent hampered preparing more bioavailable indomethacin
dosage forms. .

Quantitative analysis of mixtures of amorphous and
crystalline forms provides some challenges. Cefixamine tri-
hydrate is the subject of some early research in this area.
This antibiotic, upon grinding, became a mixture of crystal-
line and amorphous forms. A calibration curve based upon
analyzing the height of a selected powder X-ray peak was
constructed and used to determine the crystallinity versus
grinding time for this system. It is clear that powder diffrac-
tion provides a way to estimate the amount of amorphous
cefiximine. These studies show that milling and other similar
processing steps can create amorphous material and that this
process may be detectable. As with wet granulation where
transitions to hydrated forms can occur, processing of the
drug substance can promote the formation of amorphous
drug.

Pikal has compared the analysis of mixtures of crystal-
line and amorphous forms of several antibiotics by powder
diffraction and calorimetry (20). His studies indicate that
calorimetry can be a more accurate method for analysis of
percent crystallinity but are complicated by water sorption.
Zografi and co-workers (unpublished results) have devel-
oped a powerful method for the determination of low per-

Table I. Pharmaceuticals Forming Glasses Above Room Tempera-

ture (21)

Pharmaceutical T, (K) T, (K) TJ/T,
Cholecalciferol 296 352 0.84
Sulfisoxazole 306 460 0.67
Stilbestrol 308 439 0.70
Phenobarbital 321 443 0.72
Quinidine 326 445 0.73
Salicin 333 466 0.71
Sulfathiazole 334 471 0.71
Sulfadimethoxine 339 465 0.73
Dehydrocholic acid 348 502 0.69
17B8-Estradiol 351 445 0.80
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G
5 15 25 35
Figure 12. Behavior of amorphous indomethacin upon standing: A,
at start; B 24 h; C, 48 h; D, 7d; E, 14d; F, 30d; G, 67d (22).

A

centages of amorphous material based on the general pro-
pensity of amorphous materials to sorb moisture.

SUMMARY

Four flow charts which describe approaches to regula-
tory issues involving pharmaceutical solids have been devel-
oped. These flow charts are for the different types of solids
generally encountered (polymorphs, solvates, desolvated
solvates, and amorphous forms). It is hoped that these flow
charts will guide the solid-state research needed to prepare a
comprehensive regulatory submission on the physico-
chemical properties of a pharmaceutical. It is also hoped that
this review has provided enough information to allow the
generation of results and information necessary to prepare a
drug substance submission that will be quickly approved.
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NEWS AND VIEWS

Crystals from first principles

A new calculation of the polymorphs of silica appears to have broken new ground in deriving crystal
structure from chemical composition. But X-ray crystallographers need not worry — yet.

ONE of the continuing scandals in the
physical sciences is that it remains in
general impossible to predict the structure
of even the simplest crystalline solids from
a knowledge of their chemical composi-
tion. Who, for example, would guess that
graphite, not diamond, is the thermo-
dynamically stable allotrope of carbon at
ordinary temperature and pressure?
Solids such as crystalline water (ice) are
still thought to lie beyond mortals’ ken.

Yet one would have thought that, by
now, it should be possible to equip a suffi-
ciently large computer with a sufficiently
large program, type in the formula of the
chemical and obtain, as output, the atomic
coordinates of the atoms in a unit cell.

That time may not yet have arrived, but
S. Tsuneyuki, M. Tsukada and H. Aoki
from the University of Tokyo, with Y.
Matsui from Okayama University, have
brought it a good step nearer. Starting
with the information that the polymorphic
forms of pure silica consist exclusively of
Si0,, they first calculate, from first princi-
ples, the force constants in clusters of the
atoms and then, by molecular dynamics,
the lattice constants of the four common
polymorphs of silica (a-quartz, a-cristo-
balite, coesite and stishovite — the two
last first recognized in the debris from
meteoritic impacts).

The authors thank two computer
centres in Japan for access to computing
machinery, although they do not say how
many Cray-equivalent hours their calcu-
lations occupied (Phys. Rev. Lett. 61 871;
1988).

The calculation is not merely a taste of
things to come but a pointer to the
obstacles that remain, as well as being, in
its own right, a considerable achievement.
What the group has done is to invert the
usual procedure in which force constants
are calculated empirically from the
properties of crystals. Their strategy is
instead to calculate the force constants
from first principles, for which purpose
they must calculate the electronic struc-
ture of a complex of silicon and oxygen
atoms.

The snag is that, even with the the price
of Cray machines and their equivalents
falling year by year, it remains beyond the
capacity of computation to calculate the
properties of a real crystal. So Tsuneyuki
et al. start with the simplest of all relevant
structures — the tetrahedral cluster SiO,".

But why SiO,"", not SiO,? Because Si
readily surrenders electronic charge to

oxygen atoms — the authors estimate 0.7
of an electron charge for every SiO bond,
or close on two electron charges for those
O atoms bound to two Si atoms. So, to
ensure that their calculated structures are
electrically neutral, the authors place elec-
tronic charges at points 1.65 A along
the four tetrahedral axes of the cluster,
neatly simulating in the process the elec-
trostatic effects of the neighbouring
oxygen ions found in structures such as
quartz.

It would be wrong to say that, from this
point, everything depends on what the
programmers have done, but that is how
the article reads. Tsuneyuki ez al. essen-
tially calculate the electronic structure of
the cluster for various departures of the
atoms from their mean positions. They
use pre-calculated atomic orbitals in a
Hartree-Fock self-consistent field pro-
cedure (one of the means of allowing for
electron—electron interactions in many-
electron atoms).

In principle, there is every reason why
the energy of the system should be quite a
complicated function of the atomic posi-
tions. The surprise is that the parts of the
energy surface so far calculated can be
accurately represented by potential func-
tions depending only on the distances
between pairs of atoms in the cluster. Not
surprisingly, one of these is a Coulomb
term, another corresponds to the van der
Waals attractive potential proportional to
r® where r is the separation.

The molecular dynamics is made to
seem just routine, no doubt because of the
careful development of the appropriate
programs by Japanese colleagues. Pres-
sure and temperature are determined by
the size of a repeating three-dimensional
unit in a periodic lattice and by total
kinetic energy respectively. The known
structures of the four polymorphs of silica
are each dealt with separately. In each
case, the object of the exercise is to tell
whether the polymorphs are dynamically
stable, or that they are not spontaneously
converted into each other, which all four
prove to be. This is taken as an explana-
tion of why they are all apparently stable
under ordinary conditions even though,
thermodynamically, they are metastable.

Given previous difficulties in calcula-
ting from first principles the properties of
real solids, the results are extremely good.
Unit cell dimensions turn out to be within
5 per cent of their measured values, bulk
properties such as density and bulk

modulus within 10 per cent. The agree-
ment between calculated energy
(enthalpy) of the polymorphs and the few
measurements available is even better
(1 per cent), but the authors say they
could probably do even better if they
allowed for the band structure of these
polymorphs and the extent to which the
bands are filled at different temperatures.

Several refinements remain to be ex-
plored. The chances are that three-body
potentials and even more complicated
variations of energy with configuration
can be demonstrated by calculation and
by comparison, for example, with meas-
ured specific heats. Evidently the treat-
ment of charge transfer between Siand O,
while effective, is somewhat artificial and
does not allow for cooperative configura-
tions extending over more than one SiO,"
tetrahedron.

In themselves, of course, these results
are not a fulfilment of the goal of calculat-
ing from first principles the crystal struc-
ture of a compound of which nothing is
known except chemical composition. But
that cannot be far away.

On the face of things, the most obvious
artificially introduced variables are the
known crystal structures of the poly-
morphs of silica, used as a starting point
for the molecular dynamics. It should not
be beyond the wit of Tsuneyuki and his
colleagues, with the help of a few com-
puter centres, to select from a listing of all
possible structures of an arbitrary material
those that can be considered plausible on
crystallographic and other grounds.

Perhaps the most striking feature of this
laconic paper is the contrast it presents
with the state of the art of calculating the
properties of solids as recently as a decade
ago, when it seemed that even the use of
force constants derived empirically from
the measured properties of crystals did not
regenerate, on calculation, the authentic
properties of those same crystals. But the
practical importance of the new calculation
could be considerable, especially with the
need to learn something of the crystal
structure of materials that are either very
small  (‘microdot’  zero-dimensional
quantum wells, for example) or which
vary in composition over distances smaller
than the limits of X-ray crystallography
(such as doped semiconductors). In apply-
ing calculations to these needs, a demon-
stration of success can rank, psychologi-
cally, with the example set by those who
first climbed Everest. John Maddox
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Solid-state pharmaceutical chemistry encompasses a wide range of studies on pharmaceutical
solids including (1) determination of the physical properties of polymorphs and solvates, (2)
physical transformations between polymorphs and solvates, (3) chemical reactions in the solid
state, and (4) solid-solid reactions which occur in pharmaceutical preparations. Recent advances
in this field include improved understanding of crystallization processes, improved understanding
of the need for characterization of polymorphs and solvates for both control and regulatory
purposes, and a better understanding of the mechanisms of solid-state degradations and solid—
solid reactions. This review will briefly describe recent advances in the following areas: (1)
crystallization and the properties of crystals of pharmaceutical solids; (2) characterizations of

crystal forms of drugs using solid-state NMR spectroscopy.

The study of the solid-state chemistry of drugs not only
encompasses many scientific disciplines but also impinges
on virtually all phases of the pharmaceutical industry,
from discovery to successful marketing. Itisclearthat an
understanding of the molecular structure of the solid state
can lead to better design and control of drug performance.

The mission of those working in the field of solid-state
pharmaceutical chemistry is to provide each drugin a solid
form that has optimum performance in a given application.
Pursuit of this mission requires recognition of several
general, interrelated points: (1) Drugs can exist in a
number of solid forms, each having different properties
of pharmaceutical importance, including stability and
bioavailability; the number and properties of these forms
are largely unpredictable and vary considerably from case
to case. (2) The forms of a drug may interconvert under
various conditions. (3) Once a solid form is chosen for a
product, methods for analysis and control of the form must
be devised.

Let us briefly review each of these points with regard
to their status in current practice and to some associated
scientific challenges that remain.

(1) The most common solid forms that may be found
for a given drug substance are as follows: crystalline
polymorphs, forms having the same chemical composition
but different crystal structures and therefore different
densities, melting points, solubilities, and many other
important properties; solvates, forms containing solvent
molecules within the crystal structure, giving rise to unique
differences in solubility, response to atmospheric moisture,
loss of solvent, etc. Sometimes a drug product may be a
desolvated solvate, formed when solvent is removed from
a specific solvate while the crystal structure is essentially
retained—again, many important properties are unique
to such a form; finally, amorphous solid forms that have
no long-range molecular order (i.e., no crystallinity) and

t Purdue University.
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which tend to be more soluble, more prone to moisture
uptake, and less chemically stable than their crystalline
counterparts (pharmaceutical processing operations may
produce solids of low crystallinity intermediate between
that of a crystalline solid and an amorphous solid).

Tobesure, differentiating among the varioussolid forms
of a substance is generally a routine matter. A number
of analytical methods, used together, make this possible.
Various familiar methods reveal the chemical composition
of thesolid and reveal the presence of solvent. The physical
form is further characterized by X-ray powder diffraction,
infrared and solid-state NMR spectroscopy, differential
scanning calorimetry, and microscopy. The single most
valuable piece of information about a crystalline solid,
although not always available, is the molecular structure,
determined by single-crystal X-ray diffraction.

Perhaps the chief challenge in managing the phenom-
enon of multiple solid forms of drugs is our inability to
predict how many forms can be expected in a given case:
too often costly delays are encountered when a less soluble
solid form suddenly appears late in a development
program. Progress along these lines awaits analysis and
quantification of the myriad intermolecular forces within
any proposed crystal structure as well as the ability to
postulate the likely packing modes for a given molecule
in all its configurations. Further research similar to that
of Margaret Etter and co-workers, reviewed in section A,
will doubtless lead to better success in predicting alterna-
tive solid forms of new drugs.

A second challenge relates to the strikingly different
reactivity of different solid forms of many substances,
whether it be oxidation, dehydration, decarboxylation, or
other chemical reactions. Kineticsinvolving thesolid state,
in which specific contacts (or noncontacts) between
reactive groups are dictated by the structure of a given
solid form, are apt to be more complex than kinetics in
solution, where the corresponding molecular encounters
are much morerandom. Much the same can be said about
the relative difficulty of elucidating mechanisms in these
two states. Moreover, reactions in the solid state may be
further complicated by other, often unknown factors such

0897-4756/94/2806-1148304.50/0  © 1994 American Chemical Society
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as nucleation of a reaction product phase, presence of
various amounts of amorphous component, strain or
disorder in the crystal structure, and multiplicity of
reaction products. As a result, there is very little
information available to guide in any general way the
prediction of the stability of compounds in the solid state,
let alone in their different solid forms or different
formulations. Thus, thestability of all but the most rugged
products is generally characterized empirically at actual
storage temperatures, and the value of studies at elevated
temperatures must be assessed case by case. Elucidation
of the kinetics and mechanisms of solid-state reactions is
pursued in only the most pressing cases.

(2) A dictate of formulation technology is that the
physical form of the drug substance, after being defined
and verified, should not change once the product has been
manufactured. Therefore, in addition to identifying
various solid forms of a drug, an understanding of the
specific factors that may bring about transformations
between the forms is also essential.

Rates of solid-to-solid transformations in drugs are
affected by one or more of the following variables:
temperature, solubility in a given liquid phase, and vapor
pressure of solvent. At aminimum, the investigator must
therefore first identify and obtain certain physicochemical
data on each relevant solid form:

o transition temperature(s) between polymorphs

o solubility of the drug in all solvents and solvent
mixtures used in preparation of the final drug substance
and throughout the formulation process

¢ equilibrium water vapor pressure vs composition
isotherm

This information reveals which solid form is the most
physically stable (least soluble) under specific conditions
of temperature and composition; thus, if that form is
already the one present, no transformation will occur. If,
however, a less physically stable (more soluble) form is
present, the direction of any transformation can now be
predicted for given conditions. One might well ask why
the most stable form is not always selected and, indeed,
that is usually the case. There are however, situations
where the peculiar properties of a less stable solid form
are required for a product’s performance—achieving higher
solubility, for example. In such cases, the manufacturer
has the added burden of demonstrating the lack of
transformation to a more stable solid form throughout
the life of the product. Asdiscussed inthe previoussection,
this task requires dealing with the problems of solid-state
kinetics and must usually be approached empirically.

(3) Two main challenges to the analysis of pharmaceu-
tical solids are dealing quantitatively with mixtures of
forms in the drug substance and identifying the solid form
of the active ingredient in the formulated product,
particularly when the drug is a minor component in the
presence of numerous other materials (excipients).

With this background on the current status of solid-
state pharmaceutical chemistry, we can now turn to a
number of recent advances in this field.

The work of Margaret Etter and co-workers, treated in
section A, is an example of how present research addresses
some of the issues of structure prediction raised above.

The topics discussed in sections B-D have significant
bearing on many of the issues discussed in all three of the
introductory subsections.

Chem. Mater., Vol. 6, No. 8, 1994 1149
A. Forces Holding Crystals Together

Two main types of forces are responsible for holding
drug crystals together: nonbonded interactions and
hydrogen bonding. Nonbonded interactions occur in all
crystals while hydrogen bonding is important in many
compounds, especially pharmaceuticals. Etter has re-
viewed the extent and types of hydrogen bonding which
can exist in organic solids.l2

Carboxylic acids have been a particularly useful class
of compounds for investigating alternative hydrogen
bonding possibilities. For example, in o-alkoxybenzoic
acids both dimerization and formation of intramolecular
hydrogen bonding are observed.® Ino-anisicacid, dimers
are observed in the solid state while intramolecular
hydrogen bonds are observed in dilute solution. However,

H X
o~ o
0
~_-H”
o 0
|
4 H
i i
CH3 CH3
Solid State Solution

in o-ethoxybenzoic acid, only intramolecular hydrogen
bonds are observed in the solid state and in solution.

[o]

CoH,
Solution and Solid State

The Etter group studied the hydrogen bonding in
salicylamide derivatives and pointed out that two types
of hydrogen bonding are possible in these compounds.*
One type involves an intramolecular NH--O hydrogen bond
and an intermolecular C=0..-HO— hydrogen bond and
the other an intramolecular C=0-+-HQO— hydrogen bond
and an intermolecular NH--O hydrogen bond.

x

z---0

9/

Intraz  HN---O Intax C==0---HO

Inter: C==0---HO Inter:  HN---O

08 (llioGoerbitz, C. H,; Etter, M. C. Int. J. Pept. Protein Res. 1992, 39,
2 .Etter, M. C. Acc. Chem. Res. 1990, 23, 120-6.
(3) Etter, M. C.; Urbanczyk-Lipkowska, Z.; Fish, P. A.; Panunto, T.
W.; Baures, P. W.; Frye, J. S. J. Crystallogr. Spectrosc. Res. 1988, 18,
311-25.
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Table 1. Reliable and Occasional Hydrogen-Bond Donors
and Acceptors

type functional group involved
reliable donor ~OH,* -NH,, -NHR, -CONH;, -CONHR,
-COOH
occasional donor -COH, -XH, -SH, -CH

-COOH, -CONHCO-, -NHCONH-,
-CONK (1-3°), >P=0, >S=0,-OH
occasional acceptors >0, -NO,, -CN, -CO, -COOR, -N<, -Cl

@ Not COH.

reliable acceptors

Etter, MacDonald, and Bernstein developed a graph-
theory-based approach to classifying and symbolically
representing the different types of hydrogen bonds that
can be formed.’

Etter also developed rules governing hydrogen bonding
in solids. These rules require a classification of hydrogen
bond donors and acceptors into “reliable” hydrogen-bond
donors and acceptors and “occasional” donors and accep-
tors (Table 1). Using these classifications, threerules were
devised: (1) All (or as many as possible) good proton donors
and acceptors are used in hydrogen bonding. (2) Six-
membered ring intramolecular hydrogen bonds form in
preference to intermolecular hydrogen bonds. (3) The
best proton donors and acceptors remaining after intra-
molecular hydrogen bond formation will form intermo-
lecular hydrogen bonds. These rules apply quite well to
hydrogen bonding of small molecules. However, in some
larger molecules, e.g., erythromyecins, steric factors make
itimpossible to satisfy all of the possible hydrogen bonded
interactions, and some donors and acceptors are not
involved in any hydrogen bonds.

Cocrystals. An important aspect of research into
hydrogen bonding involves the realization that cocrystals
can be obtained from certain solutions containing more
than one molecular species. Cocrystals can also be formed
by mixing or grinding two solids together. Cocrystals are
usually formed between a hydrogen-bond donor molecule
and a hydrogen-bond acceptor molecule. The nature of
hydrogen bondingin cocrystals can also be described using
the above rules. The cocrystals observed by Etter’s group
include numerous ureas with ketones, carboxylic acids with
2-aminopyridine, and also adenine or cytosine combined
with many acidic organic compounds® such as carboxylic
acids and N-acylamino acids. Other classes of cocrystals

investigated by Etter’s group are
pyrimidine, pyridines:  carboxylic acids
pyridine-N-oxides:  acids, alcohols, amines

acids, amides, alcohols,
ureas sulfonamides, amines, water

phosphine oxides:

carboxylic acids:  other carboxylic acide, amides

acids, ethers, phosphine oxides,
sulfoxides, nitroanilines

m-dinitroureas:

imides: other imides, amides

The formation of cocrystals may be quite important in
explaining solid—solid interactions in many fields including
those of pharmaceuticals.

(4) Etter, M. C.; Reutzel, S. M. J. Am. Chem. Soc. 1991, 113, 2586-98.

(5) Etter, M. C.; MacDonald, J. C.; Bernstein, J. Acta Crystallogr.,
Sect. B 1990, B46, 256-62.

(6) Etter, M. C.; Reutzel, S. M. J. Am. Chem. Soc. 1991, 113, 2586-98.
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This elegant work of Etter and co-workers has greatly
increased our understanding of the hydrogen-bonding
interactions of molecules in both the solid state and in
solution.

B. How Crystals Form

Crystallization and the factors controlling the formation
of crystals is an extremely important area in solid-state
pharmaceutical chemistry. Dr. Margaret Etter made an
extremely important observation when she pointed out
that molecules in solution often tend to form different
types of hydrogen-bonded aggregates and hypothesized
that these aggregate precursors are related to the crystal
structures that form from the supersaturated solution.?
This concept helps to explain the many different hydrogen-
bonding motifs seen in different solids.

A number of factors can affect the crystal formed either
by influencing the hydrogen-bonded aggregate precursors
in solution or influencing one of the many other factors
involved in crystallization. These include (1) solvent
composition or polarity, (2) concentration or degree of
supersaturation, (3) temperature including cooling rate
and the cooling profile, (4) additives, (5) seeds and the
presence of seeds, (6) pH (pH is important for crystal-
lization of salts), and (7) agitation.

The composition of the solvent used is known to
influence crystallizations either directly or by influencing
the temperature at which the crystallization is initiated.
For example, in the mannitol system, the a-polymorph is
formed by evaporation of 100% ethanol while the 8-poly-
morph is formed by crystallization from aqueous ethanol.”
In a study of inosine, Suzuki showed that crystallization
from water gave the a-form whereas crystallization from
70% DMSO gave the §-form.8

A second important factor influencing crystallization is
the degree of supersaturation—the ratio of the concentra-
tion of the solution to that of a saturated solution. In his
study of the polymorphism of cimetidine, Sudo showed®1°
that in isopropyl alcohol at high supersaturation ratios
(greater than 3.6) form A crystallized spontaneously or in
the presence of seeds of either form A or form B, whereas
in lower supersaturation ratios (less than 2) form A
crystallized if there were A seeds and B crystallized if
there were B seeds.

Temperature can have a very significant effect on the
polymorph produced. Studies by Kitamural! on the
crystallization of L-glutamic acid showed that at 45° the
a-form nucleates slowly resulting in B-form growth,
whereas at 25 °C the a-form nucleates rapidly causing
a-form growth.

The effect of additives on crystallization has been of
interest for many years. Early work by Simonelli indicated
that polymeric additives could prevent the crystallization
of certain phases.!? Significantly, studies in recent years
by Lahav and co-workers!3 have shown that additives (as

(7) Berman, H. M,; Jeffrey, G. A.; Rosenstein, R. D. Acta Crystallogr.
1968, B24, 442-449.

(8) Suzuki, Y. Bull. Chem. Soc. Jpn. 1974, 47, 2651-2552.

(9) Sudo, S.; Sato, K.; Harano, Y. J. Chem. Eng. Jpn. 1991, 24, 237-
242,

(10) Sudo, S.; Sato, K.; Harano, Y. J. Chem. Eng. Jpn. 1991, 24, 628-
632

(11) Kitamura, M. J. Cryst. Growth 1989, 96, 541-546.

(12) Simonelli, A. P.; Mehta, S. C.; Higuchi, W. 1. J. Pharm. Sci. 1970,
59, 633.

(13) Weissbuch, 1.; Addadi, L.; Lahav, M.; Leiserowitz, L. Science
1991, 253, 637-646.
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little as 0.08 %) can inhibit nucleation and crystal growth
of a stable polymorph, thus favoring the growth of a
metastable polymorph. They alsoshowed that it is possible
to design crystal nucleation inhibitors to control poly-
morphism.

In addition, Grant et al. have shown the effects of
additives on the properties of adipic acid, acetaminophen
(paracetamol), and (R,S)-(-)-ephedrinium-2-naphthalene-
sulfonate, a chiral drug. The effects on each of these
crystalline solids will now be considered in turn.

When adipic acid is crystallized from water containing
traces of n-alkanoic acids!4 or oleic acid,!® the additive is
taken up by the crystals, while the very small water content
is not significantly affected. Changes in crystal habit and
in the crystal growth kinetics are consistent with a
structural model in which the added n-alkanoic acid
molecules occupy lattice sites at the crystal surfaces.1¢ The
incorporated additive also changes the thermodynamic
properties of the crystal. Notably, the crystal energy and
entropy are increased, as measured by reductions in the
enthalpies of fusion and solution, while the melting point
is little affected.14!5 In addition, the Gibbs free energy of
the crystal increases, as measured by the dissolution rate
and thespecific surface area, and the density of the crystals
is changed. Furthermore, the compaction properties, as
measured by Hiestand’s indices of tableting performance
of the crystals are also modified.!” Low levels of incor-
porated n-octanoic acid produce an increase in lattice
strain, reducing the energy required for plastic deformation
leading to improved tableting performance. At higher
levels of incorporated n-octanoic acid, the tableting
performance again approaches that of the pure crystal,
indicating a reduction in plasticity. The above results
with adipic acid may be explained by the impurity defects
and attendant dislocations introduced by incorporated
additive, resulting in increased lattice strain at low
concentrations of additive and in reversal of the effects at
higher concentrations. These proposed changes in lattice
strain have recently been confirmed by corresponding
increases and decreases in the mosaic spread of the Laue
diffraction pattern when single crystals are irradiated by
white X-radiation from a synchrotron source.18

When acetaminophen is crystallized from water con-
taining the structurally related synthetic impurity, p-
acetoxyacetanilide (PAA), theadditiveis incorporated and
the crystals become acicular (needle-shaped). Increasing
concentrations of PAA lead to increasing uptake of PAA
toa maximum constant value (suggesting a saturated solid
solution), to a decrease in water content, and to an increase
inthelength/widthratio.!> Higher concentrations of PAA
cause the length/width ratio and the water content to
return to nearly the initial values. The maximum length/
widthratio and the minimum in water content correspond
approximately to maxima in the enthalpy and entropy of
fusion and in the intrinsic dissolution rate of the crystals,
the melting point being little affected. The physical
properties of the acetaminophen crystals mentioned above

(14) Chow,K.Y.;Go,J.;Mehdiadeh, M.; Grant,D.J. W.Int.J. Pharm.
1984, 20, 3-24.

(15) Chow, A. H. L,; Chow, P. K. K.; Wang, Z,; Grant, D. J. W. Int.
J. Pharm. 1985, 25, 41-55.

(16) Davey, R. J.; Black, S. N.; Logan, D.; Maginn, S. J.; Fairbrother,
J.E.; Grant,D.J. W. J. Chem. Soc., Faraday Trans. 1992, 88, 3461-3466.

(17) Law, D.; Grant, D. J. W. Pharm. Res. 1993, 10, S-152, PT-6102.

(18) Grant, D. J. W.; Law, D.; Ristic, R.; Shekunov, B.; Sherwood, J.
N. 24th Annual Meeting of the Fine Particle Society, August 24-28,
Chicago, IL, 1993.
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were measured under 29 different crystallization condi-
tions, defined by the initial concentration of PAA, the
initial supersaturation of acetaminophen, and the rate of
stirring of the crystallization solution.!® Statistical analysis
of the properties of these crystals, crystallized and analyzed
in triplicate, showed strong correlations between the
length/width ratio and the concentration of PAA taken
up by the crystal and between the intrinsic dissolution
rate and the length/width ratio, the thermodynamic
quantities playing a minor role.2 These results demon-
strate the significance of additive-induced changes in
crystal habit in influencing the intrinsic dissolution rate
of acetaminophen crystals. Thus, whereas the behavior
of doped crystals of adipic acid may be attributed to
differences in lattice strain, the behavior of doped acet-
aminophen crystals may be attributed to differences in
crystal habit.

In the above examples, adipic acid and acetaminophen
exist as achiral molecules and crystallize in achiral space
groups. The question arises as to the effect of traces of
the opposite enantiomer on the crystal properties of a
chiraldrug. To help answer this question, the chiral drug
(R,S)-(-)-ephedrinium 2-naphthalenesulfonate [(-)-EN]
was crystallized from aqueous solutions containing traces
of the opposite enantiomer (S,R)-(+)-ephedrinium 2-naph-
thalenesulfonate [(+)-EN].2! Crystals of (-)-EN took up
the opposite enantiomer with an appreciable segregation
coefficient (0.153), while the water content and melting
point of the crystals remained constant. Uptake of the
opposite enantiomer led to changes in the thermodynamic
properties and intrinsic dissolution rate. These changes
aresimilar to those observed when adipic acid incorporated
n-alkanoic acid from the crystallization solution. The
similar behavior suggests an analogous molecular mecha-
nism in the solid state, implying that doping with the
opposite enantiomer produces changes in crystal properties
that are analogous to doping of a foreign molecule of
different, but related structure. Interestingly, (-)-EN and
(+)-EN when heated together give a phase equilibrium
diagram with a eutectic (together with limited solid
solution formation) between each enantiomer and the
racemic compound. This observation suggests that the
observed changes in the thermodynamic properties and
intrinsic dissolution rate of (-)-EN may be attributed to
doping of the crystals with [(+)-EN/(-)-EN] molecular
pairs or clusters rather than simply with the added (+)-
EN molecules.

Seeding is used extensively to control crystal form and
also to control the extent of nucleation (i.e., final particle
size). In almost all cases, seeding can be used to control
the desired crystal form. For example, Suzuki et al.8
showed that the a-form of inosine could be obtained by
crystallization from water whereas to obtain the 8-form,
seeds of the 8-form must be used. An interesting study
of the effect of seeding was reported by Konapudi, and
the mechanism of crystallization was elucidated by
McBride and Carter.22 Sodium chlorate crystallizes in
both a chiral and a racemic form. Since sodium chlorate
is not chiral in solution, crystallization from aqueous
solution produces equal numbers of L and D crystals.

(19) Chow, A. H. L.; Grant, D. J. W. Int. J. Pharm. 1988, 42, 123-133.

(20) Chow, A. H. L,; Grant, D. J. W. Int. J. Pharm. 1989, 51, 129-135.

(21) Duddu, S. P.; Fung,F. K. Y.; Grant, D. J. W. Int. J. Pharm. 1993,
94, 171-179.

(22) McBride, J. M,; Carter, R. L. Angew. Chem., Int. Ed. Engl. 1991,
30, 293-295.



1152 Chem. Mater., Vol. 6, No. 8, 1994

Surprisingly, crystallization of an aqueous solution with
stirring gives mostly crystals of one chirality, either L or
D. Investigation showed that this effect was due to the
fact that once a particular crystal (either L or D) has formed,
when that initial crystal collides with the stirrer and is
broken into many small seeds which then nucleate further
crystallization of that hand crystal (either L or D). This
observation supports the idea that one nucleating seed
can produce a single crystalline form. It also suggests
that in this particular crystallization, if one added a seed
of either L or D crystals then one would obtain entirely
that crystal form. This is one of the best examples of the
concept: one seed, one crystal.

McCrone, in a letter to the editor of the Journal of
Applied Crystallography, suggested that nucleation by
seeding was the best explanation for the situation in which
one unexpectedly obtains a new, more stable crystal form
and then finds it is difficult or impossible to obtain the
older less stable crystal form.23 In response to this letter
Jacewicz et al.?* suggested that it is not impossible to
produce the earlier form. They stated that the original
crystal form should be capable of being produced but that
the selection of the right conditions may require some
time and trouble.

C. Disorder in Crystals of Pharmaceutical Solids

Another solid-state phenomenon which has important
implications for pharmaceutical solids is disorder. Just
as crystals of chiral and racemic drugs may have different
physical properties, the presence of disorder in a crystal
may also affect the physical properties of a crystal. One
method of classifying disorder is to distinguish between
cases involving static and dynamic disorder. Because
single-crystal X-ray techniques give results which are
averages over a long time period relative to molecular
motion, X-ray crystallography at one temperature is
usually unable to distinguish between static and dynamic
disorder. Static and dynamic disorder can often be
distinguished by comparing X-ray thermal parameters
(ADPs) for two different temperatures. If the disorder
results in observable resonance peaks in solid-state NMR
spectra, then clearly this technique can be used to study
this disorder.

In the crystallographic literature there are numerous
examples of disorder which are caused by a molecule
crystallizing in a single conformation but in a different
orientationrelative to other moleculesin the crystal. There
are also examples where the disorder is due to molecules
crystallizing in different conformations.

Two such examples of conformational disorder are the
crystal structures of nonsteroidal antiinflammatory
(NSAID) drug salicylsalicylic acid (SALSALATE)?2526 and
the antiarrhythmic compound flecainide (TAMBOCOR).2

CF3CH;—O
COOH O OH
o]
"
NH;
e / N@ CHCOs
O—CHCF3
SALSALATE
TAMBOCOR

(23) McCrone, W. C. J. Appl. Crystallogr. 1975, 8, 342.
(24) Jacewicz, V. W.; Nayler, J. H. C. J. Appl. Crystallogr. 1979, 12,
396-397.
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Figure 1. The two geometries of the SALSALATE molecule
which are incorporated into the disordered crystal.

-

Figure 2. The two geometries of the TAMBOCOR which are
incorporated into the disordered crystal.

The salsalate molecule can crystallize in two different
conformations, each of which is intramolecularly hydrogen-
bonded. Presumably, these two different intramolecular
modes of hydrogen bonding are roughly equivalent
energetically and the gross shape of the molecule in both
conformations is similar so that both conformations can
be incorporated into a single crystal as shown in Figure
1.

The other interesting example is the antiarrhythmic
compound flecainide which is disordered in the solid state.
The form of the compound which exhibits this disorder
is actually the acetate salt, which was originally used for
therapeutic purposes. Here the piperidinium ring takes
on two alternate chair conformations as shown in Figure
2.

What are the consequences of such disorder? At the
level of processing, the difficulty in reproducing material
with the same properties may be responsible for different

(25) Frink, N.; Gleason, W. B.; Sweeting, L. M. In IVth Midwest
Organic Solid-State Chemistry Symposium; Lincoln, NE, 1992,

(26) Frink, N.; Beaurline, J.; Gleason, W. B. In Am. Cryst. Assoc.
Annual Meeting; Pittsburgh, PA, 1992,

(27) Gleason, W. B.; Bannit, E. H. In Am. Cryst. Assoc., Annual
Meeting, 1987; p PE18.
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Figure 3. IR spectra of Nujol mulls of the two polymorphs of ranitidine hydrochloride: A, form 1; B, form 2.2

batches having dissimilar behavior. Batch-to-batch vari-
ability may be caused by differences in the ratio of the
different conformations of molecule in the bulk sample.

Although disorder is a well-known phenomenon in the
crystallography of small organics, the consequences of
disorder in drug molecules appears not to have been widely
considered. Just as crystals of chiral and racemic drugs
may have different physical properties, the presence of
disorder in a crystal may also affect the physical properties
of the crystal. The amount of disorder (overall ratio of
high occupancy to low occupancy conformations in the
batch sample) found in a material may be highly dependent
onthe exact crystallization conditions. Inturnthe physical
properties of individual batches may range from free-
flowing powders to flocculent precipitates suffering badly
from the effects of static electricity.

In addition, dynamic disorder reflects enhanced mo-
lecular mobility in the solid state. This enhanced mo-
lecular mobility may lead to enhanced chemical reactivity
as suggested by the four-step mechanism of solid-state
reactions first advanced by Paul and Curtin.2® In this
mechanism the first step is molecular loosening. Obvi-
ously, crystals possessing dynamic disorder are relatively
loosely packed (at least near the site of disorder) and thus
may be expected to be more reactive. At Purdue Uni-
versity, we are presently investigating cases in which the
disorder of the system may relate to enhanced reactivity.

Are disordered samples with different amounts of
disorder distinguishable? One method to distinguish this
is discussed later in this review, solid-state NMR spec-
troscopy. Another approach is powder diffraction.
Whether a particular sample will give a powder diffraction
line which will change as a function of the disorder is a
function of the scattering power of atoms in the alternate
conformations and their contribution to scattering for a
particular scattering plane. Computer programs are
available for the calculation of powder diffraction patterns
from single-crystal X-ray diffraction data. In one case we

(28) Paul, I. C.; Curtin, D. Y. Acc. Chem. Res. 1973, 7, 223.

have examined, that of salicylsalicylic acid, our calculations
indicate that certain diffraction lines are sensitive to the
ratio of high occupancy to low occupancy conformations
present in the salicylsalicylate sample. Thus the ratio of
the intensities calculated for the two strongest lines in the
powder pattern (311/202) varies from 0.80 to 1.75 as the
amount of the “major conformer” is varied from 30% to
95%. Even though one must always be concerned with
the effect of preferred orientation upon intensities for a
powder sample, this calculation is encouraging for the
possibility of using powder diffraction as a monitor for
disorder in a material intended for pharmaceutical, or other
use.

Salicylsalicylic acid crystallizes in Fdd2, an acentric
space group, even though the molecule itself is not
chiral.2%2¢ This compound, as other salicyl esters, also
exhibits strong triboluminescence. It is also disordered
in the solid. The exact crystallization conditions for this
compound can lead to solid material with a broad range
of physical behavior. The variability in physical properties
of this material may be tied to disorder in the crystalline
material and may be a function of the amount of disorder
found in the bulk sample.

D. Characterization of Pharmaceutical Solids

In this section the characterization of pharmaceutical
solids will be briefly reviewed. This section is intended
to provide the reader with a picture of the structure and
properties of the various solid forms of pharmaceuticals.

The clearest indication of the existence of polymorphs
and solvates comes from X-ray crystallographic examina-
tion of single crystals of various samples that are known
to have the same composition but which may be suspected
of being polymorphic. Ifsingle crystals of these materials
have different unit-cell parameters then they may be
polymorphs. Often, however, X-ray powder diffractionis
sufficient to establish the existence of polymorphs. Thus
polymorphs can be uniquely identified by their X-ray
powder diffraction pattern and their structure completely
elucidated by single-crystal X-ray diffraction.
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Knowledge of the polymorphs, solvates, and habits in
which a drug crystallizes can lead to a dramatic improve-
ment in understanding the stability, bicavailability, and
ease of processing of pharmaceutical solids.

1. Infrared Spectroscopy of Solids. Infrared spec-
troscopy is quite useful for the analysis of solids, because
it can be performed on small amounts of the solid
substance. The method involves grinding the sample and
measuring its infrared spectrum in one of several types of
cells available. Infrared spectra of solids can also be
obtained after suspending the sample in Nujol or grinding
the sample with KBr and compressing this mixture into
a disc. FT-IR microscopy can be used to measure the
infrared spectrum of a single crystal or group of crystals.
If care is taken to study only crystals of the same
morphology, this method minimizes the possibility of
obtaining infrared spectra of mixtures of crystal forms
which is a distinct advantage over approaches that use
powdered samples.

The infrared spectrum is extremely sensitive to the
structure and conformation of a compound and, thus, can
be used to compare the structure and conformation of the
compound in different solids or in solid and solution.
Infrared spectroscopy is thus a powerful method for the
determination of polymorphs.

Cholerton et al.2? reported the use of infrared spec-
troscopy to differentiate form 1 and form 2 of ranitidine
hydrochloride (Figure 3). This is a classic example of the
power of infrared analysis in polymorph studies.

Infrared spectroscopy is also useful for the investigation
of solvates, as demonstrated by a study of erythromycin
derivative (I).30 Figure 4 shows the spectra of forms I and

II and the amorphous form of this compound. Clearly
these three forms have different spectra especially in the
carbonyl region. Note that form I shows two carbonyl
absorptions, whereas the amorphous form and form II
show only a single carbonyl absorption. Figure 5 shows
the infrared spectra of three of the many solvates of this
erythromycin derivative. These spectra are fairly similar
except for the obvious C==N stretching absorption in the
acetonitrile:-3H;O solvate. There are alsoslight differences
among these three solvates in the fingerprint region.
Figure 6 shows the infrared spectra of six solvates which
areisomorphous (have the same crystallographic unit cell).
These spectra are fairly similar as might be expected since
they crystallize in the same unit cell. In cases where the
solvents contain keto groups (e and f) the ketone absorption
is obvious as a second carbonyl absorption in the spectrum.

(29) Cholerton, T. J. Chem. Soc., Perkin Trans 2 1984, 1761.
(30) Stephenson, G. Unpublished observations, 1993.
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Figure 4. Infrared spectra of the amorphous form (a) and two
anhydrous forms, I and II, (b and ¢) of an erythromycin
derivative.®
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Figure 5. Infrared spectra of three nonisomorphic solvates of
an erythromycin derivative: (a) tricyclohexane, (b) aceto-
nitrile-3H;0, and (¢) tert-butyl alcohol solvate.®°

Figure 7 shows an enlarged view of the ester carbonyl region
of the spectrum in three of the crystal forms of the
erythromycin derivative. These spectra suggest that the
n-propanol solvate contains non-hydrogen-bonded car-
bonyl groups, that form II contains hydrogen-bonded
carbonyl groups, and that form I contains both hydrogen-
bonded and non-hydrogen-bonded carbonyl groups. These
suggestions have been confirmed by the crystal structures
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Figure 6. Infrared spectra of the isomorphic solvates of an
erythromycin derivative: (a) ethanol, (b) n-propanol, (c) isopropy!
alcohol, (d) n-butanol, (e) acetone, (f) methyl ethyl ketone.®

of the n-propanol solvate and hydrogen-bonded form II.
Unfortunately, the crystal structure of form I could not
be determined. Solid-state NMR confirms these sugges-
tions as shown in Figure 8. Again, form I, which shows
two carbonyl stretching vibrations in the IR also shows
two carbonyl resonances in the solid-state NMR spectrum
and the hydrogen bonded form shows a shift to lower field
as expected based on model studies (see below).

2. Solid-State NMR Spectroscopy of Pharmaceu-
tical Solids. Solid-state 13C CP/MAS NMR offers
significant advantages for the study of solid drugs.?1.32
Figure 9 shows the solid-state 13C NMR spectra of two
crystal forms of prednisolone and shows that they can be
differentiated on the basis of differences in these spectra.
Apparently changing the crystal packing results in sig-
nificantly different magnetic environments for some of
the carbon nuclei. This observation has considerable
practical value: Figure 10 shows the 13C CP/MAS NMR
spectra of three prednisolone tablets from different
vendors. It is clear that one can still observe resonances
due to prednisolone, although these tablets contain only
5 mg of prednisolone in 95 mg of excipients. Comparison
of Figures 9 and 10 shows that in tablets A and B form I
exists, whereas in tablet C form II exists.

(31) Saindon, P. A.; Cauchon, N. S,; Sutton, P. A,; Chang, C. J.; Peck,
G.; Byrn, S. R. Pharm. Res. 1993, 10, 197.

(32) Byrn, S.R.;Sutton, P. A.; Tobias, B.J. Am. Chem. Soc. 1988, 110,
1609-14.
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Other reports show that different polymorphs of cel-
lulose show different 13C CP/MAS NMR spectra.’®
Moreover, solid-state 13C CP/MAS NMR spectroscopy also
offers the possibility of the analysis and characterization
of amorphous forms. A particularly important question
in this area is, What is the mobility of the molecule in
amorphous forms? This question can be addressed by
comparing the 7' relaxation times of carbon atoms in the
crystalline and amorphous state. In addition, the tech-
nique can be used to examine conformational and dynamic
changes which occur in solid drugs by determining the
coalescence temperature and associated rate constants for
the process. In addition, because the time-scale of solid-
state NMR spectroscopy is much shorter than X-ray
crystallography, it offers the potential for analysis of a
range of dynamic processes which cannot be studied by
X-ray crystallography. These facts could lead to the
widespread use of solid-state NMR spectroscopy in the
pharmaceutical industry.

In our laboratory, we have used solid-state NMR tostudy
the different crystal forms of prednisolone tert-butyl-
acetate.32 These studies show that the different crystal
forms of prednisolone tert-butylacetate have different

Prednisolone 21-tert-butylacetate

solid-state NMR spectra. This is no doubt due to
different crystal packing. Even forms I and II which have
very similar unit cells have slightly different chemical
shifts. However, the biggest difference between forms I
and II is the position of the solvent peaks. In form I the
ethanol solvent shows resonances at 18.1 and 58.2 ppm;
in form II the propanol solvent shows resonances at 26.3
and 64.3 ppm. The solid-state NMR spectra of forms III,
1V, and V are much different from those of form I and II
and from each other. The biggest difference involves
carbon 1 which shows chemical shifts which differ by up
to 8 ppm from each other in the different crystal forms.
Several of the other carbon atoms also show fairly large
chemical shift differences. Figure 11 shows a plot of the
difference between the solid state and solution chemical
shift of carbon 1 vs the hydrogen-bond distance to the O3
carbonyl oxygen which is part of the a,8-unsaturated
ketone system which contains carbon 1. It is important
to note that this hydrogen bond to O3 is intermolecular
and one of the forces responsible for holding the crystals
of this steroid together. As can be seen from this plot
(Figure 11), there is a more or less gradual shift to larger
changes in ppm as the hydrogen-bond distance gets shorter
and shorter. This observation is consistent with other
studies of hydrogen bonding and also with solution studies

(33) Atalla, R. H.; Gast, J. C.; Sindorf, D. W.; Bartuska, V. J.; Maciel,
G. E. J. Am. Chem. Soc. 1980, 102, 3249.



11566 Chem. Mater., Vol. 6, No. 8, 1994

1660 178668 16882 1508

WAVENUMBER

Figure 7. Ester carbonyl region of the n-propanol solvate (a),
form I (b), and form II (c).%

where the stronger the hydrogen bonding the greater the
chemical shift changes in ppm.

This type of correlation for different polymorphs and
solvates shown in Figure 11 may also apply to members
of a series of closely related compounds. Figure 12 shows
that the 13C(4) chemical shift difference between solid
state and solution is a negative linear function of the
crystallographic O(4)-+O hydrogen bond distance in the
crystal structures of a series of 1,2-dialkyl-3-hydroxy-4-
pyridones (DAHPs) whose molecular structures are shown
below:34

0
OH
Ry
RZ
EMHP R,=CH; R,=C,Hs
PMHP R, =CH; R,=CH,
BMHP R;=CH, Ry=C.H,
MEHP R,=CH; R,=CH,
DEHP R, =CjHs; R,=C;Hs
EMHP R,=CH; R,=CH,

The DHAPs are iron chelators some of which may be
promising drugs for oral administration in the treatment
of diseases associated with iron overload. Although the

(34) Ghosh, S. Ph.D. Thesis, University of Minnesota, 1993.
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Figure 8. Solid-state NMR spectra of the ester carbonyl
carbon: (a) n-propanol solvate, (b) form I, and (c) hydrogen-
bonded form I1.%

crystal structure of the compound BMHP could not be
determined, this compound provided an excellent 13C
NMR spectrum. The measured 13C(4) chemical shift of
BMHP might enable the O(4)-+0O hydrogen bond distance
to be predicted using Figure 12, if this correlation is
generally applicable.

Solid-state NMR is also useful for the study of mobility
insolids. Therate of relaxation of the carbon spins toward
equilibrium is characterized by the spin lattice relaxation
time, T'1.3% Inthis process the excess energy from the spin
system is transferred to “the lattice”. Interactions of
randomly fluctuating magnetic fields at the Larmor
frequency of the nucleus stimulate these transitions. Such
fields arise from motions of other nuclear magnetic
moments such as protons. Spin-lattice relaxation is thus
most efficient when these motions are near the Larmor
frequency of the nucleus being observed. Studies of
relaxation times can give valuable information about fast
motions in the megahertz range such as methyl group
rotations. Numerous studies of molecular motion using

(35) Fukushima, E.; Roeder, S. B. W. Experimental Pulse NMR;
AddisonWesley: Reading, MA, 1988.
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Figure 9. Solid-state *C CP/MAS NMR spectra of two
polymorphs of prednisolone.3! The top spectrum is form 1 and
the bottom spectrum is form 2.

relaxation times have been published.3¢ In particular,
applications in the field of polymer science have been
widespread. For example, solid-state NMR has been used
to study both main chain and side group motion in
polymers.8”40 In addition, studies have been made of the
relationship between polymer crystallinity and relaxation
parameters including Ty, T},, and T.41-48

The mobility of functional groups in solids has been of
interest for many years. Anunderstanding of this mobility
can lead to insight into the mobility of molecules, the forces
responsible for conformational interconversions, and the
factors responsible for solid-state reactions. In1973, Paul
and Curtin?® suggested that molecular loosening or
molecular mobility is the first step in a solid-state reaction,
and, in our laboratory, we have suggested that solid-state

(36) Fyfe, C. A. Solid-state NMR for chemists; CFC Press: Toronto,
Ontario, 1983.

(37) Lyerla, J. R. Contemporary Topics in Polymer Science; Shen,
M., Ed.; Plenum Press: New York, 1979; Vol. 3, pp 143-213.

(38) Garroway, A. N.; Moniz, W. B.; Resing, H. A, In Carbon-13 NMR
in Polymer Science; Pasika, W. M., Ed.; American Chemical Society:
Washington, DC, 1979; pp 67-86.

(39) Tonelli, A. E.; G., M. A.; Tanaka, H.; Schilling, F. C.; Cozine, M.
H.; Lovinger, A. J.; Bovey, F. A. ACS Adv. Chem. Ser.; Craver, C. D.,
Provder, T., Eds.; American Chemical Society: Washington, DC, 1990;
Vol. 227, pp 409-451.

(40) Axelson, D. E. Carbon-13 NMR in Polymer Science; Pasika, W.
M., Ed.; American Chemical Society: Washington, DC, 1979; pp 181-
214.

(41) Menger, E. M.; Veeman, W. S.; de Boer, E. Macromolecules 1982,
15, 1406.

(42) Kitamara, R.; Horii, F.; Murayama, K. Macromolecules 1986, 19,

3.
(43) Earl, W. L.; VanderHart, D. L. Macromolecules 1979, 12, 762.
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Figure 10. Solid-state 1*C CP/MAS NMR spectra of predniso-
lone tablets from three different vendors.%!
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Figure 11. Plot of the difference in chemical shift for carbon
1 between the solid state and solution and the O(3)---O hydrogen
bond distance.5?

degradations of pharmaceuticals are related to molecular
mobility.324445 In addition, Zografi has suggested that
water absorption enhances the molecular mobility of
amorphous pharmaceutical solids, perhaps explaining the
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Figure 12. Plot of the hydrogen bonded O-+O distances against
the differences (AS) between the 1°C chemical shifts of the
pyridone carbonyl (O4) and the solid state (5,1q) and the solution
state (Syouin) Of DAHPs. Although the crystal structure of BMHP
is unknown, its hydrogen-bonded OO distance can be estimated
from the plot using the NMR chemical shift data (point X).3¢
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Figure 13. Solid-state CP/MAS NMR spectrum of a lovastatin
tablet.

enhanced chemical reactivity of these materials in the
presence of water.#¢ Further study of the relationship
between molecular mobility and solid-state reactivity
requires the development of new approaches to determine
molecular mobility especially in mixtures such as phar-
maceutical dosage forms where single-crystal X-ray meth-
ods cannot be used.

Solid-state NMR offers several approaches to studying
the molecular mobility of solids. These include (1)
determination of the activation energies for T relaxation
of individual carbon atoms using variable-temperature
solid-state NMR, (2) study of processes which result in
peak coalescence of solid-state NMR resonances using
variable-temperature solid-state NMR, (3) use of inter-
rupted decoupling to detect methylene and possible
methine groups with unusual mobility, and (4) comparison

(44) Byrn, S. R.; Lin, C. T. J. Am. Chem. Soc. 1976, 98, 4004.
(45) Byrn, S. R.; Kessler, D. W. Tetrahedron 1987, 43, 1335—-43.
(46) Zografi, G. Z.; Ahlneck, K. V. Int. J. Pharm. 1990, 62, 87.
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of solid-state MAS spectra measured with and without
cross polarization.

Recent research at Purdue University is using all of
these approaches but especially the first one to study the
relative mobility of methyl groups in a number of drugs
which contain multiple methyl groups including simvas-
tatin, lovastatin, ibuprofen, and phenacetin.4’4® The
results of these studies will be published shortly.

HO, ¢]
13 (
2,0

Ibuprofen

Simvastatin

In addition, Maverick and Dunitz® have suggested that
solid-state NMR activation energies and X-ray thermal
parameters are related. Therefore, solid-state NMR
appears to be a good method for study of the mobility of
methyl groups in solids. Because solid-state NMR can be
used to study pharmaceutical dosage forms and other
mixtures,3! this powerful method will find increased
application in the determination of the molecular mobility
of drugs in mixtures and dosage forms.

Surprisingly little research has been done on the solid-
state NMR spectra of pharmaceutical dosage forms. To
our knowledge, prior to the paper by Saindon et al.,3! solid-
state NMR has been used to study only two tablets both
consisting almost entirely of pure drug: aspirin®52 and
acetaminophen.’® This paper shows thatsolid-state NMR
is useful for the study of more complex pharmaceutical
products.3!

For example, Figure 13 shows the solid-state NMR
spectrum of lovastatin tablets, which contain a rather large
excess of excipients. The excipients, which have reso-
nances in the 50-100 ppm range obscure resonances of
lovastatin which appear at the same chemical shift but
have little effect on resonances at other chemical shifts.
Similar results were obtained for tablets of another closely
related HMG-CoA reductase inhibitor, simvastatin.

E. Summary

Inthisreview, areas of particular interest to Peggy Etter
and her group were discussed including crystallization,
hydrogen bonding, solvates and solid-state NMR. It is
clear that her pioneering work has tremendously important
implications for solid-state pharmaceutical chemistry.

(47) Cauchon, N. Ph.D. Thesis, Purdue University, 1992.

(48) Saindon, P. Ph.D. Thesis, Purdue University, 1992.

(49) Toma, P. Ph.D. Thesis, Purdue University, 1993.

(50) Maverick, E.; Dunitz, J. Mol. Phys. 1987, 62, 451.

(561) Chang,C.J.;Diaz, L. E.; Morin, F.; Grant, D. Magn. Reson. Chem.
1986, 1986, 768.

(52) Diaz, L. E.; Frydman, L.; Olivieri, A.; Frydman, B. Anal. Lett.
1987, 20, 1657.

(53) Jagannathan, N. R. Curr. Sci. 1988, 56, 827.
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